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Abstract

Purpose. Children with visual impairment may be referred for ERG and OCT testing to aid in
diagnosis and monitoring, particularly those with suspected retinal diseases. To establish if a
result is abnormal, knowledge of typical development of retinal structure and function is
essential to detect, monitor, and understand pathological processes that may affect the pediatric
retina. The purpose of the first study was to investigate the development of the ERG waveforms
from childhood until adulthood in healthy children of European descent to better understand how
retinal function changes with age. Additionally, the study aimed to provide a pediatric normative
dataset for the standard ERGs to be used for clinical interpretations for children with suspected
retinal diseases. The purpose of the second study was to investigate the maturation of the retinal
structure from childhood until adulthood. Also, the study aimed to provide a pediatric normative
dataset of retinal layer thickness maps measurements for each of the seven layers that were
automatically generated by SD-OCT in the retinal regions defined by the Early Treatment of
Diabetic Retinopathy Study (EDTRS) (Heidelberg Spectralis) in the same population (children
of European descent). The additional purpose was to provide reference values for each sector of

the peripapillary RNFL thickness. Adults were included in both studies for comparison.

Methods. For the first cross—sectional study (ERG study), thirty-two participants of European
descent with normal ocular and general health were recruited. The sample included 12 children
between 7 and 11 years, 10 older children and adolescents between 12 and 15 years and 10 adults
between 20 and 33 years. Full-field ERGs were recorded simultaneously in each eye from thread
electrodes (DTL® fiber) using the Espion E3 system with fully dilated pupils (0.5%

tropicamide). Stimuli were ISCEV standard dark-adapted ERGs (DA 0.01, DA 3, DA 10) as well



as a light-adapted ERG series with flash strengths of 0.3, 1.0, 3.0, 10 & 24 c¢d.s.m2 (which
includes the standard LA 3.0). We measured a- and b-wave amplitudes and implicit times using

the average of the right and left eye values to compare age groups.

For the cross—sectional second study (OCT study), thirty-six participants of European descent
with normal ocular and general health were recruited. The sample included 6 children between 4
and 7 years, 9 children between 8 and 11 years and 10 adolescents between 12 and 15 years and
11 adults between 20 and 33 years. SD-OCT scans centered on the fovea were acquired with
fully dilated pupils (0.5% tropicamide). Retinal thickness values were measured for the ETDRS
regions for each of the seven layers that were automatically generated by SD-OCT (Heidelberg
Spectralis, Eye Explorer software version 1.9.10.0). The peripapillary RNFL thickness
measurements were calculated using the Spectralis OCT device. The influence of age on the
foveal subfield, inner ring and outer ring of the ETDRS maps, as well as on the peripapillary
RNFL thickness was determined using parametric or ranked correlations. Adjusted Bonferroni

correction was applied to correct for multiple comparisons.

Results. For the first study, both DA a- and- b-wave implicit times were significantly positively
correlated with age for all stimuli except for the b-wave of the DA 3.0 ERG i.e., implicit times
were shorter for children compared to adults. Rank correlations of a-wave with age were
=0.573, p=0.001 for the DA 3.0 ERG, r =0.570, and p < 0.001 for the DA 10 ERG. DA b-
wave implicit times were correlated with age for the weak and strong flash stimuli but not for the
LA standard 3.0 ERG (DA 0.01 ERG [r = 0.596, p< 0.001] or DA 10 ERG [r = 0.434, p<

0.013]). With respect to the LA ERGs, a-wave implicit times did not correlate with age except



for the LA 0.3 ERG (r = 0.548, p = 0.001). LA b-wave implicit times did not correlate with age
except for the LA 1.0 ERG time age (r = 0.363, p=0.041). In contrast, none of the ERG DA and

LA amplitudes for both a- and b-waves were significantly correlated with age.

For the second study, average global peripapillary RNFL thickness was 104.86 £ 9.43um. The
peripapillary RNFL thickness was not significantly correlated with age except for the nasal
superior sector where it thinned with age (r =-0.379, p = 0.023). Regarding the ETDRS regions,
the total retinal thickness was positively correlated with age in the foveal subfield (r =0.487, p =
0.003) but not in the other ETDRS rings. All the individual inner retinal layers thickened with
age in some regions, except for the ganglion cell layer. While the retinal nerve fiber layer was
significantly positively correlated with age in the fovea (r = 0.557, p<0.001) and parafovea
(0.474, p = 0.004), the inner plexiform layer was only influenced by age in the parafoveal area
(0.495, p=0.002). In contrast, the inner nuclear layer was positively influenced by age only at
the fovea (r = 0.452, p= 0.006). The individual outer retinal layers were associated with age in
some regions except for the outer nuclear layer. While the outer plexiform layer thinned
significantly with age in the parafoveal area (r =-0.394, p = 0.017), the retinal pigment

epithelium thickened with age (r = 0.387, p = 0.020) in the foveal area.

In Chapter 5 examples of OCTs and ERGs from children with retinopathy due to HARS

syndrome are compared qualitatively with the present results.



Conclusion. The present study provides evidence that the functional and morphological
development of the retina may not be mature for children aged from 4 to 15 years. So that, the
implicit times of both DA a- and b-waves and some of the LA ERGs (0.3[a-wave], 1.0 [b-wave])
increase with age to approach the adult values. Similarly, the OCT findings of the present study
indicate that both the inner and outer retinal layers were influenced by age except for the
ganglion cells and outer nuclear layers. Nevertheless, the peripapillary RNFL thickness
measurements were not affected by age except for the nasal superior sector such that the
thickness values decrease with age. In this study, we were able to obtain OCT scans using
standard instruments for children as young as 4 years, and as young as 7 years for ERG. For the
quantitative measurements from these techniques to be most beneficial in detecting and
monitoring retinal disorders in pediatric patients, they have to be compared to an age-matched
database. Age-norms and ranges were therefore calculated for those measures that were
correlated with age, and overall means/medians and 95% ranges for those that were not
correlated with age. These normative values can be used as a reference against which to compare

for children with suspected retinal diseases.
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Chapter 1 Introduction and Literature Review

1.1 General retinal development

The retina develops over a considerably long period of time starting from early gestation through
early adulthood. Despite its importance, there are surprisingly few studies that have documented
the morphological changes of the human fovea from gestation until it becomes truly adult-like.!™
This is likely due to the difficulty of obtaining normal well-preserved human eyes at prenatal,
neonatal and childhood ages. Therefore, most of our knowledge regarding the maturation of the
human fovea has relied heavily on histologic studies of simian retina>®. Additionally, existing
studies vary in their conclusions: Earlier studies reported that foveal development is complete
between 11 months and 5 years of age!™7, but more recent studies indicated that it continues
even after 12 years of age*®. The light micrograph is considered the gold standard for studying
the development retinal morphology allowing for high-resolution images of the retinal cells.
However, the technique has several limitations such as shrinking of the tissue and artifacts which
may adversely affect the apparent maturation of the retina®. Thus, histological studies may not

always determine with certainty the developmental patterns as well as time course for each

retinal layer.



1.1.1 Histological maturation of the retina from mid-gestation to adulthood

_».-;.-&’ e ne OPL

W" b "t ) W‘

Figure 1-1: A histological cross-section of retinal layers of normal adult human retina (2 mm nasal from
the foveal center). Choroid (CH); retinal pigment epithelium (PE); outer nuclear layer (ONL) which is
separated into photoreceptor inner (IS) and outer (OS) segment layers that includes a single layer of cone
(C) nuclei and multitudinal rows of rod (R) nuclei. The rod’s inner segments are thin (R-IS) whereas the
thickness of the rod OS are approximately half of those R-IS. The shorter cone OS has a larger tapered
cone IS (C-IS). The distal edge of the retina is marked by the external limiting membrane (ELM). The
outer plexiform layer (OPL) comprises photoreceptor axons (AX), also known as fibers of Henle and
synaptic terminals, including cone pedicles and rod spherules. The inner nuclear layer includes horizontal
cells (HZ), bipolar cells (BP) cell bodies as well as Muller glia (MG) and amacrine cells (AM). The inner
plexiform layer (IPL), ganglion cell (GCL), and nerve fiber layer (NFL). Retrieved from Hendrickson et
al’, used with permission.

Time courses of the morphological development of retinal layers are shown in (Table 1-1).



Tablel-1: Morphological changes of the retinal layers in utero and after birth*™.

Age

Development of retinal layers

22 fetal weeks

At this stage of the immature eye, there is no evidence of foveal
depression. Instead, the macular zone appears elevated owing to the
presence of a thick ganglion cell layer (GCL) which is 5 to 7 cells
deep.

Vitreal to the GCL, the nerve fiber layer (NFL) can be recognized as a
thin layer which is surrounded by a delicate inner limiting membrane
(ILM).

The IPL layer is well developed and is nearly as thick as that in adults.
INL is considerably thick and each cell type is divided into sublayers
marking the regions of the future horizontal, Muller, and bipolar cells.
The transient layer of Chievitz (TC) is not evident at this stage.

The outer plexiform layer (OPL) is well recognized but is still
somewhat thinner than in older fetuses.

The outer nuclear layer (ONL) comprises a single row of cones that do
not appear to develop either IS or OS, forming a regular columnar
epithelium. These cells are located directly opposed to the thin pigment
epithelium (PE) which lacks apical processes.

24-27 fetal weeks

The inner retinal layers are displaced peripherally to develop a slight
foveal depression.

The GCL is nearly 6 cells deep around the fovea and 3-4 cells deep in
the center.

The RNFL is considerably thicker than the previous stage.

The IPL is relatively thick and has a vertical and horizontal fiber
pattern with the vertical fibers being Miiller fibers.

In contrast to the earlier stage, the INL becomes more complex as the
presence of TC is evident separating the innermost cells from the
remainder of the INL. Additionally, the layer is reduced to 4 to 5 cells
deep centrally and 8 to 10 nuclei deep on the slope.

The outer limiting membrane appears as a thin and darkly stained
band.

Over the central 1500-1800um, the rods are absent, forming an area
known as rod-free zone. Central cones have a large thick nucleus with
a short axon that ends in a synaptic terminal. IS and OS are evident at
this stage but are extremely immature. Even though cones are
immature at this stage, they have many of the essential molecules.
The rods are more prominent outside the area of pure cones so that the
ONL contains a single row of cone cell bodies and 3-4 layers of rod
nuclei. Both rod and cone IS are longer at 2mm away from the fovea
compared to the foveal centre.
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28 to 37 weeks

The foveal pit is prominent and clearly formed and appears wider and
shallower than earlier stages as both INL and GCL are reduced to 3-4
cells deep at the foveal centre.

Until birth, the ONL is formed by a single layer cone nuclei under the
developing foveal pit, whereas a double cell layer of nuclei is being
formed on the slope which appears more mature than foveal cones. In
contrast, the rods develop 2-6 deeper layers of rod cell bodies
peripheral to the foveal center.

Both IS and OS are clearly identified and have elongated
photoreceptor axons (AX ) that end in the synaptic pedicle.

The rod-free zone is narrowed with the rods being present at 600pm
away from the foveal depression, suggesting that the process of the
cone packing density has begun despite the fact that the foveal center
is still overlaid by a single row of cone inner segments.

The PE layer has fine apical process interdigitating with the OS.

Post-natal 1 day - 6
weeks

The foveal pit continues to increase in-depth due to the marked
outward displacement of the GCL and INL away from the fovea.

The GCL is no more than 1-2 cells deep with wide spaces between the
cells and the INL is reduced to less than 3 cells deep in the foveal pit.
The TC is prominent and extends for around 1100um on the nasal edge
and 1000um on the temporal edge.

After birth, the OPL undergoes a profound change in and around the
fovea as elongated cone axons are evidence in the foveal center
making the OPL considerably thicker layer than the previous stages.
ONL in the foveal pit is still formed of a single layer of cone cell
bodies, but the IS and OS appear tapered and elongated while the slope
cones are packed into 2-3 cells deep and are thinner and longer than
foveal cones.

Post-natal 9 to 15
months

At the foveal centre, GCL, IPL, and INL have fused into a single thin
layer making the foveal depression shallower and wider.

TC is still present, but it is reduced in size on both sides of the fovea.
Foveal cones continue to narrow and elongate the IS/OS and are
packed into 2-3 cells deep and 3-4 nuclei deep in the slope. Central
cone axons elongate further due to the process of the cone packing
density, making OPL a thick layer of axons and cone synaptic pedicles.
In addition, OPL around the foveal center is much thicker than in the
slope which primarily includes synaptic terminals.

Foveal and peripheral IS and OS are almost identical in length with
foveal IS/OS being approximately 46pm compared to 36pum long for
the peripheral cones.




Post-natal 28 months e By 3.8 years old, the foveal depression becomes wider and deeper than

earlier stages and appears similar to those of adults.

to 13 years e Central cones have narrower IS and longer OS than peripheral cones.

e The 3.8 years old fovea appears morphologically similar to mature
fovea except the process of cone packing density is not complete at
this stage.

e There is no evidence of TC at this stage.

e The fovea is mature by most criteria by 13 years of age: (1) the foveal
pit is wide and shallow; (2) the foveal cones are packed into 12 cells
deep; (3) the foveal cones IS/OS are thin and elongated; (4) the TC has

disappeared.

Generally, there are several developmental indicators that mark the maturation of the human
retina. These include the curvature of the foveal depression, the elongation of cones’ inner and
outer segments, the presence of a prominent acellular zone in the inner nuclear layer (INL)

known as the transient layer of Chievitz (TC), and the cone packing density>.

The earliest sign of the developing macula is the appearance of a central elevated zone in the
future site of the foveal pit due to the presence of a prominent thick ganglion cell layer (GCL).
Hendrickson et al.? traced the morphological changes of human fovea from 22-week gestation to
45 months, and the study documented that at 22 weeks gestation, the future site of the foveal pit
is not evident owing to the thickened GCL. This changes considerably in the 24-26 fetal weeks
as a slight foveal depression begins to form indicated by the thinning of both GCL and INL. The
formation of the foveal depression includes two neural displacements that occur in opposite
directions: the outward migration of the inner retinal layers away from the fovea and the central
ward migration of the cone photoreceptors toward the fovea. Consequently, the peripheral

displacement of the GCL and INL leads to a steady thinning of the central fovea forming the



foveal depression. The foveal depression continues to widen and deepen progressively with time
reaching dimensions within the adult range by around 45 months after birth (Figures 1-2 and 1-3)

or possibly later.




Figure 1-2: Histological development of retinal layers in utero. At 22 fetal weeks, the foveal area is
identified as an elliptical zone approximately 1.5mm in diameter characterized by the presence of a
thickened GCL as well as the ONL that is made up of a single row of cell bodies. At 25-27 fetal weeks,
the formation of a slight foveal depression is evident marked by the peripheral migration of inner retinal
layers away from the fovea. At 28-37 fetal week, the foveal depression is prominent and well-developed
owing to the pronounced thinning of both GCL and INL at the foveal center compared to the layers
surrounding the pit (foveal slope). The INL becomes more complex than the previous stage owing to the
presence of the transient layer of Chievitz (TC). The ONL is still formed from a single layer of cell
bodies. Retrieved from Hendrickson et al’, used with permission.




Figure 1-3: Post-natal histological development of the retinal layers. After birth, the foveal depression
appears thicker and shallower than pre-natal fovea, has extended close to cone synapses, and most of the
inner retinal layers have been displaced peripherally. The TC is still present in the INL at this stage. The
cones are approximately 2-3 nuclei deep and have elongated axons on the pit slope, but the foveal center
is still formed of a single layer of cones. Over the first 15 months of life, the foveal pit is wide and
shallow, with virtually no neurons over the foveal pit excluding the cone nuclei within the ONL. The OPL
layer has increased in thickness primarily owing to the increased number and elongation of the cone
axons. The ONL in the foveal pit is approximately 2-3 cone cell bodies indicating the process of postnatal
cone packing density. Between 3.8 to 13 years, the foveal pit appears wide and deep. The center of the
fovea contains narrow and elongated cone’s IS/OS and is nearly 8-12 cell bodies deep. Note that the fovea
at 3.8 years old is morphologically similar to that at 13 years save for the cone packing density, which is
approximately half of the 13 years old fovea. Retrieved from Hendrickson et al, used with permission.

Concurrently, the cone photoreceptors migrate centrally towards the foveola leading to a
decrease in the diameter of the rod free zone area and an increase in the cone packing density.
Yuodelis et al.® reported that at 22 weeks gestation, the diameter of the rod free zone is around
1600um wide, and the area becomes narrower with time until the diameter of the pure cone
nuclei zone reaches the adult range (750-700um) between 15 to 45 months after birth. It should
be noted that this process is asymmetrical as the distance from the central foveal pit to the first
rod nuclei is always greater in the nasal edge compared to the temporal side. With regards to the
cone packing density, it has been previously reported that the cone density increases from 13
cones/100um at 22 fetal weeks to 18 cones /100pm at birth when the pit is narrowed. After birth,
the cone density in the foveola slightly increases from 22 cones/100pm at 15 months to 31cones
/100 um at 45 months, and doubles from the density at birth to 42 cones /100um by 37 years
with a gradual decline to 32 cones/100um by 72 years®. A similar pattern was found 250pum
away from the foveola®. The fact that the cone density at 45 months is approximately half that at
37 years old (based on one human child’s eye) reflects the long sequence of post-natal foveal
development even though the foveal dimensions may be within the adult range by 45 months of

age. The main issue in existing histologic studies is the small sample size that has been
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documented. For instance, Yuodelis et al.? reported the number of cones within the foveal area to
vary between 49 and 76 per 100um (based on two adult eyes). Both these numbers are

1.19 which was based on one

significantly higher than the 34 per 100um reported by Polyak et a
adult human eye. Therefore, the variation between individuals of the same age is still not well

understood.

The retinal development can be marked by the changes in the structure of the cones inner and
outer segments within the foveal region. The cone photoreceptors undergo a profound thinning
and elongation, allowing them to be tightly packed into the fovea (Figurel-4). By 25 fetal weeks,
the inner segment (IS) is identified as a short thick extension of the cone cytoplasm, but it is
prominent at birth being approximately 6um wide by 9um long. Within the first 15 months of
life, the diameter of the inner segment narrows to 2.5um and more than doubles in length. By 45
months, the inner segment reaches the adult size being approximately 2um wide and 25-30pum
long>*. The outer segments (OS) have a similar maturation pattern, but over a longer period of
time. Yuodelis et al.? indicated that the outer segment is first observed by light microscopy
prenatally at 36 weeks gestational age; however, immunolabeling analysis demonstrated that the
central cone outer segments are present between 24-26 weeks but are extremely immature®. At
birth, the outer segments are still short and rudimentary being only 3pum long, but they increase 7
times within the first 15 months of life to be approximately 22um. The outer segment continues
to elongate further, reaching 30um long by 45 months, and doubles to 60 pm long in the adult

fovea’”.



cp
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Figure 1-4: A schematic drawing representing the maturation of cone inner and outer segments from 22
weeks gestation to 45 months after birth. Retrieved from Hendrickson et al.? used with permission.

The transient layer of Chievitz (TC) is a unique characteristic of primate retinae>!! and is
composed of pale fibers that separate the innermost row of nuclei from the reminder of the INL.
Immunocytochemical analysis has demonstrated that the TC fibers are primarily Muller cells
processes’ (Figure 1-2). The TC layer within the INL is not present at 22 weeks and becomes
almost visible at 24-26 fetal weeks. Subsequently, the layer continues to increase in thickness
with time, reaching a maximum thickness in the newborn retina. By 15 months of age, the layer
is still identifiable, but it is significantly thinner than the previous stage, before it disappears by

45 months old?.
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According to Hendrickson et al.” the fovea is completely developed in all aspects by 13 years of
age. By this age, the foveal depression appears wide and shallow and the base of the depression
includes Muller cytoplasm and cone axons. The layer of cone nuclei within the ONL are up to

12 cone nuclei deep compared to a single layer of cones at birth. The cone IS and OS within the
fovea are narrow, elongated and densely packed so that it is difficult to distinguish individual IS

and OS (Figure 1-3).

1.2 Full-field electroretinogram (ERG)

Electroretinography (ERG) is a non-invasive clinical procedure that records electrical potentials
generated in the retina in response to light stimulation.'? By manipulating the stimulation and
adaptation conditions, ERG recordings can selectively evaluate the rod- or cone-generated
responses as well as be critical in diagnosing several retinal diseases such as cone-rod dystrophy,
rod monochromatism, Leber congenital amaurosis and other genetic disorders that affect the
retina. Full-field flash ERGs do not provide topographical information regarding localized
lesions and isolated retinal defects abnormalities. Hence, clinically, they should be performed in
addition to other ocular testing such as visual field and fundus examinations and/or additional

electrophysiologic testing such as pattern or multifocal ERGs!?.

The full-field ERG was discovered in the middle of 1800s in excised animal eyes and the clinical
application of the procedure in humans started in the 1940s!*!4, However, a wide range of
techniques were used under various conditions such as varieties of recording equipment with
different amplifiers, different period of dark adaptation, several electrical filtration techniques,

and numerous colors of lights. Consequently, the testing variability led to difficulty in
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interpreting and comparing both the ERG literature and clinical reports'#. Hence, the
International Society for Clinical Electrophysiology of Vision (ISCEV) established standardized
the procedures for recording and reporting clinical ERGs based on a consensus of best clinical
practice. The procedure is updated periodically and the most recent revision of the ISCEV
Standard for clinical full field electroretinography was published in 2015, Regardless, it is
critical to understand and recognize the power and limitations of the standard protocols. The
standard includes protocols that facilitate consistent clinical diagnosis and monitoring that can be
compared between laboratories. Therefore, the standard protocols should be used as part of the
electrophysiological examination, but not to the exclusion of other specialised protocols that
might be included in the ERG tests either routinely or for certain clinical situations. For instance,
ERGs recorded to chromatic stimuli can be used in addition to the standard protocols to improve
the differentiation of rod- and cone-generated ERG waveforms. In other words, clinical testing

should include, but not necessarily be limited by, the standard protocols.

1.2.1 Retinal responses to the light

The full field ERG is initiated by the photoreceptors which are the light detecting cells that
convert the light signals into electrical signals in the outer portion of the retina. Generally, there
are two types of photoreceptors known as rods and cones. The rods include a visual pigment
known as rhodopsin that has a peak spectral absorption for light with a wavelength of 496nm. In
contrast, there are three classes of cone color sensitive pigments that peak at 558 nm for L-cone
(long-wavelength), 531nm for M-cone (mid-wavelength), and 419nm for S-cone (short-

wavelength).
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The retina has 4-5 million cones and 80-120 million rods. The maximal density of cones is
located within the foveal region approaching around 140 cones per 100um!3. The density of
cones decreases considerably outside the foveal zone, particularly beyond 10° from the fovea
reaching a cone density around 1 per 100um. The maximum density of both L-cones and M-
cones is at the foveal center whereas S-cones, which account for only 9% of all cones, have their
highest density within 1-2° around the center of the fovea. On the other hand, rods are found
throughout the retina but are absent at the center of the fovea with a maximum density being

located between 15° to 40° from the fovea reaching around 10 per 100um!*!6,

The ERG is generated by light-stimulated movements of extracellular retinal ions. In non-
invasive clinical testing, the electric field potentials generated are recorded indirectly at the
corneal surface with special types of electrodes. The extracellular flow of primarily positive
potassium (K+) and sodium (Na+) ions are due to depolarization (opening) and
hyperpolarization (closure) of cellular membrane channels. In the darkness, the channels of the
photoreceptor outer segments for the sodium (Na+) and calcium (Ca?*) ions are opened to enable
them to enter the cells. The exchange of the NA*/Ca?" and K" amplifies at the cellular membrane
of the outer segment. In addition, the intracellular and extracellular cation concentration is
maintained by a compensatory extrusion of K" within the rod inner segment. Consequently, there
is a circulation of an extracellular current (the dark current) maintaining the photoreceptors in a
depolarized state, which results in a release of a neurotransmitter known as glutamate at a high
rate. In the presence of light stimulation, the phototransduction process leads to the closure of the
Na+ and Ca?" channels of the outer segment and blocks the release of glutamate.

Phototransduction is initiated when, light-activated rhodopsin activates the enzyme transducin
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which in turn activates phosphodiesterase (PDE) leading to hydrolyzation of cyclic guanosine
monophosphate (cGMP). The process is amplified resulting in the activation of up to 100,000
cGMP by a single rhodopsin molecule. The reduction of intracellular cGMP results in the closure
of Na+ and Ca? cellular membrane channels. Thus, the photoreceptors become hypolarized
causing a rise in the extracellular of Na+ and Ca** leading to stopping the dark current and a
relative increase in the positivity of the outer retina. This can be indirectly recorded at the

corneal surface as the initial negative portion of the ERG (a-wave)!1°,

The retinal function can be studied by the same stimulus to obtain ERG recordings under
photopic or scotopic conditions. For instance, the developmental rate of both a- and b-waves
under the scotopic condition can be used as an index of retinal function. The sensitivity of the
rods and cones changes to adapt to a variety of light levels. In fact, the dark adaptation rate of the
cones is noticeably faster compared to the rods reaching maximum light sensitivity after
approximately 10 to 12 minutes. Although the dark adaptation period of the rods is significantly
longer than the cones, they reach a considerably lower final light threshold after around 30 to 40
minutes. The dark adapted (scotopic) condition of the ERG can be approximated after a period of
20 minutes of dark adaptation. However, a period of 30 to 40 minutes of dark adaptation is
recommended for completely activating the rod photoreceptors. Under photopic conditions, the
sensitivity of the photoreceptors decreases markedly reaching maximum light adaptation after
approximately 15 minutes of light exposure. Thus, the light adapted (photopic) ERG condition
can be measured after approximately 10 minutes of light adaptation by either exposing the

individual to the light room or by using the photopic background of the full field dome!*!7 .

14



1.2.2 Physiological origin of the standard ERG waveforms

The ERG waveform demonstrates a summation of the electrical changes of all retinal cells
based on several factors including the adaptive state of the retina (dark adapted (DA) vs. light
adapted (LA)), the intensity and duration of the stimulus (flash vs. long duration), the type of the
stimulus (flash vs. flicker), and the color of the stimulus (white vs. chromatic). Our
understanding of the physiological origin of ERGs was mainly driven from animal studies using
intraretinal microelectrode analyses and ERG changes from using chemical substances with

known retinal effects!®.

1.2.2.1 Origin of DA 0.01 ERG

Following 20 minutes of dark adaptation, the dark-adapted weak flash ERG has a prominent b-
wave but almost no or very small a-wave. This is because the electrical activity generated by the
rods in response to dim light stimulus is too small to be identified as an a-wave. However, the
rod signal is greatly amplified by the depolarizing ON bipolar neural pathway in the inner retina
(b-wave)'. In addition, the extracellular current of the b-wave includes activity of the Muller
cells which is more extensive (stronger and longer duration) than the rod photoreceptors current

(a-wave)!>%0,

1.2.2.2 Origin of DA 3.0 ERG

This is the dark-adapted standard flash ERG, and it has prominent a- and b-waves. The

descending portion of the a-wave reflects the activity of the photoreceptors (rods and cones)?!2,

Computational models demonstrated that the leading edge of the a-wave is directly associated

with the phototransduction cascade of the photoreceptors which produces electrical activity?'->3,
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Thus, the first 14-20ms of the activity is primarily due to the photoreceptors’ response with no
influence from the inner neural retina?*. The morphology of the b-wave is defined by the
interaction between the photoreceptor activity and inner retinal activity. Accordingly, the origin
of the b-wave is mainly owing to depolarizing ON rod bipolar cell responses that generate the

extraretinal light current!®-25-28,

1.2.2.3 Origin of LA 3.0 ERG

The Light-adapted standard ERG has distinct a- and b-waves. Computational models showed
that the initial phase of the a-wave likely reflects the electrical response produced by the
phototransduction cascade of the cone?*32, Nevertheless, Bush et al.* documented that the
photopic a-wave is considerably influenced by the inner retinal activity postsynaptic to the cones
specifically for standard ERG stimuli. Therefore, the trough of the a-wave receives a
considerable contribution from the inner retinal activity including hyperpolarizing OFF bipolar
neurons in addition to the cone photoreceptors contributions. With regards to the light adapted b-
wave, it is not only formed by the depolarizing ON bipolar cell activities and/or Muller cells, but
is also influenced by the electrical activities of horizontal cells and hyperpolarizing OFF bipolar
cells**. This process is known as a push pull model where the ascending portion of the b-wave is
pulled up by the activities of depolarizing ON bipolar cells and the amplitude of the b-wave is

being pushed toward the baseline due to the activity of hyperpolarizing OFF bipolar cells.
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1.2.2.4 Origin of LA 30 Hz flicker ERG

The human photopic flicker ERG (30-Hz) was initially thought to be primarily due to
photoreceptors activity. Evidence for the photoreceptors theory is supported by the analysis of
intraretinal recordings in monkey, which concluded that isolating the cone responses using NA*
aspartate did not influence the phase of the flicker ERG suggesting that the photoceptors make
the major contribution to the ERG independently from the inner retinal activities®>*®. However,
pharmacological dissection studies were conducted to selectively remove the post-receptoral
inner retinal activities and revealed that the flicker ERG reflects the activity of post-receptoral
cells, primarily those of the inner nuclear layer in response to cone activity and that the direct
contribution from cones is minimal®’-8, Therefore, the steady-state waveform of the flicker ERG
is due to the ON and OFF pathways with large phase differences between the pathways, so that

they partly cancel each other.

1.2.2.5 Origin of DA 3.0 oscillatory potentials ERG

The oscillatory potentials (OPs) consist of a series of high frequency and low amplitude
wavelets, approximately 4-6 wavelets, during the ascending phase of the b-wave and can be
recorded under both light-adapted and dark-adapted conditions with input from both rod and
cone photoreceptors®”. The OPs have a different physiologic origin than a- and b-waves. It has
been previously proposed the OPs are likely due to inhibitory feedback activities associated with
circuits in the inner plexiform, but not all OPs have the same origin***!. Wachmeister et al.*?
documented that the earlier OPs are depressed by using GABA and dopamine antagonists while
later OPs are reduced by using glycine antagonists and ethanol, indicating that not all OPs arise

from the same cells. Therefore, OPs likely reflect the electrical activity of amacrine and bipolar
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cells. The earlier wavelets (cone mediated) are likely due to the ON neural pathway where the

later wavelets (rods mediated ) are associated with the OFF pathways!'342,

1.2.3 ISCEYV standard protocols

The standard full-field ERG includes 6 protocols which are named based on the luminance
emitted from the surface of the ganzfeld dome and the frequency of the brief flash stimuli (the
units for the time-integrated luminance of brief flashes are candelas seconds per square meter,
[cd.s.m™2]). The responses to the six standard ERG protocols are shown schematically in Figure

1-5 and will be described below in turn. Evaluating and measuring ERGs is described in Chapter

3.

Dark-adapted 0.01 ERG Dark-adapted 3.0 ERG Dark-adapted 10.0 ERG Dark-adapted 3.0
(rod response) (combined rod-cone response) oscillatory potentials

- >,
peak time,

® [
b —_—N V VL-
a
30 pv
v | 10£]
Light-adapted 3.0 ERG Light-adapted 3.0 flicker

(cone response)

; oy o vov ¥
A ONAANA s

a

Figure 1-5: Schematic illustration of six ISCEV Standard ERGs waveforms. Bold arrows show the
timing of the stimulus flash, solid arrows illustrate a -wave and b- wave amplitudes and dotted arrows
demonstrate how time to peak is measured. Retrieved from McCulloch et al®., republished with
permission.
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1.2.3.1 Dark-adapted 0.01 ERG (Rod ERG)

The dark adapted 0.01 ERG (weak flash) is typically recorded first after at least 20 minutes of
dark adaptation. The stimulus is weak, 0.01 c¢d.s.m™ to elicit the rod response. This is 2.5 log
units below the standard flash and below the cone threshold to allow the rod-generated response
to be isolated and quantified. The DA 0.01 ERG waveform is simple and has a small or non-
detectable a-wave even in individuals with normal vision. It is usually less than Suv in adults
with a peak time of nearly 40ms. With regards to the b-wave, it is typically slow and smooth and

peaks in healthy adults at around 85ms after the flash!>%.

1.2.3.2 Dark-adapted 3.0 ERG (Combined rod-cone response)

The dark adapted 3.0 ERG (standard flash) is normally measured immediately after the DA 0.01
ERG to stimulate both rod and cone functions. The minimum recommended time interval
between flash stimuli should be at least 10s to allow retinal recovery and prevent light
adaptation. The morphology of the response is biphasic and includes both rod and cone activity

in individuals with normal vision!>*3,

1.2.3.3 Dark-adapted 3.0 oscillatory potentials

Oscillatory potentials are elicited from the dark-adapted eye with the same standard flash as the
DA 3.0 ERG by using a high-pass analogue or digital filter to eliminate low frequencies (75Hz
and lower). Alternatively, several forms of digital filtration settings can be used after the testing
is complete. The technical instructions for using and selecting the filters are indicated in ISCEV
technical guidelines!>*#*4, The oscillatory potentials can be optimized by using a “conditioning
flash” nearly 15-30s before data acquisition. Generally, the oscillatory potential includes at least
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two peaks named sequentially as OP1 and OP2 etc. The summed activity of the amplitude
components (“caliper-square” method or “oscillatory index™) is usually used as an index to
reflect the function of the middle and inner retinal cells. OPs are generally reduced in diseases
associated with retinal ischemia, for instance sickle cell retinopathy and diabetic retinopathy.
Nevertheless, OPs will also be affected by the disorders of the outer retina that decrease input to

the OPs.

1.2.3.4 Dark-adapted 10 ERG (standard strong flash ERG)

The dark-adapted 10 ERG (standard strong flash ERG) is typically recorded immediately after
the standard flash (DA 3.0 ERG), and because the flash is very strong, a minimum period of at
least 20s seconds between the stimuli is necessary to allow retinal recovery. The standard strong
flash stimulus is a brief flash of 10 c¢d.s.m™. This ERG waveform is characterized by having a
larger a-wave with better defined implicit time (the time from the mid-point of the flash stimulus
to peak of the wave) compared to the standard flash and it will assist in identification of the a-
wave, particularly when the a-wave has a low amplitude compared with the DA Standard 3.0

ERG. For example in certain conditions such as opaque media or immature retina!>*.

1.2.3.5 Light-adapted 3.0 ERG

The LA 3.0 ERG is primarily generated by the cone system as both the light adaptation and a
rod- suppressing white light background luminance of 30 cd.m are used to reduce input from
the rod system. The subject should be light adapted for 10 minutes prior recording and the ERG

is elicited by using the standard flash (3 flash). The LA ERG waveform has a prominent a- and
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b-wave with typical implicit times of approximately 15ms and 30ms respectively for adults with

normal vision. The interval between flashes for the LA 3.0 ERG can be as short as 500 ms'?.

1.2.3.6 Light-Adapted 30 Hz flicker ERG

The flicker response is also obtained in the presence of the standard 30 cd/m? rod-suppressing
background immediately after recording single-flash cone response. The response is elicited by
the standard flash (3.0 flash) flickering at a rate of approximately 30 Hz. It should be noted that a
flickering rate exactly at 30 Hz will cause electrical activity of the same frequency to be included
in the averaged ERG, in particular electrical noise due to the power supply and computer
processing frequencies. Thus, the flickering rate should be close to, but not exactly, 30 Hz (for
example, 30.3). Usually, the initial responses are larger than the subsequent responses, hence the

measurement should begin when the stable-state response is reached!>#3.

1.2.4 Development of the ERG components from infancy to adulthood

1.2.4.1 The ERG in pre-term infants

The retina is not completely mature at birth and undergoes several structural and functional
changes including the development of photopic and scotopic functions obtained by the ERG.
Several studies have documented that ERGs are detectable for both term and preterm infants as
early as 30 weeks post conception* 8, but infants have smaller amplitudes and longer implicit
times. Thus, the Standard stimulus for the rod response is too low to reliably detect abnormality
at birth (Figure 1-6). Fulton et al.*® reported that 25% of infants who were 5 weeks and younger
had no detectable ERG for the Standard dark-adapted ERG, and the lower limits of typical b-

wave amplitudes for the dark-adapted 0.01 ERG, the dark-adapted 3.0 ERG and the light adapted
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3.0 ERGs include zero until later in infancy (15 weeks/3.5 months of age). Therefore for dark-
adapted ERGs, stronger stimuli than the standard flashes (typically up to 2.0 log units stronger)
are necessary to generate a reliable dark-adapted ERG waveforms in infants after birth*®4%. A

summary of previous studies on preterm infants are shown in Table 1-1.

birth 6 weeks 4 months adult

Rod ERG

standard
Combined \/\w,
ERG

30-Hz

Flicker ERGS bt WIS l\}\)\}\}\)\} \/\M}\M
Single-flash

Cone ERG ~ e

100 pv

100 ms

Figure 1-6: Representation of ISCEV parameters for typically developing infants at different ages.
Retrieved from Birch et al.,*’ republished with permission.

Berezovsky et a.1>

investigated the development of standard ERGs for healthy preterm infants at
3 (-3.1 to +3.6) or 8 weeks (+5.3 to +10.9) after term age. They documented a small
developmental change in ERG components between the two infant age groups, such that an
increase in the amplitude and a decrease in implicit time was evident for LA 3.0 and LA 30 Hz
flicker ERG, but not for all ERG waveforms. This is consistent with the study of Birch et al.*’ in
which the ERGs were obtained from full-term newborn infants and at 17 weeks post-term age in
infants born prematurely. Therefore, large cone response amplitudes in older infants may

indicate a developmental change of cone mediated responses from 8 (Berezovsky et al.>%) to 17

(Birch et al.*”) weeks old. On the other hand, rod mediated activity at 8 weeks and 17 weeks
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were similar in both studies suggesting that rod responses might mature at a faster rate or earlier

compared to cone responses during the period of birth to 17 weeks.

It is described above how the a-wave reflects photoreceptor activity while the b-wave is due to
inner retinal responses. Using the ratio of b-wave to a-wave amplitude as an index to reflect the
maturation of retinal inner and outer elements, Berezovsky et al.*° reported that the ratio of b/a
amplitude in preterm infants was considerably larger than that documented for adults suggesting
that inner nuclear layer (Muller/bipolar cells) matures earlier than the outer photoreceptor layer.
This is in a good agreement with Mets et al.>! who reported a definitive b-wave and no
detectable a-wave in first month of life, a pronounced light-adapted b-wave and the emergence
of a dark-adapted a-wave for strong flashes by 3 months, and more distinct dark-adapted a-wave

by 6 months of age.

Table 1-2: Previous ERG reports in preterm infants.

(term age) 23-51 days
post-natal)

Study Sample | Age Findings
Birch et al*®. (1992) 81 36 weeks and 57 weeks An increase of rod amplitude by a factor of
post-conception 10 between the 36 and 57-week-old
Mets et al.>' (1995) 26 First 16 months of life Systematic increase in amplitude and
decrease in latency with time (a- and b-
waves)
Leaf et al.** (1996) 16 40 weeks post conception | There is an association with birth weight

and a small effect of dietary intervention

Berezovsky et al.*

(2003)

17

3 weeks and 8 weeks post
term

Larger amplitude and shorter peak time of
cone responses for the older group. Also,
shorter peak times for rod generated ERGs.
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1.2.4.2 DA 0.01 ERG (Rod responses)

Previous reports revealed that, despite the faster development between 8-17 weeks, rod mediated
ERG waveforms were slower to reach maturity compared to other ERG parameters. Normative
values are shown in Table 1-2. Birch et al.*’ studied the development of the ERG waveforms
from infancy including DA and LA ERGs. They reported that the DA ERGs to a very weak flash
(0.004 cd.s.m?) are extremely immature at birth with mean amplitudes and implicit times of
2.7pv and 117.2ms respectively. This changes progressively in the following years approaching
the adult values by 5-15 years old with b-wave amplitudes of 145uv and implicit times
approaching 79.4ms. Using a logistic growth curve to describe the developmental changes of the
ERG components, Westall et al.”> documented that DA ERG amplitudes reach half of the adult
values by 19 months of age and approach the adult data by 7 years of age with an estimated
developmental growth rate slope of 0.62 (age exponent of the logistic curve in months). Fulton et
al.* undertook the largest child study which includes 400 participants with the aim of providing
provisional normal ranges for the standard ERGs. However, the data were collected from two
labs and each lab used a different technique to obtain ERGs (white flashes for the first lab, blue
and red flashes for the second lab). They concluded that the median amplitude of the 0.01 ERG
b-wave at birth (1-5 weeks) is approximately 15% of the median for adults and the rod responses
fall within the lower limit of the adult values by 1-10 years of age. With regards to the implicit
time of the light-adapted 0.01 ERG b-wave, Fulton et al.*® reported that it varies little between

1-5 weeks to 20 years old as well.

To conclude, previous studies suggested that the b-wave amplitude of the rod response is adult-

like between 5-15 years of age. The data were grouped, however, such that any differences
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between younger and older children could not be identified. Nevertheless, Westall et al. included

younger children in their study, and they reported that the amplitude of the b-wave reaches

maturity by 7 years of age. On the other hand, existing studies varied in their conclusions in

terms of maturation of b-wave implicit times. While Fulton et al.*® reported that light-adapted b-

waves were prolonged up to 15 weeks of age and overlapped with adult values in older infants.

Similarly, Birch et al.*” documented that the implicit times are considerably longer in infancy

(birth and 17-week-old age groups) and were mature in children tested between 5-15 years of

age. This variability of findings between studies is likely due to the different techniques were

used to obtain ERG recordings.

Table 1-3: Normative values reported by previous studies for ERG rod response.

Dark Adapted weak flash ERG: b-wave

Birch et al* (0.0004 cd.s.m?)

Age Mean b-wave implicit Upper limit Mean b-wave Lower limit (95% CI
time (ms) (95% CI in ms) amplitude (uLv) inpv)

Birth 117.2 144.6 2.7 0

4 months 94.2 107.9 45 22
5-15 years 81.3 91.1 145 99
15-24 years 79.4 89.0 145 92
25-34 years 81.3 91.1 138 88
35-44 years 81.3 91.1 135 92
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Fulton et al*® 0.01 cd.s.m™

Age Median b-wave implicit time (ms) Median b-wave amplitudes (uv)
1-5 weeks 105 42
5-10 weeks 104 63
10-15 weeks 98 80
15-25 weeks 119 192
1-10 years 116 161
10-20 years 110 235
>20 110 244

1.2.4.3 DA 3.0 ERG (Combined rod-cone response)

Available evidence seems to suggest that combined rod-cone responses mature more rapidly than
the rod response, reaching maturity during the first 3-5 years of life. Table 1-4 summarizes the
results provided by previous studies for combined rod-cone response. Birch et al.*’ concluded
that rapid development of the combined response is evident during the first four months of life,
so that the b-wave amplitude reaches half of the adult values and the implicit time is within 12
months of the adults range by that age. The response enters the range of the normal adult values
for both implicit time (28 months) and amplitude (372uv) during 5-15 years of age. However,
Westall et al.> reported that the amplitude of dark-adapted 3.0 b-wave is about half of adult
values by only 1.2 months (5 weeks) of age and approaches the adult range by 3 years of age.
Similarly, Fulton et al.*® documented that the median amplitude of the b-wave is approximately

32% of adult values during the first two months of life and it continues to grow gradually
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reaching the adult values between 1-10 years old. The implicit time decreases with age from

65ms during infancy to 47months by 1-10 years.

To sum up, there is little available evidence of when the b-wave amplitude is mature, as it is

reported as sometime between 1 and 15 years. There is similar uncertainty about when the

implicit time is adult like, also reaching maturity between 1 and 15 years. This is largely because

available data are sparse, so that determining the exact age of maturity has not been possible.

Only one study included younger children aged 3-5 years in their report and concluded that the

amplitude of the b-wave is adult-like by 3 years of age.

Table 1-4: Normative values reported by previous studies for ERG combined rod-cone response.

Dark adapted standard ERG

Birch et al.**(2 cd.s.m?)

Age Mean b-wave Upper limit of 95% | b-wave amplitude Lower limit
implicit time(ms) CI (ms) mean (Uv) 0f 95% CI (uv)
Birth 62.8 70.9 33.1 11
4 months 48.9 54.9 170 92
5-15 years 38 44.3 372 354
15-24 years 35 36.9 363 248
25-34 years 38 44.3 355 225
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35-44 years 37.2 40.1 331 235
b-wave 584.3 1.2 0.58 37
amplitude
a-wave 3454 16 0.51 68
amplitude
Fulton et al.*® (2.25 cd.s.m™ Boston group, 2 cd.s.m™ Toronto group)

Age Median b-wave Median b-wave Median a-wave Median a-wave

implicit time amplitudes (uv) | implicit time (ms) | amplitudes (uv )

(ms)

1-5 weeks 65 137 23 39
5-10 weeks 61 253 21 63
10-15 weeks 55 271 22 75
15-25 weeks 53 452 21 145
1-10 years 47 473 21 190
10-20 years 46 538 20 264
>20 45 517 20 266

1.2.4.4 DA 3.0 ERG Oscillatory potentials

Dark adapted oscillatory potentials (OPs) are the most immature ERG waveforms during infancy

and are slower to begin their development compared to other dark-adapted ERG components.
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Westall et al.>® found that OPs in infants (< 4 months) are not recordable above noise and the
individual OPs develop over different time scales so that the amplitude of the later OPs (OP3,
OP4) reach 50% of the adult amplitude by 12 months whereas the OP2 has reached this point by
4.7 months. After this initial delay, they develop rapidly reaching maturity before any other
components of the ERG, at around 2 years of age. Accordingly, 95% of infant OP amplitudes fall
within the normal ranges for adult data by 9 months for OP2, 18 months for OP3 and 21 months
for OP4. The implicit times have been shown to be within the normal limits of adult values by 16
months for OP2, 17 months OP3 and 34 months for OP4. Moskowitz et al>* studied the
developmental changes of photopic and scotopic OPs between infants at 10-weeks of age and
adults. They reported that infants’ scotopic OPs are about 19% of adult values compared to
approximately 50% for photopic OPs indicating that scotopic OPs are less mature than photopic

OPs.

In conclusion, only one study has reported the development of standard OPs from infancy until
adulthood and they found that OPs are extremely immature or non-recordable very early in
infancy and approach maturity in the first two years of life. Also, OP2, OP3 and OP4 mature

over different time scales indicating not all OPs have the same physiologic origin.

1.2.4.5 LA 3.0 ERG (Single-flash cone dominated ERG)

Single-flash light-adapted ERG amplitudes develop over a similar period of time as dark-adapted
ERGs, but they have a less dramatic growth. Table 1-5 summarizes the results of normal limits
for light-adapted ERGs. Fulton et al*® found that the amplitudes of the b-wave increase

systematically with age until they fall within the lower limits of normal adult data by 15-52
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weeks of age with an amplitude of128uv. Westall et al.>® documented that b-wave amplitudes are
about half of the mean adult amplitude during the first two years of life with 95% overlap of the
adult data by 5 years of age with an estimated maximum growth rate of 0.44. This is consistent
with Birch et al.** who found that the amplitudes of 4 month old infants are less than half the

adults’ amplitude, reaching maturity by 5-15 years.

To conclude, there is a wide range of age (1-15 years) over which previous studies have reported
that the b-wave amplitude is considered adult-like and during which time there is considerable
overlap with adult values. However, the data in the majority of studies are grouped such that the
exact age of maturation cannot be determined. Using a criterion of 95% overlap with the adult
range helps to narrow the maturation estimates for specific ERG waveforms. The implicit time
across LA 3.0 ERG waveforms has been shown to vary little between 4 months and 15 years of

age with considerable overlap with the adult ranges from early childhood.

Table 1-5: Normative data previously reported for ERG cone response.

Light adapted ERGs
Birch et al* (0.4 cd.s.m™)
Age Mean b-wave implicit Upper limit of Mean b-wave Lower limit of
time (ms) normative data (ms) | amplitudes(uv) | normative data (uv)
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Birth 42.1 48.5 16.2 52
4 months 34.6 37.4 76 43
5-15 years 28.8 31.1 115 76
15-24 years 28.8 31.1 107 73
25-34 years 28.2 31.6 98 60
35-44 years 28.8 323 91 60
Fulton et al (2.25 cd.s.m2 Boston group, 2 cd.s.m Toronto group)
Age Median b-wave Median b-wave Median a- Median a-wave
implicit time (ms) amplitudes (puv) wave implicit amplitudes (puv)
time (ms)
1-5 weeks 36 60 19 30
5-10 weeks 36 102 18 43
10-15 weeks 35 92 16 43
15-25 weeks 30 128 15 27
1-10 years 29 128 15 34
10-20 years 28 155 14 43
>20 28 160 14 42
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1.2.4.6 LA 3.0 Flicker ERG

The flicker ERGs show considerable immaturity at birth, both in terms of amplitudes which are

smaller by a factor of 15-fold compared with adult normative data and implicit time to the first

positive peak which is 8ms slower than adult values*. Table 1-6 summarizes the normative data

for flicker ERG waveforms. During the first four months of life, the flicker ERG amplitude

matures rapidly and reaches half of the adult mean value by the end of that time. The implicit

times decrease more gradually to be approximately 6ms longer than adult mean values by 4

months. By 5-15 years, the flicker ERG waveforms have matured sufficiently to be considered

adult-like, both in terms of amplitudes and implicit times*. This is consistent with Westall et

al.>®> who reported that flicker responses are about 50% of the adult value by 5 months of age and

fall within the range of adult data by 5 years of age.

Table 1-6: Normative data previously reported for ERG Flicker response.

LA 30 Hz flicker ERG

Birch et al*® (0.4 cd.s.m?)

Age

Mean b-wave

implicit time (ms)

Upper limit of

normative data (ms)

Mean b-wave

amplitudes (puv)

Lower limit of

normative data (LLv)
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Birth 41.8 46.5 4.7 1.2

4 months 36.1 41.3 32 9
5-15 years 28.8 31.1 68 41
15-24 years 28.8 31.1 69 44
25-34 years 28.8 31.1 65 38
35-44 years 29.5 31.8 63 42

1.2.4.7 Summary of the developmental changes of the ERG waveforms

The studies reviewed above used contact lens electrodes to obtain ERG waveforms, and they
show general agreement in terms of maturation of standard ERGs. Generally, a number of
studies have agreed that infants have smaller amplitudes and longer implicit times in response to
full-field standard flashes in light- and dark-adapted conditions. ERGs are detectable as early as
30 weeks gestational age in preterm infants. During the first 4 months of life, there is a rapid
development of the amplitudes and implicit times of the a-wave and b-wave, and development is
slower thereafter. Both a- and b-wave amplitudes and implicit times mature sufficiently to be
considered adult-like somewhere between 1-15 years. Oscillatory potentials are considerably
immature in early infancy, as they are undetectable above noise before one month of age. After
this initial delay, they develop rapidly reaching maturity before any other components of ERG
around 2 years of age. It should be noted that, existing studies obtained ERG recordings using a

variety of techniques. For instance, Birch et al. and Westall et al. used a dimmer flash for the DA
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3.0 ERG known previously as maximal response (2.0 cd.s.m™). Similarly, the luminance
intensity used for the weak flash varies substantially between studies. While Birch et al used
0.0004 cd.s.m2, Berezovsky et a.1>° used 0.00981 cd.s.m™ to obtain rod responses. Additionally,
Fulton et al. used both white and chromatic stimuli to investigate the developmental changes of
ERG waveforms. Therefore, when interpreting ERG normative data, the technique used to
acquire ERGs should be considered as the results may vary depending on several factors

including technique and protocol.

1.2.5 Examples of clinical applications of full-field ERG

1.2.5.1 Retinitis Pigmentosa

Retinitis Pigmentosa (RP) is defined as a large family of inherited heterogeneous disorders that
involve dysfunction of metabolic retinal processes, usually leading to progressive loss of
photoreceptors. The disease affects roughly 1 in 3000-4500 individuals of the population. The
clinical findings associated with RP vary even within families with the same genotype. The
ocular symptoms include night vision loss, peripheral visual field loss and photophobia which
typically manifest gradually between the second and fifth decades of life. Visual acuity and
macular function typically show relative sparing until the late stages of the disorders. Advances
in genetics have made it possible to identify biochemical defects as well as the hereditary pattern
of many variants of RP. There are several modes of inheritance including autosomal recessive
and dominant as well as X-linked. Nearly half of affected individuals have no family history of

RP and have sporadic RP!34,
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Full-field ERGs play a key role in diagnosing and following the progression of RP even when
clinical findings are mild. In the early stages of the disorder all ERG waveforms are markedly
depressed and prolonged while in some cases ERGs associated with the cone pathways show
relative sparing. With further progression, both rod and cone responses become diminished,
prolonged and non-detectable!3. In a longitudinal study (4 years) that involved 67 RP patients,
Birch et al.>® reported that an average annual reduction of the amplitude of 64% and 60% for
dark-adapted and light-adapted ERGs, respectively. The mean annual increase in the rod and
cone thresholds was 28% and 13%, respectively. In addition, the average annual decline in the
flicker ERG amplitude was approximately 13%. This is consistent with previous longitudinal

studies by Berson et al.>¢

which included 94 RP patients who may or may not have had
detectable rod ERGs. They found that the average annual loss of the flicker ERG amplitude was

16-18.5% for RP patients.

1.2.5.2 Leber Congenital Amaurosis

Leber congenital amaurosis (LCA) is a genetically heterogenous autosomal recessive group of
retinal degeneration diseases characterized by visual impairment normally noted soon after birth
and frequently accompanied by infantile nystagmus. Other ocular signs associated with LCA
include cataracts, hyperopia and keratoconus. Mutations in several genes have been reported to
be associated with LCA. RPE6S5 is a specific protein in retinal pigment epithelium that plays an
essential role in the visual cycle®’. Other genes that have been identified include retinal guanylate

cyclase (GUCY2D)*® and photoreceptor-specific homeo box gene (CRX)!*43,
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Full-field ERG is a critical test in diagnosing LCA and identifying related retinal dysfunction.
Several reports have indicated that full field ERGs are undetectable in most patients with LCA
even in the early stages of the disease. A few patients have detectable ERG waveforms, but they

are markedly depressed and prolonged.

1.2.5.3 Usher syndrome

Usher syndrome is a complex genetic disorder that is primarily a heterogeneous group of
autosomal recessive defects with several genetic subtypes characterized by hearing loss and
progressive pigmentary retinopathy (syndromatic RP). Generally, there are three types of Usher
syndrome which are classified based on the reduction of ERGs and the onset of retinal
degeneration. Type I Usher syndrome is characterized by severe hearing loss and vestibular
dysfunction. Individuals with type II Usher syndrome have mild congenital deafness and typical
vestibular function, and individuals with type III Usher syndrome have almost normal hearing
with progressive deafness. Thus, hearing examination with audiometry is critical in determining

the type of Usher syndrome!>>.

A previous report suggested that type I Usher syndrome is associated with at least 5 inherited
loci found on chromosomes 14q (type 1A), 11q (type IB), 11p (type IC), 10q (type ID). Almost
75% of patients with type I Usher syndrome have type IB which is due to mutations of the gene
that causes abnormal myosin VIIA®, Type II Usher syndrome is associated with at least 3 genes
found on chromosomes 1q (type I11A), 3q (type IIB) and 5q (type IIC). Nearly 90 % of patients
with type II Usher syndrome have type IIA which is likely owing to mutations of the gene

encoding usherin!>6!,
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Ocular findings and degree of vision loss vary even with patients within the same family. The
ocular signs of Usher syndrome are comparable to those of RP (severe, early onset) which
include night vision loss, peripheral vision impairment and light sensitivity. In the early stage of
the disorder, visual acuity and macular function are relatively preserved. Additionally, retinal
atrophy with pigmentary clumping and vascular attenuation develop with progressive optic nerve

atrophy!>62,

Full-field ERGs in Usher syndrome are markedly depressed even in the early stage of the disease
and the impairment of rod function is typically greater compared to cone function, but ERGs
become non-detectable early in these conditions. The type I of the syndrome has an earlier onset
and greater severity of progressive pigmentary retinopathy than type II. Similarly, visual acuity
and visual field are likely to be more affected in type I compared to type 119%93. Nevertheless,
there is a noticeable overlap of these clinical components in terms of the degree of the
impairment that occurs between Type I and type 11, so that differentiating the types of Usher
syndrome is complex and challenging. Bharadwaj et al.%* reported that ERGs, visual field, and
visual acuity of type IB and other types of I Usher syndrome patients do not differ significantly.
Likewise, Seeliger et al.®> documented a reduction of multifocal ERG amplitude in individuals
with type I Usher syndrome, RP and Usher type II. However, patients with type I had a slightly
prolonged implicit times in the peripheral region (30° tested area) compared to individuals with

type II RP who showed considerably prolonged implicit times.
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1.3 Optical coherence tomography (OCT)

Optical coherence tomography (OCT) is an imaging modality that has increasingly become the
indispensable cornerstone of managing various ocular pathologies over the past few decades.
The fundamental aspects of the OCT evolved from the previously designed imaging system
known as low coherence reflectometry which was based on a broadband light source and a
Michelson interferometer. In 1991, the application of transverse scanning (B-scan) enabled two-
dimensional scanning of the retinal tissue and this unprecedented technique was named as OCT
by James Fujimoto. The OCT provides non-invasive applicability, high-resolution scans and
cross-section topographical images of the retina with a short acquisition time, allowing detailed
examination of the retina without the need for sedation or anesthesia. Since its introduction in
1991, our understanding of the retina has been enhanced, enabling in vivo assessment that
corresponds with histopathology. Accordingly, the OCT has facilitated our understanding of
retinal development including the crucial correlation between the foveal maturation and visual

potential from infancy until adulthood®-¢°.

1.3.1 OCT-scanning principle

Optical coherence tomography is an advanced diagnostic imaging procedure that enables
capturing a micron resolution three-dimensional scan. The technique uses the principle of optical
refractometry, which includes measuring the backscattering light from a tissue of interest or the
time that emitted light takes to travel between biological tissue and return to the lens, generating
an echo time delay with quantifiable signal intensity. The image is formed by measuring the
intensity and the echo time delay of the scattered light from the tissue. Subsequently, the light

from a broadband light source is divided into two arms known as a reference arm and a sample
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arm that is reflected back from the retinal structures at different depths. Generally, there are two
techniques used to capture the backscattered light, which are Time-domain (TD) detection and
Fourier domain (FD) detection, which is subdivided into the Spectral Domain (SD) and Swept-

source (SS) (Figure 1-7)%770,

1.3.1.1 Time-domain optical coherence tomography (TD-OCT)

In this technology, the light returning from the sample and the reference arms are recombined,
such that interference is used to produce an A-scan (depth-resolved the retinal image at a
particular point). Moving the reference and the sample arms with respect to each other produces
several A-scans that are merged into a cross-sectional scan known as the B-scan (line scan).
Generally, the imaging speeds of time domain OCTs are relatively slow, with approximately 400
A-scans per second. The commercially available TD-OCT instrument is the Stratus OCT™ (Carl

Zeiss Meditech)®771:72,

1.3.1.2 Spectral domain optical coherence tomography (SD-OCT)

In spectral-domain OCT, the spectral interference pattern of the sample arm and the reference
arm is diffused using a spectrometer and assembled concurrently with an array detector. This
simultaneous collection enables much faster image acquisition than the time-domain system
(TD-OCT), in which the data are collected over time by the interferometer. Subsequently, A-
scans are produced by inverse Fourier transforms on the concurrently collected data. The
imaging speed of such technology typically ranges between 18,000 and 70,000 A-scans per
second. Therefore, this faster acquisition time provided by the SD-OCT minimizes the effect of

eye movements during the imaging, particularly in individuals with poor fixation. In addition,
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higher scanning speed allows denser sampling of the macula, minimizing the chances of missing

pathology and better visualization of the retinal structure®’-’2.
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Figure 1-7: A schematic drawing representing the time-domain optical coherence tomography (TD-OCT)
and a subtype of spectral-domain optical coherence tomography (FD-OCT), knowing as optical frequency
domain imaging (OFDI OCT). In both imaging technologies, an interferometer and a reference arm are
used to detect the echo time delay of backscattered light. The interferometer has a beam-splitter,
separating the light into a reference arm and a sample arm. In TD-OCT, the reference arm is scanned
through a moving mirror to generate a time-varying time delay. In the FD-OCT, the light source is
frequently swept, so that the interference of the light beams returning from both reference and sample
arms oscillates with respect to the frequency difference. Additionally, all echo delays in FD-OCT are
collected simultaneously, allowing for a considerable increase in image acquisition speed. Retrieved from
Bezerra et al.”’, republished with permission.

1.3.2 Macular scanning protocols

Generally, the widely used protocols for macular scanning are macular cube scan, raster scan,
and radial scan (Figure 1-8). Macular cubes are three dimensions scans comparable to computed
tomography scans that obtain volumetric cubes of data. Spectral-domain OCT instruments obtain
a series of rapid B-scans in a 6 mm x 6mm square centered on the fovea. The resolution of the
scans is minimized to reduce the acquisition time of scanning. Therefore, when evaluating a
single line scan (B-scans) from a cube scan, some details are likely to be lost. The cube scan is

centered at the fovea by default. Nevertheless, other retinal regions can be captured by manually
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adjusting the scan position in the area of interest. For instance, optic nerve scans are cube scans
positioned at the center of the nerve. Raster scanning is an approach used to acquire macular
cube scans, which includes a systematic pattern of scans recorded over a rectangular area
through tightly spaced parallel lines resulting in a consistent sampling density over the entire
scanned area. Radial scanning includes six to twelve high-resolution B-scans (line scans)
obtained at radial orientations, so that all scans pass through the fovea. The limitation of this
technique is that interpolation is used between the scans when producing macular thickness
maps. This may be ideal at the foveal region where the lines are closely spaced; however, lesions
can be missed in the macular area where the lines are not tightly spaced. Consequently, macular
maps are directly driven from the cube scan or radial scans depending on the instrument and
contain numeric values indicating the retinal thickness over the scanned area and color-coded

illustrations showing the age-matched normative data set (Figure 1-8)7%7°,

Figure 1-8: Commonly used macular scanning protocols for SD-OCT. Macular cube (left), radial scan
(centre), and raster scan (right). Retrieved from Bhende et al,” used with permission.
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1.3.2.1 Interpretation of OCT scans

Interpretation of OCT scans includes both qualitative and quantitative assessments, and both are
essential to evaluate an OCT image thoroughly. In qualitative evaluation, individual B-scans
(line-scans) of the targeted area in the retina are qualitatively reviewed to assess the presence or
absence of retinal pathology based on the knowledge of typical OCT anatomy (Figure 1-9). Line
scans can be displayed in a color-coded or a gray-scale image indicating the reflectivity of
different retinal layers. Retinal pathologies and their response to treatment can be evaluated by

comparing B-scans performed over time’2.

Lur

Figure 1-9: An example of an OCT scan with segmentation showing normal OCT anatomy. 1=nerve
fiber layer; 2= ganglion cell layer; 3= inner plexiform layer; 4= inner nuclear layer; 5= outer plexiform
layer; 6= outer nuclear layer; 7 external limiting membrane; 8= ellipsoid zone; 9= interdigitation zone;
10=retinal pigment epithelium. Scan by Hussain Albuhayzah.
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Qualitatively, the areas of the B-scans are described as hyper-reflective or hypo-reflective and
indicate shadowing or reverse shadowing. Hyper-reflective zones have higher light reflectivity
than typical for a specific zone and appear whiter than nearby areas on a gray-scale image (e.g.,
hard exudates and epiretinal membranes). Hypo-reflective zones have lower light reflectivity
than the nearby regions. An example is regions with more fluid content (e.g., intraretinal cysts).
Shadowing refers to an increase in light absorption in a given area compared to the area
underneath leading to optical shadowing and reduced visualization of outer retinal layers.
Examples include hard exudates, clear debris and larger retinal vessels. In contrast, reverse
shadowing characterized by atrophy of retinal pigment epithelium layer results in transmission of

excessive light through outer retinal tissues’>"4.

It is essential to be aware of several issues associated with qualitative interpretation, such as
registration, sampling error, and subjective evaluation. First of all, registration refers to the
registration of future B-scans to previous scans. In other words, the clinician must ensure the
exact retinal region is scanned similarly in subsequent tests. Secondly, sampling error means that
the presence of pathology may be misdiagnosed if only a single or several line scans are
evaluated. Therefore, it is critical to examine multiple B-scans through the macula when
performing a qualitative assessment. Finally, qualitative assessment is subjective and means that
the interpretation of the B-scans will be individualized owing to the lack of numeric values.
Also, it is challenging to assess the progression of a disorder that improves in a specific area of

the macula and deteriorates in other areas’>’4.
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On the other hand, quantitative evaluation of OCT scans depends on the OCT software's
capability to accurately segment retinal layers - the ability of the software to identify sub-retinal
layers and precisely calculate retinal thickness. Accordingly, the acquired retinal thickness is
then compared to an age-matched database to assess for normalcy and to monitor the pathology's
progression over time. Quantitative measures are often displayed as color-coded maps or as grids
established for use as in the Early Treatment of Diabetic Retinopathy Study (ETDRS)”. It
should be noted that the numeric values obtained by different OCT equipment are not directly
comparable across all OCT instruments as different OCT instruments use different algorithms to
obtain retinal thickness values. Also, some OCT instruments include ETDRS maps to calculate
retinal thickness measurements while others (hand-held OCTs) are not provided with such maps
(retinal thickness typically being calculated using a custom software). Nevertheless, the main
disadvantage of the quantitative interpretation is that even in the most advanced OCT
instruments, the generated numeric values are subject to artifacts. For instance, the software may
fail to determine the inner and outer retinal margins accurately; hence, the obtained retinal

thickness is inaccurate’%74,

1.3.2.2 The maturation of the retinal layers in vivo

The development of OCT technology has made it possible to image different retinal layers in
vivo depending on the retinal layers' intrinsic reflectance or the interference between adjacent
tissues. Therefore, the reflective difference between alternating layers of highly reflective axons,
dendrites, melanosomes, and low reflective cell bodies enables easy differentiation of retinal
layers’. Accordingly, it is essential to be familiar with some definitions used to define retinal

sublayers and areas before understanding the retinal development from infancy until adulthood.
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Figure 1-10 shows the layers of a newborn baby as visualised by OCT. The central foveal
thickness (CFT) indicates the thickness of the whole retina from the inner border of the inner
limiting membrane to the inner aspect of the RPE at the center of the fovea. The inner retinal
layers (IRLs) extend from the inner border of the inner limiting membrane to the outer aspect of
the inner nuclear layer (INL). The outer retinal layers (ORLs) include all the retinal tissue from
the inner border of the outer plexiform layer (OPL) to the inner aspect of the RPE. The
photoreceptor layer comprises the entire area from the outer aspect of the OPL to the RPE's inner
aspect. The foveae of premature babies have several characteristic features compared to adult
foveae, which include (1) a noticeably shallower foveal depression, (2) the appearance of

persisting inner retinal tissues at the foveal center including the IPL and INL, (3) overall thinner

8,69,77,78

retinal layers, (4) the absence of photoreceptor sublayers

Figure 1-10: The areas and layers identified on an SD-OCT scan of a newborn infant. Refrieved
from Mangaleshl et al.%’, used with permission.
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1.3.2.2.1 The maturation of the inner retinal layers

During infancy, the inner retinal layers (IRLs) at the foveal center are characterized by the
appearance of GCL, IPL and INL as distinct measurable bands before they are condensed into a
single hyper-reflective layer in children and adults. This is because of the outward migration of
the inner retinal layers away from the fovea. The number and thickness of the inner retinal layers
at the center of the fovea reduce with time as the premature fovea matures. Previous studies
reported that most of the outward migration of IRLs occurs between 31 and 42 weeks®®-78, Lee
et al.”” documented that the centrifugal displacement of the retinal layers is complete by 17.5
months. The outward displacement of the GCL from the fovea reaches 95% of normal adult
values by 10.6 months, whereas the IPL and INL reduce significantly in thickness before
reaching mature thickness levels by 18.7 and 17.6 months, respectively. However, at the
parafovea and perifovea, the development is greater than at the foveal center. The RNFL and IPL
undergo a significant reduction in thickness until 31.4 and 39 months, respectively. The GCL
and INL are initially reduced in thickness compared to adults until approximately 17 months,
followed by a subsequent increase in thickness until 65.5 months and 41.5 months, respectively.
This developmental trajectory may indicate the displacement processes of IRLs away from the
fovea and their thickening over time. The time courses of these dual processes are unique for
each inner retinal layer. The mean thickness estimates for the inner retinal layers reported by

previous studies are indicated in Table 1-7.
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Table 1-7: Review of normative data reported for the inner retinal layer thicknesses. RNFL = retinal
nerve fiber layer; GCL = ganglion cell layer; IPL = inner plexiform layer; INL = inner nuclear layer; OPL
= outer plexiform layer; ONL = outer nuclear layer; IS = inner segment of the photoreceptor; OS = outer
segment of the photoreceptor; RPE = retinal pigment epithelium; m = age in months; SD = standard
deviation. NR = not reported in these studies.

Maldonado et al’®

Inner retinal layer thicknesses at the foveal area (um) measured by SD-OCT

Sample | Age range Total RNFL GCL (um) | IPL (um) INL (um)
IRLs (um)

13 24-29 weeks | 78 NR 3 26 55
4 1-9 months | 10 NR 2 10 11
5 2-15 years 23 NR 0 0 8
9 20-49 years |7 NR

0 0 7

Lee etal”’.

Age at which inner retinal layers approaches adult values at the foveal area

Retinal Age Mean thickness | Std. Deviation | 95% confidence interval

layers (months) (m) Lower Upper

RNFL NR NR NR NR NR
GCL 10.6 NR NR NR NR
IPL 18.7 2.81 4.07 0.00 10.96
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INL 17.6 1.87 292 0.00 7.70
Age at which inner retinal layers approach adult values in the parafoveal areas
Nasal parafovea Temporal parafovea
Retinal | Age Mean | SD 95% CI Age(m) | Mean | SD | 95% CI
|
ayers | (mo) (hm) Lower | Upper (um) Lower | Upper
RNFL | 16.8 12.61 | 3.94 | 4.74 2049 | 17.4 8.76 | 4.77 | 0.00 18.30
GCL 61.9 48.55 | 10.47 | 27.62 | 6949 |553 46.72 | 7.39 | 3195 | 6149
IPL 39.1 42.81 | 7.83 |27.16 |58.46 |15.1 47.14 |9.79 | 27.56 | 66.72
INL | 1301|5453 [1030]33.92 [75.14 |22.5 |4809 |7.57 3295 | 06323
Age at which inner retinal layers approach adult values at the perifoveal area
Nasal perifovea Temporal perifovea
Retinal | Age Mean | SD 95% CI Age(m) | Mean | SD | 95% CI
|
ayers | (m) (hm) Lower | Upper (k) Lower | Upper
RNFL | 314 36.43 | 497 | 26.50 | 4637 |12 12.05 | 3.34 | 5.36 18.74
GCL 535 29.26 | 7.65 | 13.96 |44.56 |65.5 2696 | 798 |11 42.92
IPL 134 | 4584 |5.65 |34.54 |57.13 |22.1 45.81 | 4.51|36.78 | 54.84
INL 41.5 36.64 | 598 |24.69 |48.59 |348 35.13 | 5.60 | 23.93 46.33
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1.3.2.2.2 The outer retinal layers

The development of the photoreceptor layers has been well understood since SD-OCT enabled
better understanding of the development patterns in vivo. In contrast to the IRLs, the
photoreceptor layer's thickness increases significantly from infancy to adulthood, which occurs
rapidly after 38 weeks gestation in all areas, particularly in the cone-dense region®7"-78, A
previous study reported that the photoreceptor layer at the fovea increase significantly by 185%
from a mean thickness of 67.03 to 194.07pum from birth to approximately 47 months before it
reaches maturity (196.14um) by 75 months. The thickness of the ONL, IS and OS at the fovea
increases with age between birth and 3.8, 2.2 and 2.7 years respectively, so that the average
thickness at birth of 34.37um increases to 95.57 for the ONL, 20.44 to 32.43um for the IS, and
3.06 to 30.79um for the OS. Similarly, the ONL, IS and OS thickness at the parafovea undergo
an initial logarithmic increase, followed by a more gradual increase, reaching maturity by 10.6,
2.4 and 12 years, respectively’’. The data for the outer retinal layers reported by previous studies

are summarized in Table 1-8.

Table 1-8: Review of normative data reported for the outer retinal layer thicknesses. RNFL = retinal
nerve fiber layer; GCL = ganglion cell layer; IPL = inner plexiform layer; INL = inner nuclear layer; OPL
= outer plexiform layer; ONL = outer nuclear layer; IS = inner segment of the photoreceptor; OS = outer
segment of the photoreceptor; RPE = retinal pigment epithelium; mo = age in months; SD = standard
deviation. NR = not reported in these studies. NP = no evidence of a plateau in the development of the
retinal layer.

Maldonado et al’®.

Outer retinal layers thickness at the foveal area (um) using SD-OCT

Sample Age range Total ORLs OPL (pm) PRL (um)

49



13 Preterm (24- 39 10 29
4 29 wk) 111 8 103
- th
5 -9 months 156 3 153
9 2-15 years 173 150
7
20-49 years
Lee etal’’.

Age at which outer retinal layers approaches adult values at the foveal area
Retinal | Age (months) Mean SD 95% confidence interval
layers thickness

Lower Upper
(um)

OPL 17.8 4.99 6.02 0.00 17.02
ONL 453 99.88 14.21 71.46 128.30
IS 26.9 31.93 4.01 23.92 39.94
OS 324 30.81 7.92 14.97 46.65
RPE 54.4 16.44 3.29 9.87 23.09

Age at which outer retinal layers approaches adult values at the parafoveal area

Nasal parafovea

Temporal parafovea
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Retinal | Ag Mean | SD 95% CI Age Mean | SD | 95% CI
layers (o) (um) (mo) (nm)

Lower | Upper Lower | Upper
OPL 11.6 | 27.17 | 11.41 | 434 | 49.99 NP |[NR |NR |NR NR
ONL 19.4 |59.52 |19.56 | 20.40 |98.64 929 |71.28 | 124 |4541 |97.15
IS 18.6 | 2541 |2.67 |20.06 |20.75 17.9 |27.63 |3.63 [20.37 | 3490
0S 23 | 14.18 | 569 |2.81 |2555 31 | 13.51 |5.75 |2.01 | 2502
RPE 27 [17.34 |3.32 ]10.70 |23.99 41 17.76 |3.44 | 10.88 | 24.64

Age at which outer retinal layers approaches adult values at the perifoveal area

Nasal perifovea

Temporal perifovea

Retinal | Age | Mean | SD 95% CI Age Mean | SD | 95% CI
layers (mo) | (um) (mo) (um)

Lower | Upper Lower | Upper
OPL 10 26.93 | 10.65 | 5.64 48.23 | 11.5 23.42 591 | 11.61 | 3523
ONL 4277 |57.80 | 12.64 | 32.51 |83.09 | 1284 |63.52 |8.94 |45.64 | 81.39
IS 29.8 [2648 |3.76 |18.95 |34 19.7 2570 |2.24 [21.23 | 30.18
0S 68.5 |849 (341 |1.68 1530 | 146 11.02 |5.81 |0.00 22,65
RPE NP |NR NR | NR NR 17.3 15.81 [3.61 |8.58 2303

Photoreceptor sublayers that can be imaged with the current SD-OCT instruments include the

external limiting membrane (ELM), the IS/OS junctions (also known as the ellipsoid zone [EZ]),
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and photoreceptor OS to RPE layer (interdigitation zone). The time courses when these bands
can be imaged vary considerably and are likely a function of the image quality of the currently
available instruments. For instance, Maldonado et al.”® reported that the ELM could not be
imaged until 42 weeks postmenstrual age (PMA), while Vinekar et al.”” found that it can be
observed as early 40 to 41 weeks PMA in babies with heavier bodyweight. During infancy, the
photoreceptor layer is thinner in the foveal center compared to the adult retinae, and it undergoes
a progressive centripetal development that extends into the center of the fovea, including the
ELM, EZ and OS-RPE. The EZ zone is characterized by having a low reflective band slightly
elevated from the RPE peripheral to the foveal area observed as early as 33 weeks gestation,
which shrinks over time and moves towards the foveal center. It should be noted that this band
cannot always be imaged in the foveal center before the age of 46 weeks. This is likely due to the
fact that the IS/OSs are extremely immature and short and so do not show as a distinct band in

OCT69,77,78,80

To conclude, recent studies used the hand-held OCT to investigate foveal developmental
trajectories from infancy until adulthood and found that the fovea continues to develop until
approximately 12 years of age. However, a direct comparison between these studies is limited by
the variation in age subgroups used to calculate the mean thickness of the retinal layers. For
instance, Maldonado et al. documented that the infants aged between 1 to 9 months have a mean
thickness of 10um for the inner retinal layers. In contrast, Lee et al. subdivided this age group
into four age groups and reported a mean IRLs thickness of 37.85um (1-6 weeks), 22.93 (27-52
weeks), 17.88um (12-14 months) and 13.92 um (15-17 months). Also, the diameter of the foveal,

parafoveal and perifoveal areas varies between studies. While Lee et al. defined the parafoveal
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area as 2mm in diameter, it was 4mm in diameter in the study conducted by Yanni et al. Another
difference reported in the previous studies includes the description of which layers can be
considered as part of inner and outer retinal layers. For example, the OPL was included as part of
the IRLs in Lee et al. study while in the study by Maldonado et al. it was considered as part of
the outer retinal layers. Therefore, it is critical to have a standard description for retinal layers,
age groups and foveal areas when documenting pediatric reference data using OCT to ensure that

all values are comparable across laboratories.

1.3.3 Retinal Nerve Fiber Layer (RNFL)

OCT instruments measure the retinal nerve fiber layer (RNFL) thickness around the optic nerve
as the distance between the inner limiting membrane and the outer boundary of the nerve fiber
layer (Figure 1-11). Most OCT instruments are provided with a reference point, a circle of
predefined diameter (often around 3.4 mm) within the center of the optic nerve head to acquire
RNFL thickness. This is owing to variation in the distance from the center of the optic nerve.
Therefore, RNFL thickness values obtained by different OCT machines are not interchangeable
as each instrument is provided with a circle of different diameters within the center of the optic
nerve head. Accordingly, the acquired RNFL thickness is then compared to age-matched
normative data sets. The outputs are presented in different formats including a pseudo-color scale
where the green indicates typical RNFL thickness, yellow indicates borderline (a probability of
less than 5% of being typical), and red indicates outside the normal range of RNFL thickness (a
probability of less than 1% of being in the typical range, Figure 1-11). The sinusoidal profile
analysis is considered the most useful RNFL display in the clinic, which describes the profile of

the RNFL thickness in a circle (360 degrees) around the optic nerve displayed with the typical
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thickness ranges, starting from the temporal area and proceeding through the superior, inferior,

nasal and returning to the temporal region. It typically shows a double hump pattern with thicker

superior and inferior quadrants’’4.
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Reference database: European Descent (2009)

Figure 1-11: RNFL thickness acquired by SD-OCT. The red and green lines in the upper image indicate
the distance between ILM and the outer aspect of RNFL measured at the macular area. In the lower left
figure, bold numbers under each sector indicate the average RNFL thickness. Numbers in parentheses are
the adult’s normative database provided by the Spectralis SD-OCT. The green area in the lower right
image indicates typical RNFL thickness, the yellow area indicates borderline, and the red area indicates
outside the normal range. Scan by Hussain Albuhayzah.

1.3.3.1 Development of the peripapillary RNFL

The vast majority of studies on peripapillary RNFL thickness with OCT have been performed in
the adult populations and only a few studies have been reported on children®!#2, Therefore, some
degree of uncertainty exists as to when peripapillary RNFL thickness is considered adult-like.
Table 1-9 summarizes the results of previously reported studies on child RNFL thickness. This

uncertainty is likely due to the variations in methods and distribution of the samples that have
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influenced the studies' outcomes. For instance, a variety of OCT techniques (TD-OCT vs. SD-
OCT) were used, and some used the standard protocol®3#* while others used the fast scan
protocol®>8¢. Knight et al.®’ reported that RNFL thickness measurements acquired by TD-OCT
yields relatively thicker values compared to SD-OCT, and a difference may also occur between
different versions of SD-OCT instruments®®. Thus, thickness values may vary depending on the

OCT model used.

Additionally, the majority of studies were hospital-based?*-#+868-93 Huynh et al.*> documented
the largest population-based study in six year old Australian children of mixed ethnicity using
TD-OCT, and they found marked differences in RNFL thickness between White and Asian

children. In addition, Kim et al.**

reported that Asians may have a thicker RNFL in the non-nasal
areas compared to individuals of white and Hispanic backgrounds. Using TD-OCT Racette et al.
found the average RNFL thickness to be greater in black adults compared to white adults. Thus,

available evidence seems to suggest that RNFL thickness varies in different ethnicities and such

factors should be considered when interpreting children's normative data in clinical practice.

The effect of the refractive error state on RNFL analysis is still controversial. Some authors
reported that as myopia increases, the RNFL thickness decreases, and as hyperopia increases, the
RNFL thickness increases®>?>¢, while others reported no significant correlation between myopia
and RNFL thickness!'!”~!1?. This variation is presumably attributed to the distribution of the

refractive error in study samples and using different versions of OCT software.
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Both adult and child studies find that the RNFL is thicker in the superior and inferior quadrants

101120123 'This is likely due to a larger number of

and thinner in the temporal and nasal quadrants
nerve fibers converged into the superior and inferior arcuate bundles of the optic nerve compared
to the nasal and temporal retina. Therefore, the typical neural rim usually is the thickest in the
inferior quadrant followed by the superior and nasal quadrants and is the thinnest in the temporal
quadrants. This pattern is known as “ISNT” rule®®194195 Nevertheless, there are several studies
in this regard that report different variations®3#>103.106 Contrary to the ISNT rule, Leung et al.!?’
documented that RNFL thickness decreases from the superior to inferior to temporal to the nasal

rim while Turk et al.*” found that the sequence of average RNFL thickness was inferior, superior,

temporal and nasal (ISTN).

Age is considered a significant factor influencing RNFL thickness, with most previous findings

100,101,108’ whereas

indicating that RNFL thickness decreases with age in adult populations
children's studies varied in their conclusions. Some publications reported a significant positive
correlation with age during childhood®?#3, while others reported no significant correlation with
aged>103.107 Nevertheless, the reported r values in the studies that found a significant correlation
with age during childhood were relatively small, suggesting that age has a limited effect in the
pediatric population. From Table 1-9 we can conclude that the average global RNFL using SD-
OCT for white children aged between 5-16 years ranges between 100 and 107um. But the

available evidence should be interpreted with caution as the results may vary depending on

ethnicity, refractive error, type of OCT and scanning protocol.
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Table 1-9: The average RNFL thickness for each sector provided by previous studies for both TD-OCT
and SD-OCT. NS= nasal superior, TS = temporal superior, NI = nasal inferior, TI = temporal inferior.

Study

Sample
n

Age,
(Years)

Technique

Ethnicity

RNFL
global

(lm)

RNFL
superior

(wm)

RNFL
inferior

(wm)

RNFL
temporal

(wm)

RNFL
Nasal

(wm)

Ahn et
al®.

(2005)

72

9-18

TD-OCT

Asian

107

133

133

&5

76

Altinas
et al”.
(2005)

14

5-18

TD-OCT

Mixed

104

129

122

74

86

Yoon et
a192

(2005)

31

5-12

TD-OCT

Asian

107

NA

NA

NA

NA

Huynh et
al®,

(2006)

1369

TD-OCT

Mixed

104

130

128

76

82

Kee et
a193

(2006)

42

4-17

TD-OCT

Asian

109

135

137

&3

78

Repka et
al®,

(2009)

17

7-17

TD-OCT

Mixed

109

131

140

73

92

Salchow
et al®.
(2006)

92

4-17

TD-OCT

Hispanic

107

135

137

72

&3

El-Dairi
et al®.
(2007)

36

5-14

TD-OCT

White

106

139

120

75

88

Leung et
a1107

(2010)

97

6-17

TD-OCT

Asian

113.5

146

142

87

78

Qain et
a182

(2011)

199

5-18

TD-OCT

Asian

112.36

148.73

142.08

83.82

74
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Larsoon 56 5-15 TD-OCT White 98 123 125 70 77
etal®!
(2011)

Park et 58 4-14 SD-OCT Asian 101.63 | 108 122 80 69
al 109

(215)

NS NI
TS TI

Turk et 107 6-16 SD-OCT White 106.4 102 106 74 71

99
al™. 138
(2012) 144

Yanniet | 83 5-15 SD-OCT Mixed 107.6 116.2 125 76 84.5
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1.4 HARS syndrome

HARS syndrome is a complex genetic disorder that takes an autosomal recessive form and is
associated with homozygosity mutation in histidyl tRNA synthetase (HARS c.1361A>C,Y454S).
This rare syndrome was initially observed in several individuals of Old Order Amish in
Pennsylvania and classified as Usher syndrome type I1IB with clinical findings including
progressive hearing loss, ataxia, visual hallucinations and vision loss with febrile episodes!!!.
Subsequently, a retrospective clinical study in 18 molecularly confirmed patients of an extended
Old Order Amish kindred of Southwestern Ontario documented a partial recovery of vision in

addition to other clinical findings beyond the vision and hearing loss!!%!!3, These findings
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indicate that Usher syndrome may not be an ideal classification of the syndrome. Additionally,
the studies reported that many affected patients had experienced febrile episodes with life-
threatening clinical deteriorations such as Acute Respiratory Distress Syndrome (ARDS),

hypotension, and encephalopathy.

Aminoacyl-tRNA (ARS) synthetases are a group of enzymes that play a vital role in protein
translation by connecting tRNAs with their cognate amino acids. It has been reported that 17 of
the ARS genes act uniquely in the cytoplasm, 17 function solely in the mitochondria, and three
are characterized by having bifunctional features!'!#. All identified genes of ARS have been
reported to be associated with inherited disorders in humans!!'*!!>, The phenotypes related to
autosomal recessive forms of ARSopathies have been shown to cause a wide range of
neurological clinical defects and are likely to affect newborns and children. The autosomal
recessive mutations in HARS?2 have been reported to cause sensorineural hearing loss and
gonadal anomalies in the female population''¢, while the autosomal recessive mutations in

HARS have been shown to cause a variety of peripheral neuropathy!!*!7,

A retrospective clinical review was undertaken to investigate the retinal structure, function, and
pathological processes associated with the mutation of histidyl t-RNA synthetase gene (HARS).
Clinical information was collected from 14 patients including 3 patients who have died!!?!!8,
The study revealed that most affected patients experienced some degree of visual defects and
abnormal fundus findings. Visual impairment was evident in all patients who were three years or
older, at least monocularly, with some meeting the definition of legal blindness. During febrile

episodes, several patients experienced severe vision loss, which is usually reported to be
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followed by partial recovery. There is documented evidence of visual recovery in two patients.
Patients who have a history of acute fever had poorer vision compared to those who have not

experienced severe fever illnesses!!3.

The fundus examination revealed a lack of foveal reflex and granular appearance of the macula
in most affected patients. Several individuals presented with a distinct lesion with a “beaten-
metal” appearance, and some patients showed optic disc pallor and vascular attenuation (Figure
1-12). Several patients showed a rod-cone dystrophy in the peripheral retina after six years of

age.

Figure 1-12: Fundus photographs of a patient with HARS-associated retinopathy showing: pale
optic nerves, attenuated retinal vessels, bilateral macular lesions that have a beaten-metal appearance.
Courtesy Natalie Hutchings''"®, used with permission.

Refractive errors such as astigmatism, hyperopia, and myopia were frequently reported. Four
children experienced poor night vision, and two patients had photophobia. The majority of the

patients who performed color vision testing showed color vision defects, including red-green and
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blue-yellow deficits. Strabismus was reported in four children, whereas nystagmus was observed

in three patients!!3,

Full-field ERG recordings revealed significant abnormal findings in all ISCEV standard
conditions, including undetectable ERGs above noise in some patients. Affected patients with
detectable ERGs showed an inconsistent depression of LA-ERGs as well as DA b-waves and
OPs, suggesting that cone functions are likely to be affected more than rod function (Figure 1-
13). OCT examination revealed disruption of the outer retinal layers, including non-detectable

photoreceptor subcellular layers, as well as overall foveal thinning (Figure 1-14).

DA 0.01 (rod)

DA o0.01 (rod)

N: DA 3.0 (mixed) Ws.o (mixed)

PEVSNISUSOUUUIPIIIPRPY | Wov) i PR —
DA OPs

M M’W& LA 3.0 (cone)
LA 3.0 (cone)

LA flicker

N - LA flicker

Figure 1-13: (a) A representative example of ERGs showing that OPs and cone related ERGs are
undetectable, and dark-adapted ERGs are relatively preserved. (b) A representative example of an ERG

undetectable above noise. Courtesy Daphne McCulloch, used with permission''>"'8,
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Figure 1-14: B-scan OCT images in a patient with HARS-associated retinopathy showing a perimacular
disruption of the outer retinal layers and relative thinning of overall retinal thickness. Courtesy Natalie
Hutchings''®, used with permission.
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Chapter 2: Purpose and Hypotheses

2.1 Purpose

The ultimate purpose of this cross-sectional study was to establish normative data for retinal
structure and function in children aged between 4-15 years old using OCT and ERG. This is
important data in itself for diagnosis of children with potential suspected conditions. This was
particularly relevant at the time of the study, as we were concurrently studying children with
HARS syndrome, which results in a retinal dystrophy and has been described in Chapter 1. The
protocol of each clinical technique (ERG and OCT) was designed based on standard protocols

and an in-depth review of previous literature.

Even though it is widely accepted that the human retina has an immature appearance at birth, the
structural development of the retina in vivo has not previously received adequate attention to be
fully understood or described. Few published in vivo studies have investigated the maturation of
retinal layers from infancy until they become truly adult-like®’”-7¥. This is likely because of the
difficulty of obtaining data in young participants. Until recently, most of our knowledge of the
retinal development is based on histological studies, which may not always determine with
certainty the developmental patterns as well as time course for each retinal layer. This is due to
the fact that samples could be affected by shrinking of the tissue and artifacts such as retinal
detachment>® The in vivo studies that do exist used the hand-held OCT to study the
developmental patterns of the retinal layers but showed general disagreement in terms of
identifying which layers should be considered as part of the inner and outer retinal layers’”-’%.

Additionally, a direct comparison between studies is limited by differences in the age groups
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used to obtain the values of the retinal layer thicknesses. Additionally, retinal thickness values
are not consistent across different OCT instruments, as different OCT equipment use different
algorithms to obtain numeric values’?. Also, it has been previously reported that there is a
considerable amount of variation between individuals within the same age range making the
comparison between studies more challenging’”7880103 To our knowledge, none of the studies
have investigated the development of each retinal layer from childhood until maturity using the
Spectralis-OCT (tabletop OCT) with the automatic segmentation software provided by the

manufacturing company. The present study adopts this approach.

Similarly, there has been little research published that has documented the maturation of the

ERG waveforms from childhood until maturity**->%-3

. Existing studies used contact lens
electrodes to obtain ERG responses, and they show general agreement in terms of the maturation
of standard ERG components. In two reports, the data were grouped such that any variations
between younger children (3-5 years) and older children cannot be determined*®*°. When
comparing the ERG data between previous studies, the type of electrode and techniques used to
obtain ERGs should be considered. To our knowledge, none of the existing studies used the

DTL-electrode to obtain normative values in the six conditions specified by ISCEV standards.

This study attempts to fill this gap in data.

Knowledge of the time course for normal development of the retina using these clinical
techniques is essential to detect, monitor, and understand pathological processes that affect the

pediatric retina.
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OCT and ERG measures taken under similar protocols for children with HARS will be compared

against the normal data, to demonstrate the importance of having normal data sets.

2.2 Objectives

The objectives of the study are:-

1- Measure the development of ERG and OCT components in children ranging from 4-
15 years old and compare with adult data.

2- Investigate whether the results agree with previously published data.

3- Publish data age-norms for OCT and ERG components.

4- If possible, compare the normal data sets with children with HARS syndrome as a

demonstration of the utility of the normal data sets.

2.3 Hypotheses

The hypotheses are:

¢ The development of the retina is likely to continue during childhood and not become adult-
like until late childhood**7”.

e The ERG and OCT diagnostic techniques can be used effectively to detect and monitor

various diseases of the pediatric retina such as HARS syndrome.
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2.4 Experiment design

Two cross-sectional studies were undertaken to investigate the development of 1. Retinal
function and 2. Retinal structure. Retinal function was investigated in children aged 7-15 using
the full-field ERG procedure and is described in Chapter 3. Retinal morphology was investigated
using Spectralis OCT in children aged between 4-15 years old and is described in Chapter 4.
These two studies were designed to provide pediatric normative data for OCT and ERG to be

used for clinical interpretations.
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Chapter 3: Dark and Light-Adapted Electroretinograms (ERGs) in 7-
15-year-Old Children and Adults

3.1 Introduction

Morphologically, it has been shown that the retina is not completely mature at birth, and it
undergoes several post-natal structural changes, including the elongation of the outer
photoreceptor segment and an increase in cone packing density?®. The functional changes of an
immature retina can be assessed with the full-field electroretinogram (ERG), which is a non-
invasive clinical procedure that records the electric field potentials generated in the retina in
response to a light stimulus. Standard clinical testing protocols record ERGs from remote
electrodes in contact with the cornea or on the skin near the anterior eye with stimuli delivered in
a full field dome®. Typical ERG waveforms to brief flashes include an initial corneal negative
component (a-wave) and a slower positive component (b-wave) ''°. It is known that the a-wave
reflects the photoreceptor activity, and the b-wave is elicited within the inner nuclear layer and
indirectly reflects bipolar cell function. Retinal function can be studied by using the same
stimulus between participants to obtain ERG recordings under photopic or scotopic conditions.
For instance, the developmental rate of both a- and b-waves can be used as an index of retinal
function. Such developmental changes are likely to reflect the activities of the inner and outer

retinal layers.

The full-field ERG plays a decisive diagnostic role in modern ophthalmic practice and is
routinely used as an initial diagnostic indicator of several inherited retinal disorders such as

retinitis pigmentosa. While progressive retinal degeneration often results in prolonged implicit
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time of the b-wave, a wide range of ocular diseases can result in reduction in the amplitude**.
Implicit time of DA 0.01 b-wave is often longer in individuals with all inheritance patterns
(dominant, recessive and X-linked)* of retinitis pigmentosa. The technique is also useful in

following the progression of retinal disorders.

Pediatric retinal diseases can present a diagnostic challenge because of the inability of young
children to undertake such testing, and there are also limitations of psychophysical testing in the
pediatric population!?’. Thus, ERG testing may have additional value in this patient group. The
diagnosis may require ERG procedures, particularly when the fundus appears normal, but there
is reduced visual function in an infant or young child'?*!2!, For instance, in the early stages of
the enhanced blue cone syndrome (a rare genetic disorder) fundus examination typically appears
normal in infants, while ERGs often show abnormalities!3. Thus, the ERG is often an essential
component of diagnosis in early or late stages of disease and documenting progression.
Procedures for identifying inputs of the cone and rod generated ERGs and of their pathways have
been incorporated into a standard protocol specified by the International Society for Clinical
Electrophysiology of Vision (ISCEV)!>. Accordingly, the technique has a promising clinical
application in the pediatric population, but its utilization has been limited by the obstacles
inherent in acquiring ERG recordings from young infants and children who cannot participate as
adults do. Unlike contact lens electrodes, the DTL conductive fiber electrodes!?? are less invasive
and allow the acquisition of ERGs in younger children more easily than previously with contact
lens electrodes, making ERG a more accessible technique for both clinical and research
purposes. Additionally, they enable recording larger amplitudes than those acquired using skin

electrodes on the eyelids.
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Despite the inherent difficulties, the full-field ERG has been used previously to understand the
maturational changes of the retinal functions in depth from infancy until adulthood. Several
studies reported that infants have smaller amplitudes and longer implicit times in response to
full-field light- and dark-adapted stimuli. Birch et al.*’ found that there is a rapid development of
the amplitudes and implicit times of the b-wave for both LA and DA ERGs during the first four
months of life, with slower development thereafter. Westall et al.>* documented that the a- and b-
wave amplitudes mature sufficiently to be considered adult-like during 3 and 5 years for both LA
and DA ERGs. Oscillatory potentials are considered immature in early infancy, as they are
undetectable above noise under one month of age. After this initial delay, OPs develop rapidly,
reaching maturity before any other ERG waveforms at around two years of age>>>*. These

studies*¥:49-33

used Burian-Allen bipolar contact-lens electrodes to record ERG waveforms, and
the author is not aware of any report that has used DTL electrodes to acquire ERG normative

data with the ISCEV standard protocol.

Using contact lens electrodes, ERGs have been obtained from preterm infants as early as 30
weeks post-conception after developing effective ERG procedures in neonates'?*!24, to assess the
effect of nutritional factors in retinal maturation*->%!2°, to evaluate the typical development of
the retinal functions®!, and to understand more deeply the influence of retinopathy of prematurity
on development of retinal functions®!-123124, Reference data with the ISCEV standard protocol

have been acquired for preterm infants both with and without ROP and for post-term infants**->°,

The purpose of this study was to determine the developmental change of ERG waveforms from

childhood until adulthood using the ISCEV standard protocols and an additional light-adapted
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luminance series using DTL electrodes. The light adapted ERG series with flash strengths were
included in the protocol to investigate whether the ON and OFF pathways mature at different
times. These results will inform our understanding of retinal maturation during childhood and
provide reference data for future clinical interpretation of retinal function in suspected retinal

disease in children.

3.2 Methods

3.2.1 Study participants

In this cross-sectional study, thirty-two participants of European descent with normal ocular and
general health were recruited. The sample was a purposeful sample to include children evenly
spread within the ages of 4-15 years. The final numbers were 12 participants between 7 and 11

years, 10 between 12 and 15 years and 10 adults between 20 and 33 years.

An electronic search was conducted of pediatric records at the School of Optometry and Vision
Science at the University of Waterloo to find potentially eligible participants whose parents or
guardians had given consent to be contacted about research studies. For those who were eligible
(e.g., had normal vision according to the clinical record), the parent or guardian was contacted
and given a description of the project and asked if they were willing for their child to participate.
If so, they were first asked a few questions to determine that the child met the general inclusion
criteria (normal development, full term birth, good general health and no known ocular

disorders). If these criteria were met, an appointment was made for the first visit.
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Also, potential participants were recruited through the email list of School of Optometry and
Vision Science staff, faculty and grad students as well as through the University of Waterloo
Graduate Studies office, and the Graduate Student Association. For children contacted by email
lists, the participant’s parents or guardians were asked to reply to the researcher either by email
or phone. The researcher then proceeded as above i.e., checking that the child met the broad
inclusion criteria and making the appointment. Potential adult participants were recruited in a
similar fashion. Emails were also sent out to the Centre for Ocular Research & Education
(CORE) database. Snowball recruiting was also used, whereby one parent was asked if they
knew of other parents who might be willing for their child to take part. If so, they were given the
letter of information to give to that person, who may then choose to contact us if they were
interested in their child participating. Recruitment was also from among the unaffected siblings

of children in an ongoing study of HARS syndrome.

Inclusion criteria included: (1) either gender, (2) age range between 4 to 15 years of age for
children and 20 to 40 years of age for adults (3) healthy participants with no known significant
medical or ocular history and no medications affecting the nervous system (4) no strabismus (5)
visual acuity within the normal range for age (6/9 or better in each eye) (6) refractive error
within the following ranges; hyperopia not greater than +3D, myopia not greater than -5D,
astigmatism <2D at any axis and anisometropia not greater than 1.5D in any meridian, (7)
European descent. For child participants, criteria also included (8) normal developmental

milestones being met (9) and not born prematurely (i.e., > 37 weeks gestational age).
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3.2.2 Study protocol

3.2.2.1 Screening tests for eligibility

All adults and parents or guardians of child participants gave consent prior to the participation in
this study. Assent was obtained from child participants who were 7 years or older. All

participants underwent the following screening tests prior to being admitted to the study:

1. Case history which included previous medical and ocular history, general development as
well as current medications.

2. Refraction was measured using standard clinical methods as appropriate for age, to
ensure it was within the inclusion criteria listed above. This included retinoscopy for
child participants who were younger than 8 years old, during which they were asked to
wear fogging glasses (+2D) to relax their accommodation and the child's attention was
attracted to a movie at 6 m. For adult participants, refractive error was measured using
autorefraction (Topcon, KR.1). For participants who already had a refractive correction,
the prescription was measured using lensometry.

3. The unilateral cover test was used to assess for the presence of strabismus.

4. Best corrected visual acuity was measured monocularly with the participants’ current
prescription or uncorrected vision (for those who did not wear glasses and had low
refractive errors) using digital HOTV charts with three lines of the same acuity to
maintain equal crowding for all the letters. Older children and adults were asked to read

the letter chart while younger children were asked to match the letters on a key card.
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3.2.2.2 Screening test for dilation

1. A dilating agent (tropicamide 1%) was instilled topically in both eyes for participants who
met the eligibility criteria described below in order to obtain good quality OCT scans and
ERGs.

2. No allergy to tropicamide and/or proparacaine or related drugs was confirmed.

3. Female participants were asked if they were pregnant, lactating or planning a pregnancy
(by self-report) at the time of enrollment, in which case they were excluded from the study.

4. Intraocular pressure (IOP) using non-contact tonometry was recorded pre- and post- the
study procedure for all adult participants who had not had a topical dilating agent within
the last two years. For child participants, tonometry was not undertaken, as there is a very
low risk of elevated intraocular pressure. However, anyone with a history of elevated IOP
following dilation (a rare complication) was excluded from the study.

5 The presence of an adequate anterior chamber angle and the clarity of the cornea were

determined using the slit lamp (Van Herrick technique was used to estimate the angle).

3.3 Full-field clinical electroretinography (ERG) Measures

3.3.1 Equipment

Full field electroretinograms (ERGs) were measured using a clinical visual electrophysiology
stimulation and recording system (Espion E3 Visual Electrophysiology System) available at the
School of Optometry and Vision Science (Optometry Clinic). Reference electrodes, either
silver-silver chloride cup electrodes with conductive paste (WEAVER, Ten20 conductive) or

disposable adhesive gel EEG electrodes (Ambu. Neuroline 710) were placed on the participants’
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skin near the outer canthus of the eye after cleaning the skin using NuPrep Skin Prep Gel to
improve conductivity and reduce impedance. DTL (Diagnosis LLC, DTL plus Electrode) active
electrodes were approved for use and placed in contact with the conjunctiva (Figure 3.1) on the
front surface of the eye after instilling topical anesthetic eye drops (Alcaine 0.5%) in both eyes to
reduce sensitivity and increase the participant’s comfort during the test (Figure 3-1). A ground
electrode was placed on the wrist. Active electrodes were connected to the positive input of the
recording system, reference electrodes were connected to the negative input of the recording

system, and a ground electrode was attached to the common input of the recording system.

Figure 3-1: Typical position of the DTL electrode. Retrieved from Brouwer et al, used with permission.

3.3.2 Stimuli

Light stimuli were presented as brief (4ms) white flashes in a full field dome stimulator
(Colordome® Diagnosis UK) to achieve uniform luminance over the entire visual field. White
was defined as the combination of long, medium and short wavelength LEDs that gave an
equivalent color temperature of 6500K. The stimulus strength, duration of the stimulus and
recording bandpass were set according to the ISCEV standards for full-field clinical

electroretinography!>, see Table 3-1.
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Table 3-1: ERG Stimulation and recording parameters.

ERG protocols
Stimulus name | Adaptation time Number of Inter-stimulus Filter (Hz)
sweeps time

DA 0.01 ERG DA 20 min 20 20s 0.312-300
DA 3.0 ERG DA 20 min 20 10s 0.312-300
DA 10 ERG DA 20 min 20 20s 0.312-300
DA OPs DA 20 min 20 10s 75-300
LA 0.3 ERGY LA 10 min 20 0.5s 0.312-300
LA 1.0 ERG T LA 10 min* 20 05s 0.312-300
LA 3.0 ERG LA > 10 min* 20 0.5s 0.312-300
LA 10 ERGT LA > 10 min* 20 05s 0.312-300
LA 24 ERGT LA > 10 min* 20 0.5s 0.312-300

* Light adaptation continued for the duration of the ERG recordings and thus was greater
than the initial 10-minute adaptation period

T Stimuli added to the standard protocols to expand the LA series.

3.3.3 Clinical Protocol:

Participants were asked to sit in front of the dome stimulator and rest their head in a chin and
head rest to keep it steady. Younger children were seated on their parent's lap. Participants were
directed to look at the fixation target incorporated in the stimulus dome, which was adjusted, so

as not to interfere with dark adaptation. A red fixation target was also visible during photopic
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conditions. Those who could not see the fixation point were directed to look straight ahead and
keep their eyes stationary. All participants were instructed to minimize blinking and eye
movements to avoid producing electrical artifacts or altering the position of the electrode on the
eye. In addition, the study participants were monitored during the test using a small infra-red
camera provided by the instrument to assess their compliance as well as any other issues with

fixation such as difficulty in maintaining eye-opening.

The ERG was observed in real time to determine repeatability at the time of the study and a
minimum of 20 responses at each luminance intensity was acquired. Thus, when the data had to
be eliminated because of electrical noise, blinking or eye movements, we had adequate data to
have at least three valid responses for each participant. Subsequently, we determined a- and b-
wave amplitudes and implicit times using the average of the right and left eye values to compare
age groups. This is justified as we did not obtain observations for the left and right eye for all

participants.

The order of recording is as described below.

3.3.4 Light-adapted ERG

Light-adapted ERGs were recorded under normal room illumination, after ensuring that the pupil
of both eyes was maximally dilated. Participants either sat in a light room or were exposed to the
photopic background of the full field dome (10 min @ 30 c¢d.m with uniform illumination).
This was to ensure that the visual system was light adapted in order to increase the response of

cone photoreceptors and decrease the input of rod photoreceptors. Participants were presented
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with stimulus flashes on the same light-adapting background with 0.5s interval between the

stimuli.

3.3.5 Dark-adapted ERG

The procedure was conducted in a completely dark room. Participants were asked to sit in a dark
room for at least 20 minutes to maximally activate the rod system. Following dark adaptation,

the participants were presented with weaker flashes before stronger stimuli to avoid the effects of
partial light adaptation caused by the exposure to the flash stimuli during the test. Therefore,
dark-adapted 0.01 ERG was recorded first followed by dark-adapted 3 ERG and dark-adapted 10
ERG. Oscillatory potentials were acquired simultaneously to the DA 3.0 ERG recording using a

high pass filter (75 Hz to 300 Hz) to isolate them from the main ERG waveforms.

3.3.6 ERG recording

Single-flash ERGs

The amplitude and implicit times of a-wave and b-wave ERGs were recorded for all single flash
ERGs. The a-wave amplitude was measured from the average of the 50 ms pre-stimulus baseline
to the trough of the a-wave and the b-wave amplitude was measured from the a-wave trough to

the b-wave peak. The peak times of a-wave and b-wave were recorded from the time of the flash

to the peak of the wave.

Oscillatory potentials

A total index of oscillatory potential amplitude was calculated as the sum of amplitude

measurements of three to five main peaks, which were measured from the base of the adjacent
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preceding trough. Although the OPs were automatically recorded, the analysis was not included

in this thesis.

3.4 Statistical analysis

Statistical analysis was conducted using SPSS or Excel. The Shapiro-Wilk test was used to test
the distribution of the data for normality. Age was transformed into a log10 scale which spread
the age range more evenly and resulted in a normal distribution for age. Depending on whether
the data were distributed normally or not, Pearson's correlation coefficient or Spearman’s rank
correlation respectively was used to test the correlation between age and the a- and b-wave
amplitudes and implicit times for each stimulus. P values <0.05 were considered to be
statistically significant and the adjusted Bonferroni correction!?® was applied to correct for
multiple comparisons. For the data that were not significantly correlated with age after the
adjusted Bonferroni, and which were normally distributed, the 95-confidence interval was
calculated (mean £1.96xSD). For those data that were not normally distributed, the 2.5%, 50
and 97.5™ percentiles were calculated. For the data that were significantly correlated with age,

scatterplots were created, and mean/median and reference ranges were calculated for each age

group.

3.5 Results

3.5.1 Population Demographic
A total of 32 participants were included in the study. The sample included 10 adult participants
(median age = 23.12 ranging from 20 to 33.42 years), 10 older children (median age = 13.5

ranging from 12 t015.33), and 12 young children (median age = 10.29 ranging from 7.17 to
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11.75 years). All participants met the eligibility criteria and successfully completed the study’s

procedure.

DA 0.01 ERG

DA 3.0 ERG

DA 10 ERG

100pv
50ms

Figure 3-2: Representative DA standard ERG waveforms including 0.01, 3.0, and 10 ERGs for a 13-
year-old female participant. Blue = right eye. Red = left eye.



LA 0.3 ERG

LA 1.0 ERG
LA 3.0 ERG
LA 10 ERG
LA 24 ERG
100pv
40ms

Figure 3-3: Representative LA ERG series in response to flash stimuli including 3.0, 1.0, 3.0, 10, and 24
ERGs for a 13-year-old female participant. Blue = right eye. Red = left eye.
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3.5.2 Light adapted (LA) a-wave

The Shapiro-Wilk test showed that the light adapted a-wave amplitudes were normally
distributed for all stimuli. Therefore, Pearson's correlation coefficient was used to analyze the
data. However, the implicit times were not normally distributed for all stimuli. Therefore,

Spearman’s rank correlation was used to analyze the data. The correlation coefficients with age

are shown in Table 3.2 and 3.3.

Table 3-2: Pearson correlation coefficient for the LA a-wave amplitudes with Log age.

Stimulus r value p value
LA 0.3 a-wave amplitudes -0.05 0.80
LA 1.0 a-wave amplitudes -0.07 0.72
LA 3.0 a-wave amplitudes 0.11 0.55
LA 10 a-wave amplitudes 0.16 0.39
LA 24 a-wave amplitudes 0.26 0.15

Table 3-3: Spearman’s rank correlation for the LA a-wave implicit times with Log age. * = those which
remain significant after the Adjusted Bonferroni.

Stimulus r value p value Adjusted o value
for significance

LA 0.3 a-implicit times 0.55 0.001* <0.0125

LA 1.0 a-implicit times 0.39 0.02 <0.0167
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LA 10 a-implicit times 0.39 0.02 <0.0167

LA 24 a-implicit times 0.30 0.03 <0.025

LA 3 a-implicit times 0.33 0.07 NA

3.5.2.1 LA a- wave amplitudes

The results of the correlation analysis revealed that none of the light-adapted ERG a-wave
amplitudes were significantly associated with age (see Table 3-2). The mean estimates for the

LA a-wave amplitudes of individuals aged from 7 to 33 years old are shown in Table 3-4.

Table 3-4: Distribution of light adapted a-wave amplitudes. * CI = confidence interval (1.96 x SD).

Age range (years) Stimuli Mean St. 95% CI*
Deviation
(1v) Lower | Upper

limit limit
7.1-33.4 LA 0.3 a-wave 20.1 6.9 6.6 33.6
7.1-33.4 LA 1.0 a-wave 32.8 14.5 4.4 61.2
7.1-33.4 LA 3.0 a-wave 44.0 19.6 5.6 82.4
7.1-33.4 LA 10 a-wave 59.1 19.6 20.7 97.5
7.1-33.4 LA 24 a-wave 62.0 19.9 22.9 101
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3.5.2.2 LA a-wave implicit times

The rank correlation analysis showed that the LA a-wave implicit times were positively
correlated with age, that is longer implicit times in older subjects. Adjusted Bonferroni
correction!2® for the significant correlations revealed that a significant positive correlation with
age was retained only for the dimmest stimulus, the LA 0.3 ERG (Table 3-3). This means that as
age increases the implicit time of LA 0.3 increases (Figure 3-4). The rank correlations between
age and LA ERGs for stronger stimuli showed similar trends however, these did not reach
significance. Therefore, there was no evidence of maturation of the implicit times beyond 7 years
of age for the LA 1.0, 3, 10, 24 ERGs. The mean estimates for the LA a-wave implicit times of
individuals aged from 7 to 33 years old are indicated in Table 3-5. The medians and ranges for
the LA a-wave 0.3 for the three age groups are shown in Table 3-6. This shows that the median
implicit time for younger children (7-11 years) was 17ms and increased to approach the adult

values with an implicit time reaching 18ms.

Table 3-5: Light adapted a-wave implicit times.

Age Stimulus Median | interquartile 2.5" 97.5™
range strength range percentile percentile
ears
(years) cd.s.m?
7.1-33.4 LA 1.0 15 *+1.5 13 17.11
7.1-33.4 LA 3.0 14.5 +1.4 12.5 16
7.1-33.4 LA 10 13.25 +1.0 11 14.5
7.1-33.4 LA 24 12.5 +1.0 11 13
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Table 3-6: Median, and reference ranges of the light adapted a-wave (stimulus 0.3) implicit time for each

group.
Age group Stimulus strength Median (ms) Range
cd.s.m™
Minimum | Maximum
7-11 17 15 18
12-15 LA 03 17.5 15 18
20-33 18 17 19
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Figure 3-4: Scattergram of the LA 0.3 a-wave implicit time against age. Each point represents the
average data for one participant. The linear regression line is shown as a dashed line and is representative
of the trend although rank correlation was used for this non-normally distributed data.
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3.5.3 Light adapted (LA) b-wave

The Shapiro-Wilk test showed that the light adapted b-wave amplitudes were normally
distributed for all stimuli. Therefore, Pearson's correlation coefficient was used to analyze the
amplitude data. However, the light adapted implicit times datasets were not normally distributed
for any stimulus. Therefore, Spearman’s rank correlation test was used to analyze those data. The
correlation coefficients with age for LA b-wave amplitudes and implicit times are shown in

Tables 3.7 and 3.8, respectively.

Table 3-7: Pearson correlation coefficient for the LA b-wave amplitudes with Log age.

Stimulus r value p value
LA 0.3 b-wave amplitudes -0.23 0.21
LA 0.1 b-wave amplitudes -0.25 0.31
LA 3.0 b-wave amplitudes -0.06 0.74
LA 10 b-wave amplitudes 0.19 0.31
LA 24 b-wave amplitudes 0.19 0.35
LA 3/24 b-wave amplitudes -0.315 0.08

Table 3-8: Spearman’s rank correlation for the LA b-wave implicit times with age. * = those which
remain significant after using the adjusted Bonferroni.

Stimulus r value p value

LA 1.0 b-wave implicit times 0.36 0.04*
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LA 0.3 b-wave implicit times -0.11 0.54

LA 3 b-wave implicit times -0.06 0.73
LA10 b-wave implicit times -0.02 0.91
LA 24 b-wave implicit times 0.07 0.72

3.5.3.1 LA b-wave amplitudes

The Pearson correlation analysis revealed that none of the ERG b-wave amplitudes were
significantly associated with age (see Table 3-7). Therefore, age was found to have no significant
effect on the LA b-wave amplitudes. The mean estimates for the LA b-wave amplitudes of
individuals aged from 7 to 33 years old are indicated in Table 3-9. As a measure of the relative
maturation of the ON and OFF pathways, the ratio of 3/24 b-wave amplitudes was used to test
whether the ON and OFF pathways mature at different rates. The results of the correlation
analysis showed that the ratio of 3/24 b-wave amplitudes was not significantly correlated with

age, suggesting that the ON and OFF pathways are unlikely to mature at different times.

Table 3-9: Light adapted b-wave amplitudes. C/ = confidence interval (1.96 x SD).

Age range Stimuli Mean b-wave St. Deviation 95% CI
ears amplitude
(vears) cd.s.m P nv Lower Upper
(nv) limit limit
7.1-33.4 LA 03 58.5 17.9 23.4 93.6
7.1-33.4 LA 1.0 136.6 40.9 56.4 216.8
7.1-33.4 LA 3.0 196.6 60.4 78.2 3149
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7.1-33.4 LA 10 164.2 513 63.7 264.7
7.1-33.4 LA 24 116.1 35.6 46.3 185.9
7.1-33.4 LA 3/24 1.7 0.4 0.9 25

3.5.3.2 LA b-wave implicit times

The rank correlation analysis showed that the LA 1.0 ERG implicit time was significantly

positively correlated with age (r = 0.36, p= 0.04, see Table 3.8) such that the implicit time was

shorter for children compared to adults as it can be seen in Figure 3-5. However, the implicit

times of none of the other stimuli were correlated with age (see Table 3.8). Thus, the implicit

times for the LA 0.3, 3.,10 and 24 ERGs are unlikely to be influenced by age. The mean

estimates for the LA b-wave implicit times of individuals aged from 7 to 33 years old are

indicated in Table 3-10 and the age-related medians and ranges for the implicit time for the LA

1.00 b-wave are shown in Table 3-11.

Table 3-10: Light adapted b-wave implicit times (IT).

Age range Stimuli Median IT | intra-quartile 2.5M 97.5™
(years) (cd.s.m?) (ms) range percentiles | percentiles
7.1-33.4 LA 0.3 b-wave 25.0 +0.0 22 27.33
7.1-33.4 LA 3.0 b-wave 29.0 +1.9 27 31.33
7.1-33.4 LA 10 b-wave 33.0 +2.0 31 36
7.1-33.4 LA 24 b-wave 36.0 +2.5 33.5 40.45
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Table 3-11: Median, and reference ranges of the light adapted 1.0 b-wave implicit time for each age

group.
Age group Stimulus Median (ms) Range
(cd.s.m?) Minimum | Maximum
7-11 25 24 28
12-15 LA 1.0 26.7 26 28
20-33 26.7 26 28.5
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Figure 3-5: Scattergram of the LA 1.0 b-wave implicit time against age. Each point represents the

average data for one participant. The linear regression line is shown as a dashed line and is representative

of the trend although rank correlation was used for this non-normally distributed data.
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Figure 3-6: (a) The mean and 95% confidence interval for the LA a-wave amplitudes plotted against
flash luminance. (b) The mean and 95% confidence interval for the LA b-wave amplitudes plotted against
luminance intensities.
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3.5.4 Dark adapted (DA) a-wave

The Shapiro-Wilk results showed that the dark-adapted a-wave amplitude data was normally
distributed for all stimuli. Therefore, Pearson's correlation coefficient was used to analyze the
amplitude data. However, the implicit times were not normally distributed for any stimulus.
Therefore, Spearman’s rank correlation was used to analyze the data. The correlation coefficients

with age are shown in Table 3.12 and 3.13.

Table 3-12: Pearson correlation coefficient for the DA a-wave amplitudes with age.

Stimulus (cd.s.m™) r value p value
DA 3.0 a-wave amplitudes 0.07 0.69
DA 10 a-wave amplitudes 0.08 0.68

Table 3-13: Spearman’s rank correlation for the DA a-wave implicit times with age. * those which
remain significant with the adjusted Bonferroni.

Stimulus r value p value Adjusted a value
(cd.s.m™) for significance
DA 10 0.57 <0.001* <0.05
DA 3.0 0.57 0.001* <0.025

3.5.4.1 DA a-wave amplitudes

The correlation analysis failed to demonstrate any change with age for the amplitude of the DA

3.0 ERG or the DA 10 ERG (see Table 3.12). Therefore, the DA a-wave amplitudes are unlikely
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to be influenced by age at least beyond 7 years of age. The mean estimates for the DA a-wave

amplitudes of individuals aged from 7 to 33 years old are shown in Table 3-14.

Table 3-14: Dark-adapted a-wave amplitudes. CI = confidence interval (1.96 x SD).

Age range Stimulus Mean St. Deviation 95% CI
ears cd.s.m”
(years) ( ) (nv) Lower Upper
limit limit
7.1-33.4 DA 3.0 a-wave 216.0 48.1 121.7 310.3
7.1-33.4 DA 10 a-wave 190.0 41.5 108.7 271.4

3.5.4.2 DA a-wave implicit time

The rank correlation analysis showed that both the DA 3.0 ERG implicit time and the DA 10
implicit time increased with age (positive correlations). Adjusted Bonferroni correction showed
that both these correlations remained significant (Table 3-13). As age increases the implicit times

increase to approach adult values (Figures 3-7 and 3-8). The age-related medians and ranges are

shown in Tables 3-15.

Table 3-15: DA a-wave implicit times: Median and reference ranges for each age group.

Age group Stimulus Median (ms) Range
(cd.s.m?) Minimum | Maximum
7-11 15 14 15.5
12-15 DA 3.0 15 14.5 16
20-33 15 14 15.5
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Figure 3-7: Scattergram of the DA 3.0 a-wave implicit time against age. Each point represents the
average data for one participant. The linear regression line is shown as a dashed line and is representative
of the trend although rank correlation was used for this non-normally distributed data.
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Figure 3-8: Scattergram of the DA 10 a-wave implicit time against age. Each point represents the average
data for one participant. The linear regression line is shown as a dashed line and is representative of the
trend although rank correlation was used for this non-normally distributed data.

3.5.5 Dark adapted (DA) b-wave

The Shapiro-Wilk results showed that the dark-adapted b-wave amplitudes were normally
distributed for all stimuli. Therefore, Pearson's correlation coefficient was used to analyze the
amplitude data. However, the implicit times were not normally distributed for all stimulus.
Therefore, Spearman’s rank correlation was used to analyze the data. The correlation coefficients

with age are shown in Table 3.16 and 3.17.

93



Table 3-16: Pearson correlation coefficient for the DA b-wave amplitudes with age.

Stimulus r value p value
DA 0.01 b-wave amplitudes -0.08 0.67
DA 3.0 b-wave amplitudes 0.19 0.29
DA 10 b-wave amplitudes 0.18 0.31

Table 3-17: Spearman’s rank correlation for the DA b-wave implicit times with age. * = those which
remain significant after the Adjusted Bonferroni.

Stimulus r value p value Adjusted a value
DA 0.01 b-wave implicit times 0.60 <0.001* 0.025
DA 10 b-wave implicit times 0.44 0.01* 0.05
DA 3.0 b-wave implicit times 0.20 0.25 NA

3.5.5.1 DA b-wave amplitudes

The results of the correlation analysis showed that there was no significant relationship between
age and the amplitude for any of the stimulus levels (see Table 3.16). Therefore, age was found
to have no significant effect on the DA b-wave amplitudes. The mean estimates for the DA b-

wave amplitudes of individuals aged from 7 to 33 years old are indicated in Table 3-18.
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Table 3-18: Mean, standard deviation, and 95% confidence interval of the dark-adapted b-wave
amplitudes. CI = confidence interval (1.96 x SD).

Age range Stimulus Mean b-wave St. Deviation 95% Cli
ears . amplitude
(vears) (cd.s.m?) P Lower limit | Upper
(nv) -
limit
7.1-33.4 DA 0.01 325.68 72.56 183.5 467.9
7.1-33.4 DA 3.0 341.83 80.30 184.5 499.2
7.1-33.4 DA 10.0 238.48 57.54 125.7 351.3

3.5.5.2 DA b-wave implicit times

The rank correlation analysis showed that b-wave implicit times for both the DA 0.01 and the 10

ERG, but not the DA 3.0 ERG were significantly positively correlated with age (Table 3.17)

such that the implicit time was shorter for children compared to adults as it can be seen in Figure

3-9 and Figure 3-10. Adjusted Bonferroni correction showed that these correlations remained

significant. The reference ranges are given in Tables 3-19. There was no significant relationship

with age for the 3.0 DA b-wave implicit time; the median and percentiles are given in Table

3.20.

Table 3-19: Reference ranges of the dark-adapted b-wave implicit times (IT) for each age group.

Age group Stimulus Median b-wave IT Range
2 (ms) — -
(cd.s.m™) Minimum | Maximum
7-11 DA 0.01 82 70 85
12-15 78.5 74.5 108
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20-33 88.25 71.5 98
7-11 b-wave 10 30 25 33
12-15 31 25 40
20-33 33 315 45
Table 3-20: Table 3-20: b-wave implicit times (IT) for the DA 3.0 ERG
Age Stimulus Median b- | interquartile 2.5 97.5"
range strength wave IT range percentiles | percentiles
(years) (cd.s.m?) (V)
7.1-33.4 DA 3.0 37.5 +9.5 32 47.1
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Figure 3-9: Scattergram of the DA 0.01 b-wave implicit time against age. Each point represents the

average data for one participant. The linear regression line is shown as a dashed line and is representative

of the trend although rank correlation was used for this non-normally distributed data.
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Figure 3-10: Scattergram of the DA 10 b-wave implicit time against age. Each point represents the
average data for one participant. The linear regression line is shown as a dashed line and is representative
of the trend although rank correlation was used for this non-normally distributed data.
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Figure 3-11: (a) The mean and 95% confidence interval for the DA a-wave amplitudes plotted against
luminance intensities. (b) The mean and 95% confidence interval for the DA b-wave amplitudes plotted
against luminance intensities.
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3.6 Discussion

The purpose of the study was to acquire pediatric normative values for full-field standard ERGs
and an extended LA ERG protocol. The study provides reference data to better understand the
retinal functional changes during childhood, which can be used to evaluate clinical pediatric
ERGs. The standard ISCEV protocol was used to acquire ERG normative data from children
who are of European descent as a previous study has shown that ERG recordings might be

influenced by fundus color such that darker fundi have smaller amplitudes compared to lighter

fundi'?’.

A direct comparison between the current study and existing studies is not possible as various
techniques were used to record ERG waveforms. For instance, previous studies have used

4849.53 " skin electrodes and gold foil electrodes!?® to acquire ERG

contact lens electrodes
normative data, while in the present study, DTL electrodes were used. It has been previously
shown that ERG amplitudes vary depending on the electrode types'?’. Additionally, Birch et al.*’
and Westall et al.>* used a dimmer flash (of 2 cd.s.m™?) for the DA 3.0 ERG, known previously as
DA maximal response, while in the present study, we adopted the current ISCEV standard
protocols. In a study conducted by Fulton et al. the data were collected from two laboratories,
and each laboratory used different techniques to obtain ERGs (white flashes for the first lab, blue
and red flashes for the second lab). Even though the study reported no significant differences for
the comparable stimuli between the data collected from the two laboratories, chromatic ERGs are
designed to improve isolation of rod versus cone-initiated responses compared to the white
flashes. In the present study, white flashes were used as specified by the current ISCEV standard

1'53

protocol. Finally, Westall et al.>> used a logistic curve to describe the developmental changes of
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the of the amplitudes for the ERG waveforms, whereas the present study used log-linear
regression. A direct comparison is only possible if both studies do similar fitting. The sample
size of the current study was not considered sufficiently large to undertake curve fitting. The
Westall et al. study provided the equation for Naka Rushton parameters, but calculating the value

for each age range has not been attempted.

The results of the present study indicated large inter-subject variability in the ERG amplitudes
even for individuals within the same age group, particularly LA and DA b-wave amplitudes.
Such large inter-subject variability is typical in ERG recordings**12813%.131 Previous studies have

indicated that peak to peak amplitude (b-wave) can demonstrate large variability between

130 131

individuals with skin electrode!3°, microfiber electrode!3!, and contact lens electrode %128 for

1.131 ysed the microfiber electrode

both adult and child populations. For instance, Fernandes et a
to report the standard ERG waveforms in normal adults. They found large inter-subject
variability for the DA weak flash (SD +40uv), standard flash (SD + 49uv), and the LA standard
flash (SD +£32uv). Similarly, Bardshaw et al.!?® used contact lens electrodes in a child population
and reported inter-quartile ranges of (259-350uv) for the DA weak flash, and (379-624uv) for
the standard flash. In the present study, the ERG was observed in real time, and individual ERGs
were compared prior to averaging to establish the repeatability of the waveforms. A minimum of
20 responses at each luminance level was acquired. Thus, when the data had to be eliminated
because of electrical noise, blinking or eye movements, we had adequate data to have at least
three valid responses for each participant. Subsequently, we determined a- and b-wave

amplitudes and implicit times using the average of the right and left eye values to compare age

groups. This is justified as we did not obtain observations for the left and right eye for all
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participants. On examining the interocular variability in ERG amplitudes, we found that the
percentage difference between the left and right eye varied between 10% to 20% for all
participants that had ERG recordings for both eyes (by observation, not statistically tested).
Therefore, the large variation observed in the ERG amplitudes is likely to be normal variability

between subjects (which may hide some real differences between age groups).

Previous findings documented that the immature retina is characterized by long implicit times
that decrease systematically with age in young children. Fulton et al*® reported that the dark-
adapted b-waves' implicit time varies little with age for 0.01 ERG, whereas for the 3.0 ERG it
decreases with age from 65ms during infancy to 47ms by 1-10 years, somewhat longer than the
median of 37.5ms found across our entire age range of 7 to 33 years, which may be attributed to
the weaker flash used by Fulton et al. Birch et al.* documented that implicit time is considerably
longer in infancy and reaches maturity between 5-15 years old for both 0.01 and 3.0 ERGs. This
difference between studies is likely due to different techniques being used to obtain the ERG
recordings. The present study results indicated a significant effect of age for the implicit times of
DA a- and b-waves. We observed that the implicit times of the 0.01 and10 DA b-wave and the
1.0 LA b-wave were significantly influenced by age. Similarly, the effect of age was significant
for the implicit times of DA a-waves, including 3.0 and 10 ERGs and LA dim flash (0.3 ERG).
The implicit times for children aged between 7-15 years increase with age and approach adult
values. Therefore, the overall conclusion of the present study in conjunction with previously
reported findings is that the implicit times initially decrease with age from early infancy (at birth)
until about 5-6 years, and then increase again through 7-15 years. This may indicate overall

immaturity in early infancy (prolonged ERG waveforms) and relative immaturity of the rod
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system in childhood as ERGs primarily due to rod and rod pathway activity have longer implicit
times than those from the cone system. Of note, these effects are limited to 1 or 2ms difference
across the age range tested which may not be clinically significant, although it reached statistical

significance.

Our finding for the light-adapted b-wave amplitudes (3.0 ERG) agrees with the previously
published studies**#*-33 that have found that adult-like values are reached somewhere between 1
and 10*® or 5 and 15%°° years of age. However, the data in the majority of the previously

reported studies*®+

are grouped such that any developmental changes between older and
younger children could not be identified. Fulton et al.*® reported that the amplitudes of LA b-
waves increase systematically with age in very young children until they fall within the lower
limits of normal adult data by 15-52 weeks of age with an amplitude of 128uv. Westall et al
documented that b-wave amplitudes overlap 95% of the adult data by five years of age.
Similarly, Birch et al. found that the light-adapted b-wave amplitudes reached maturity by 5-15
years. In the present study, no evidence of further maturation of the LA 3.0 b-wave amplitudes
beyond seven years of age was found, as the amplitude showed no significant change with age.
This indicates that the postsynaptic neural activities of the depolarizing ON bipolar cells and
hyperpolarizing OFF bipolar cells are sufficiently mature to be considered adult-like before 7-11
years of age. Similarly, we did not observe any developmental changes between adults and our
children for the LA a-wave amplitudes. This is consistent with Fulton et al. who found the LA-a
wave is within the adult range by 15-25 weeks of age. Our finding also indicates that the cone

photoreceptors and the inner retinal activity postsynaptic to the cones, including hyperpolarizing

OFF -bipolar neurons, are adult-like before 7-11 years of age.
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Previously reported studies suggested that the DA b-wave amplitude of the 0.01 ERG was slower
to reach maturity than other ERG waveforms. Birch et al. documented that DA 0.01 b-wave
waveform was extremely immature at birth both in terms of amplitude and implicit time before it
developed progressively reaching adult values by 5-15 years with a b-wave amplitude of 145uv
and implicit time of 79.4ms. Similarly, Westall et al. found the amplitude of the 0.01 ERG
reached half of the adult value by 19 months and approached a 95% overlap of the adult data by
7 years of age (307.6 pv). Fulton et al. concluded that the median amplitude of the b-wave
approached the lower limit of the adult values by 1-10 years of age. In agreement with
previously published studies, the present study finds that the amplitude of DA 0.01 ERG b-wave
for a child over seven years of age did not differ significantly from those of adults. It has
previously been shown that the DA 3.0 b-wave amplitude matures more rapidly than the ERG to
weak stimuli which is dominated by the rod system. Birch et al. found that the DA 3.0 b-wave
amplitude approaches the adult range of normal values (372uv) by 5-15 years. In comparison,
Westall et al. reported that the DA-b-wave amplitude is adult-like by three years of age.
Similarly, Fulton et al. documented that the median of the b-wave amplitude increases gradually
from birth before reaching maturity between 1-10 years old. Thus, the present results agree with
previous studies, showing that the b-wave amplitude is unlikely to be influenced by age for
children older than seven years of age. Similarly, the present results revealed that the amplitude
of the b-wave for the strong flash (DA-10 ERG) did not differ significantly between children and

adults. We are not aware of any normative data in literature with which to compare this finding.

One limitation of the present study is that younger children (4-6 years) were not included in the

analysis. This was because most children within this age range could not tolerate the Espion E3
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visual electrophysiology system and the DTL electrodes. Subsequently, ERG data for younger
children were collected using a hand-held ERG system with skin electrodes (the RETeval visual
electrophysiology system, LKC® city country). But the ERG data for these younger children
were not in included in the analysis as the data acquired using skin electrodes are substantially
smaller and have earlier implicit times compared to those collected using DTL electrodes. As a
result, we were not able to determine whether the developmental trend for this younger age

group would agree with the previously published findings.

Another limitation is that demographic characteristics of the participants limits the generalization
of the study findings to other ethnicities and racial groups as the study only included participants
of European descent. However, if similar data were collected from other Ethnicities, then these

separate data for different ethnicities would be a strength.

Lastly, we are unable to determine with certainty the age at which ERG recordings reach
maturity owing to the small sample size that was included in the present study and that younger
children were not included. Therefore, future studies could add to the present data to create
larger sample size and possibly a wider age range with other ethnic groups to add important

detail to the scope of these pediatric normative values.

In conclusion: the present study showed that the implicit time of the dark-adapted a- and b-
waves are significantly influenced by age between 7 years of age and young adults, such that the
implicit times were shorter for children than adults. In agreement with the literature, we find no

evidence of the maturation of amplitude after 7 years.
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Chapter 4: Normative Data for The Retinal Layer and Retinal Nerve Fiber

Layer Thicknesses in Children of European Descent

4.1 Introduction

The human fovea is located in the center of the macula and it is the most important portion of the
retina for high spatial resolution and color vision!32. It has been suggested that it plays a major
role in the maturation of the human visual cortex, regulation of the cortical maps!*? as well as

calcarine fissure symmetry!3*

. Despite its importance, there are surprisingly few studies that have
documented the morphological changes of the human fovea from infancy until it becomes truly
adult-like?3°. Most of our understanding regarding the maturation of the human fovea has relied
heavily on histologic studies of the simian retina>¢. Nevertheless, histological findings may not
always determine with certainty the developmental patterns or the time course for each retinal
layer due to the fact that there are very few human histological samples available and samples
could be affected by shrinking of the tissue or artifacts such as retinal detachment’®.
Additionally, existing histological studies vary in their conclusions: earlier studies reported that

foveal development is complete between 11 months and five years of age!~* but more recent

studies indicated that it continues even after 12 years of age®”.

Optical coherence tomography (OCT) is a non-invasive imaging modality that has increasingly
become an indispensable cornerstone of managing various ocular pathologies over the past few
decades. The fundamental principles of the OCT evolved from the previously designed imaging
system known as low coherence reflectometry, which utilized a broadband light source and a
Michelson interferometer. In 1991, the application of transverse scanning (B-scan) enabled two-

dimensional scanning of the retinal tissue known as time-domain OCT. The reliability of the
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OCT technology has increased with the introduction of spectral-domain OCT (SD-OCT), which
provides high-resolution scans and cross-section topographical images of the retina with a short
acquisition time. Therefore, the procedure enables examination of the human retina without the
need for sedation or anesthesia. Previous studies reported that the technique is repeatable and
reproducible, and it can be used effectively to reflect the developmental changes of the retinal
tissues®6:19%:135 Because of the short acquisition time, scans can be obtained in young children.
The retinal layers detected in OCT correspond topographically with their histologically defined
names except for the outer nuclear layers and outer plexiform layer. For these layers, the Henle
fiber layer (the axons of the photoreceptors) is histologically part of the outer plexiform layer,
whereas with OCT it has similar reflectivity as the outer nuclear layer and they are

indistinguishable®’.

OCT has already added to our understanding of human retinal development, which occurs over a
relatively long-time frame starting from early gestational age through early adulthood. For
instance, even though the formation of the human macula has been reported as early as 11 weeks
gestational age, it is still not completely developed at birth!. The development of the retinal
layers is complex and involves two neural displacements that occur in opposite directions: the
outward migration of the inner retinal layers away from the fovea and the inward migration of
the cone photoreceptors towards the foveal centre. Maldonado et al.”8established the timeline of
the human foveal maturation in vivo using a hand-held OCT on premature infants aged between
31 to 41 weeks of gestation (i.e., 9 weeks preterm to 1-week post-term). This timeline was
validated and expanded by investigating the foveal maturation in infants beyond term age®”’.

During the infancy, the fovea has an immature appearance with prominent thick inner retinal
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layers at the foveal center, overall thinner outer retinal layers and lack of photoreceptors
sublayers including ellipsoid zone and interdigitation zone’®. Lee et al.”” found that the
centrifugal displacement of the inner retinal layers is complete by 17.5 months of age while
centripetal displacement of the outer retinal layers may continue until adulthood (beyond 12
years of age). This is in agreement with one histological study which revealed that the cone
packing density is approximately half of adult values by 45 months of age indicating that the

process is incomplete, although it must be noted that this was the retina of a single child?.

Quantitative SD-OCT assessment is routinely used to detect and monitor the progression of the
ocular pathologies. For example, OCT has been shown to be valuable in early detection and

82,107 For the adult population, SD-OCT instruments typically compare

monitoring of glaucoma
the acquired retinal thickness values with an age-matched database to assess for normalcy and
monitor the disease progression over time. However, the internal normative database provided by
the SD-OCT (Heidelberg Engineering) used in this study only starts with individuals over 18
years and there are no reference data with which to compare the acquired numeric values in

children. Knowledge of child normative thickness values is essential to detect and monitor retinal

disorders that might affect the pediatric retina.

Previously, Yanni et al.!® reported normative values for macular thickness and RNFL thickness
in North American (mixed race) children aged from 5 to 15 years old using SD-OCT. The
present study aims to expand on previously reported studies in two ways: (1) to obtain reference
data from North American children who are of European descent (since ethnicity is one factor

which influences OCT measurements®>°4) (2) to compile a normative database for individual
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retinal layers at the foveal, parafoveal, and perifoveal areas to add important detail to the scope

of pediatric normative values.

4.2 Study participants

In this cross-sectional study, thirty-six participants of European descent with normal ocular and
general health were recruited. The sample was a purposeful sample to include children evenly
spread within the ages of 4-15 years. The final numbers were six participants between 4 and 7
years, nine between § and 11 years and ten between 12 and 15 years, and eleven adults between

20 and 33 years.

Recruiting strategies, inclusion criteria and screening test are described in detail in Chapter 3.

4.3 Optical Coherence Tomography measures

4.3.1 Equipment

The Spectralis SD-OCT (Heidelberg Engineering system, Heidelberg, Germany), available
within the Optometry Clinic at the School of Optometry and Vision Science, was used to obtain
OCT scans. The instrument consists of dual systems of SD-OCT and a confocal scanning laser
ophthalmoscope to produce high-resolution cross-sectional imaging of the retina in vivo which is
comparable to those obtained by histological analysis®. The acquisition rate of the instrument is
40,000 A-scans per second. Standard protocols for SD-OCT imaging were used to obtain a
macular cube and a nerve fiber layer scan around the optic nerve. Central fixation was monitored
through the live fundus image, and the quality score of the scan was determined by Spectralis®

proprietary software as a signal-to-noise (SNR) ratio in decibels (dB). A-scans with a SNR above
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20 decibels (dB) are considered to be of high quality as recommended by the manufacturer’s
guidelines. The Spectralis® segmentation software was used to acquire retinal layer thickness
measurements. The accuracy of the automatic segmentation was assessed manually frame by

frame to avoid any segmentation failure within the standard macular cube area (Figure 4-1).

4.3.2 Protocol

The study participants were asked to sit in front of the instrument and the table height as well as
the chinrest were adjusted for comfort. Participants were asked to put their head in the headrest
and the canthus marker was adjusted to be at eye level. Participants were directed to look at the
fixation target and the camera of the instrument was moved toward the eye to obtain alignment,
so the fundus was equally illuminated for optimum image quality. During the test, participants
were instructed to minimize eye movement in order to acquire a high resolution of OCT scan.
The image was acquired after selecting the desired OCT scans which included macular cube scan

and nerve fiber layer scan.

Figure 4-1: Automatic retinal layer segmentation by Spectralis SD-OCT software.
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4.3.3 Nerve fiber layer scan

The nerve fiber layer scan is a series of B-scan images that are acquired from the retina around
the optic nerve head to enable better visualization of the morphology and any pathology of the
optic nerve head. The instrument uses a circle of predefined diameter centered at the optic nerve
to measure the thickness of the retinal nerve fiber layer. The high-resolution mode was used to
acquire the images which were circular B-scan (3.5 mm diameter, 768 pixels, 1536 A-
scans/second) centered on the optic nerve. The peripapillary area was subdivided into 7 sectors;
temporal superior sector (45 degrees), nasal superior sector (45 degrees), nasal sector (90
degrees), temporal sector (90 degrees), temporal inferior sector (45 degrees), nasal inferior sector
(45 degrees), and global sector (360 degrees) (Figure 4-2). The instrument segmentation software
was used to acquire the RNFL thickness automatically which was calculated from the distance

between the internal limiting membrane and the RNFL.

3.5mm
Figure 4-2: Peripapillary retinal nerve fiber layer thickness classification provided by the Spectralis for the

nerve fiber layer scan. Temporal superior sector (TS), nasal superior sector (NS), nasal sector (N), temporal
sector (T), temporal inferior sector (TI), and nasal inferior sector (NI).
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4.3.4 Macular cube scan

Macular cube scans are 3D scans that allow a volumetric evaluation of the central retinal
structure by acquiring a rapid sequence of cross-sectional B-scan images, mainly in a 6 mm x 6
mm area centered on the fovea. These scans are analyzed automatically to produce retinal layer
thickness measurements enabling quantifying and mapping of the individual retinal layers at the
macula. The thickness of each macular layer was measured for the entire cube and then sub-
divided according to the sectors defined for the Early Treatment Diabetic Retinopathy Study
(ETDRS)” within 3 concentric circles (Figure 4-3). The central circle (sector 1) represents the
fovea and is 1.00 mm in diameter. The middle circle termed parafovea (3.00 mm outer diameter)
is divided into 4 areas: superior sector (2), nasal sector (3), inferior sector (4) and temporal sector
(5). The outer circle has an outer diameter of 6.00 mm (perifovea) and is divided into the
superior sector (6), nasal sector (7), inferior sector (8) and temporal sector (9). The thickness of
each retinal layer was calculated from the thickness map generated automatically by the
instrument, which included overall retinal thickness (RT), retinal nerve fiber layer (RNFL),
ganglion cell layer (GCL), inner plexiform layer (IPL), inner nuclear layer (INL), outer
plexiform layer (OPL), outer nuclear layer (ONL), retinal pigment epithelium (RPE), inner

retinal layer (IRL) and outer retinal layers (ORL).
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Figure 4-3: Early Treatment Diabetic Retinopathy Study (ETDRS) template used to measure macular
thickness in different areas.

4.4 Data analysis

For the RNFL data, the average thickness measurements were calculated for each of the 6 RNFL
sectors (temporal superior, nasal superior, nasal, nasal inferior, temporal inferior and temporal).

Thus, there were six RNFL thickness measures for each participant plus the global thickness.

For the macular cube, for each participant, mean thicknesses were calculated for each of the nine
ETDRS areas for each retinal layer and for the overall inner retina, overall outer retina and the

overall retinal thickness.

Statistical analyses were conducted using SPSS (IBM SPSS Statistics 27) and Excel
(Microsoft®Excel, Version 16.42). The Shapiro-Wilk test was used to test the distribution of the

data for normality. Age was transformed into a log10 scale which spread the age range more
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evenly and resulted in a normal distribution for age. Depending on whether the data for each
layer/area were normally or not normally distributed, Pearson's correlation or

Spearman’s rank correlation tests, respectively, were used to determine the correlation between
age and the retinal thickness values for each layer. The adjusted Bonferroni correction for
multiple comparisons was applied within data sub-groups (Jaccard and Wan!26). The 95-
confidence intervals (mean £1.96xSD) were calculated for the data that were not correlated with
age, and which were normally distributed. For those data that were not correlated with age and
not normally distributed, the median and 2.5'%, 50 and 97.5™ percentiles were calculated for all
ages together. For the data that were significantly correlated with age, scatterplots were created,
and the mean/ median and reference ranges were calculated for each age participant group.
Standard deviations or percentiles were not attempted when there was a correlation with age

because of the small sample size when divided into age sub-groups.

Results 4.5

4.5.1 Population Demographics

A total of 36 participants were included in the study. The sample included 11 adult participants
(median age = 23.4, ranging from 20 to 33.42 years), 10 older children (median age = 13.3
ranging from 12.08 t015.33), 9 intermediate-aged (mean age = 10.5 ranging from 8 to 11.17

years), and 6 young children (median age = 5.4 ranging from 3.92 to 7.17 years) .

All participants participated in the screening, met the eligibility criteria as described in Chapter 3

and successfully completed the study’s procedure.
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4.5.2 Peripapillary RNFL thickness

As described above, the peripapillary RNFL thickness values were automatically measured by
the Spectralis SD-OCT, providing a global average, and average thickness measurements for
each quadrant including temporal, temporal-superior, temporal- inferior, nasal, nasal superior,
nasal inferior quadrants. The images were of high quality (average SNR values were 31.69 range

22-41 dB), see Figure 4-4.
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Figure 4-4: Upper figure. A representative example of RNFL report generated by Spectralis SD-OCT for
RNFL scan for a 15-year-old healthy participant. Lower figure. Bold numbers under each sector indicate
the average RNFL thickness. Numbers in parentheses are the adult’s normative database provided by the
Spectralis SD-OCT.

The results of the Shapiro-Wilk test showed that the data were normally distributed for the
global, temporal, temporal inferior, nasal and nasal inferior sectors. Therefore, Pearson's
correlation coefficient was used to test the correlation between age and the RNFL thickness for
these sectors and the results are shown in Table 4-1. The results of the correlation analysis failed

to demonstrate any change with age in the average RNFL thickness of the global measurement,
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the temporal sector, the temporal inferior sector, the nasal sector, or in the nasal inferior sector.
The mean and 95% confidence interval for the thickness of each sector are indicated in Table 4-

2.

Table 4-1: The correlation between Log age and RNFL sectors.

RNFL sector r value p value
Global -0.22 0.18
Temporal -0.06 0.70
Temporal superior -0.28 0.08
Nasal superior -0.37 0.02
Nasal -0.03 0.79
Nasal inferior -0.07 0.64
Temporal inferior -0.14 0.40

Table 4-2: RNFL thickness by sector for sectors which do not change with age.

Age RNFL area Mean St. Deviation 95% CI (1.96xSD)
range thickness — —
(years) Lower limit Upper limit
(um)
3.92-33.42 Global 104.8 9.4 86.4 123.2
RNFL
3.92-33.42 RNFL 72.5 12.2 48.6 96.4
temporal
3.92-33.42 | RNFL nasal 83.8 14.2 55.9 111.6
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3.92-33.42 | RNFL nasal 123.0 22.9 78.1 167.9
inferior
3.92-33.42 RNFL 143.0 20.2 103.4 182.6
temporal
inferior
RNFL area Median Interquartile 2.5"
thickness range percentiles " .
97.5™ percentiles
(nm)
3.92-33.42 RNFL 146.3 18.6 121.6
temporal
. 190.8
superior

4-7 years: 139 (101-172)
8-11 years: 110 (83-134)
12-15 years: 113 (66-174)
20-33 years: 104 (82-127)

TS NS
146

121 -190

T G N
48-96 gg.q1p3  55-111

TI NI
143 123
103-182 78-167

Figure 4-5: Peripapillary RNFL thickness measurements for each sector generated by the Spectralis SD-
OCT. Bold numbers i.n each sector indicate the average RNFL thickness. Numbers in blue indicate the
normal (2.5-97.5%) range. For the nasal superior sector, which was affected by age, the normal range
(2.5-97.5%) for each age group is indicated in a callout box.
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Figure 4-6: The mean (or median) and 2.5%, to 97.5% range for the peripapillary retinal nerve fiber
layer. The green area indicates the normal (2.5-97.5%) range and the red area indicates measures that are
below the 2.5% range. For the nasal superior, which was affected by age, the range is for participants
aged 8 to 33 years and the black square indicates the median thickness measurements of young children
(4-7 years) and the error bar indicates the lower 2.5% and the upper 97.5% range for the 4-7-year olds.

The data were not normally distributed for the nasal superior and temporal superior sectors and
Spearman’s rank correlation was used for these sectors. The results of these correlation analyses
revealed that the average RNFL thickness in the nasal superior sector was significantly
negatively correlated with age, so that the RNFL thickness decreases with age (r=-0.37,p =
0.02). Since only one correlation result was significant among the RNFL data, it remains
significant with the Adjusted Bonferroni. Table 4-3 shows that the median value for young
children (4-7) was 139.50um compared to 104pm for adults. There was no significant
correlation between the average RNFL thickness at the temporal superior sector and age (r = -
0.289, p = 0.088). The median, 2.5 and 97.5 percentiles for the RNFL thickness in the temporal

superior sector are indicated in Table 4-2.
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Table 4-3: RNFL thickness for the nasal superior sector for each age group.

Age group Median (um) Range
Minimum | Maximum
4-7 (n=6) 139.5 101 172
8-11 (n=9) 110 83 134
12-15 (n=10) 113 66 174
20-33 (n=11) 104 82 127
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Figure 4-7: Scattergram of the RNFL thickness for the nasal superior sector against age. Each point
represents the average data for one participant. Dashed linear regression line is representative of the trend
although rank correlation was used for this non-normally distributed data, rho=-0.379, p= 0.023.
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4.5.3 Macular cube: Overall retinal thickness

The results of the Shapiro-Wilk test showed that the data were normally distributed across all
regions including the foveal, parafoveal and perifoveal areas. Therefore, Pearson's correlation
coefficient test was used to test the correlation between age and the average retinal thickness

measurements in these areas. The correlation results are shown in Table 4-4.

Table 4-4: Pearson correlation coefficient for the total retinal layer measurements in the foveal, para and
perifoveal areas with age. *= remains significant after adjusted Bonferroni.

Retinal region r value Unadjusted p value | a value for significance
with adjusted Bonferroni

Whole foveal area 0.487 0.003* 0.0125

Superior parafovea 0.391 0.018 0.017

Nasal parafovea 0.388 0.019 0.025

Temporal parafovea 0.3.83 0.021 0.05

Inferior parafovea 0.323 0.054 NA

Nasal perifovea 0.166 0.333 NA

Inferior perifovea 0.109 0.528 NA

Temporal perifovea -0.046 0.790 NA

Superior perifovea -0.019 0.941 NA
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4.5.3.1 Overall retinal thickness in the foveal area

The results of the correlation analysis revealed that there was a significant positive correlation
between age and the overall retinal thickness at the foveal area (r = 0.487, p = 0.003). Adjusted
Bonferroni correction for the significant correlation (age vs retinal thickness) showed that the
correlation remained significant (Table 4-4). Therefore, as age increases the overall retinal
thickness values increase (Figure 4-9). The mean values of the overall foveal thickness increase
with age from a mean thickness of 245.33um for children (4-7 years) to 275.91 um for adults

(Table 4-5).

Table 4-5: Full retinal thickness values of the foveal area for each age group.

Age group Macular area Mean (um) Range
Minimum | Maximum
4-7 (n=6) Fovea 245.3 235 266
8-11 (n=9) Fovea 270.1 244 320
12-15 (n=10) Fovea 281.5 366 307
20-33 (n=11) Fovea 2759 255 302
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Full retina 4-7 years: 245 (235-266)
8-11 years: 13 (244-320)
12-15 years: 11 (366-307)
20-33 years: 12 (255-302)

288-318

323-371

304-348 305-359 310-382 FoE—

320-368

278-317

Figure 4-8: Early Treatment Diabetic Retinopathy study (ETDRS) thickness map for the full retinal
thickness. The mean is given in black and the lower and upper 95% confidence intervals in white. The red
area indicates areas where the retinal thickness did change with age while the green areas indicates retinal
areas that do not change with age.
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Figure 4-9: Scattergram of the overall foveal thickness against age. Each point represents the average
foveal thickness for one participant. The regression line shown is: Thickness = 45.378 * Log(age)
+220.53, r>= 0.24, p=0.003.
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4.5.3.2 Overall retinal thickness at the parafoveal and perifoveal areas

The results of the individual correlation analyses between age and overall retinal thickness of the
parafoveal areas in the nasal, temporal and superior sectors suggested that the retinal thickness
values were positively correlated with age (see Table 4.4). However, these correlations with age
did not remain significant after using the adjusted Bonferroni (Table 4-4). There was no

significant correlation between age and the retinal thickness values in the inferior sector.

The correlation analysis demonstrated no significant relationship between age and retinal
thickness for any of the perifoveal sectors. Therefore, the retinal thickness values in the
perifoveal area are unlikely to change with age. The mean and 95% confidence interval for the
macular thickness values for each sector of the 3mm and 6mm diameter circles are indicated in

Table 4-6.

Table 4-6: Full retinal thickness in the para and perifoveal region.

Age range Retinal region Mean overall Standard 95% CI (1.96xSD)
(years) retinal thickness Deviation

Lower Upper

(um) limit limit

3.9-33.4 Temporal parafovea 332.8 13.8 305.7 359.9
3.9-33.4 Superior parafovea 347.8 12.2 323.9 371.7
3.9-33.4 Nasal parafovea 346.1 18.4 310.0 382.2
3.9-33.4 Inferior parafovea 344.2 12.30 320.1 368.3
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3.9-33.4 Temporal perifovea 288.4 9.3 270.2 306.6
3.9-33.4 Superior perifovea 303.6 7.6 288.7 318.5
3.9-33.4 Nasal perifovea 326.3 11.3 304.2 348.4
3.9-33.4 Inferior perifovea 298.2 10.1 278.4 317.9

4.5.4 Inner retinal layers

The Shapiro-Wilk test showed that the inner retinal layer thickness values were normally

distributed across all regions except RNFL measurements at the foveal, parafoveal and

perifoveal areas.

4.5.4.1 Total inner retinal layer (IRL) thickness

The correlation results are shown in Table 4-7.

Table 4-7: Pearson correlation coefficient for the total inner retinal layer measurements in the foveal,
para and perifoveal area with Log age. *= remains significant after adjusted Bonferroni.

Total inner retinal r value Unadjusted o value for significance with
layers region adjusted Bonferonni
p value
fovea 0.490 0.002* 0.025
parafovea 0.369 0.027* 0.05
perifovea 0.042 0.807 NA
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There was a significant positive correlation between age and total inner retinal layer thickness at

the foveal (r = 0.49, p=0.002) and parafoveal areas (r = 0.37, p= 0.027). Adjusted Bonferroni

correction revealed that these correlations remained significant. These relationships can be seen

in Figures 4-11 and 4-12, respectively. However, there was no significant correlation between

age and overall inner retinal layers thickness values at the perifoveal area. While the mean

thickness of the IRLs at foveal area was 156pum for young children (Table 4-8), it was 188um for

the adults (Table 4-8). Interestingly, the mean thickness of total IRLs at the fovea and parafovea

increased initially in thickness until 12-15 years and did not increase further between 15 years

and adults (Table 4-8 and Table 4-9, respectively).

Table 4-8: Total inner retinal layers thickness values of the foveal area for each age group.

Age group Macular area Mean (um) Range
Minimum | Maximum
4-7 (n= 6) Fovea 156 143 182
8-11 (n=9) Fovea 167 153 228
12-15 (n=10) Fovea 189 178 221
20-33 (n=11) Fovea 188 166 210

Table 4-9: Total inner retinal layers thickness values of the parafoveal area for each age group.

Age group Macular area Mean (um) Range
Minimum | Maximum
4-7 (n= 6) Parafovea 248.7 233.0 267.7
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8-11 (n=9) Parafovea 262.4 243.0 282.0
12-15 (n=10) Parafovea 267.3 252.2 281.0
20-33 (n=11) Parafovea 264.9 254.7 278.2

Table 4-10: Total inner retinal layers thickness values in the perifoveal area.

Age range Retinal region Mean overall Standard 95% CI (1.96xSD)
(years) retinal thickness Deviation
Lower Upper
(nm) limit limit
3.9-33.4 Perifovea 342.7 13.6 3333 352.1

125




IRLs

4-7 years: 156 (143-182)

8-11 years: 167 (153-228)
12-15 years: 189 (178-221)
20-33 years: 188 (166-210)

4-7 years: 248 (233-267)

8-11 years: 262 (243-282)
12-15 years: 267 (252-281)
20-33 years: 264 (254-278)

Figure 4-10: Early Treatment Diabetic Retinopathy study (ETDRS) thickness map for the total inner
retinal layers (IRLs). The mean is given in black and the lower and upper 95% confidence intervals in
white. The red area indicates areas where the retinal thickness did change with age while the green areas
indicates retinal areas that do not change with age.
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Figure 4-11: Scattergram of the total inner retinal layers thickness in the foveal area against age. Each
point represents the average data for one participant. The regression line shown is: Thickness = 43.283
*Log(age) + 134.13, r*= 0.24, p=0.002.

126



300

280
B
2
(%]
o 260
[
X
L2
<
)
]
(o'
— 240

°
220
3 4 5 6 7 8 9 10 20 30 40
Age (years)

Figure 4-12: Scattergram of the total inner retinal layers thickness in the parafoveal area against age.
Each point represents the average data for one participant. The regression line shown is: Thickness =
20.199 *Log(age) + 239.86, r* = 0.13, p=0.027.

4.5.4.2 Individual Inner Retinal layers

The correlation results are shown in Table 4-11.
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Table 4-11: The correlation between the inner retinal layer measurements in the foveal, para and

erifoveal areas with age. *= remains significant after adjusted Bonferroni.
p g g i}

Retinal region r value Unadjusted o value for Adjusted
p value Bonferroni

RNFL in the fovea 0.557 <0.001* 0.0055

IPL in the parafovea 0.495 0.002* 0.006
RNFL in the parafovea 0.474 0.004* 0.007

INL in the fovea 0.452 0.006* 0.008

IPL in the fovea 0.419 0.011 0.01

INL in the perifovea -0.409 0.013 0.0125
GCL in the parafovea 0.408 0.014 0.0167
GCL in the perifovea 0.363 0.029 0.025
RNFL in the perifovea 0.343 0.041 0.05

IPL in the perifovea 0.099 0.564 NA

INL in the parafovea 0.053 0.761 NA

GCL in the fovea -0.042 0.807 NA

The data for some inner retinal layer thickness values were not correlated with age, including the nerve

fiber layer (RNFL) at the perifovea, ganglion cell layer (GCL) at all foveal regions, inner plexiform layer
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(IPL) at the fovea and perifovea, and inner nuclear layer (INL) at the parafovea and perifovea, are

summarized in Table 4-12.

Table 4-12: Inner retinal layer thicknesses for the fovea, parafovea and perifovea areas. Mean, standard
deviation and 95% confidence limits are given for the normally distributed data. Medians, interquartile
ranges, 2.5 and 97.5 percentiles are given. for data which was not normally distributed. RNFL= nerve
fiber layer; GCL = ganglion cell layer; IPL = inner plexiform layer; INL = inner nuclear layer.

Age Retinal area Median intra- 2.5 97.5
range quartile percentiles | percentiles
(nm) range

3.9-33.4 | RNFL at the perifoveal 342 3.9 29.0 452

area
Age Retinal area Mean thickness | St. 95% CI
range Deviation (1.96xSD)
(years) (nm)

Lower Upper limit
limit

3.9-33.4 | GCL at the foveal area 16.2 4.8 6.8 25.6
3.9-33.4 IPL at the foveal area 20.9 34 14.2 27.6
3.9-33.4 | GCL at parafoveal area 52.7 3.8 45.2 60.1
3.9-33.4 | INL at the parafoveal 40.6 33 34.1 47.1

area
3.9-33.4 | GCL at the perifoveal 37.1 1.8 33.6 40.6

area
3.9-33.4 | IPL at the perifoveal area | 30.2 1.3 27.7 32.7
3.9-33.4 | INL at the perifoveal 34.2 33 27.7 40.7

area
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Retinal nerve fiber layer (RNFL)

After adjusted Bonferroni, the correlation analysis showed that the RNFL thickness was

significantly positively correlated with age at the fovea (r = 0.557, p<0.001) and parafovea

(r=0.474, p = 0.004), but not at the perifoveal area. The RNFL thickness values at the foveal and

parafoveal areas for each age group are shown in Tables 4-13 and 4-14. The mean and 95%

confidence interval for the RNFL thickness for the perifoveal are shown in Table 4-12.

Table 4-13: RNFL thickness values in the foveal area for each age group.

Age group Macular area Median (um) Range
Minimum | Maximum
4-7 (n= 6) Fovea 9 8 12
8-11 (n=9) Fovea 13 11 14
12-15 (n=10) Fovea 11 9 14
20-33 (n=11) Fovea 12 10 15
Table 4-14: RNFL thickness values at the parafoveal area for each age group.
Age group Macular area Median (um) Range
Minimum | Maximum
4-7 (n=6) Parafovea 18.8 18.2 20.7
8-11 (n=9) parafovea 19.5 18.7 24.5
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12-15 (n=10) Parafovea 20 18.2 22.5

20-33 (n=11) Parafovea 21 18.0 25

4-7 years: 9 (8-12)
8-11years: 13 (11-14)
12-15 years: 11 (9-14)
RNFL 20-33 years: 12 (10-15)

4-7 years: 18 (18-20)
8-11 years: 19 (18-24)
12-15 years: 20 (18-22)
20-33 years: 21 (18-25)

Figure 4-13: Early Treatment Diabetic Retinopathy Study (ETDRS) thickness map for the nerve fiber
layer (RNFL). The median is given in black and the 2.5% and 97.5% in white. The red area indicates
areas where the retinal thickness did change with age while the green areas indicates retinal areas that do

not change with age.
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Figure 4-14: Scattergram of the RNFL thickness at the foveal area against age. Each point represents the
average data for one participant. The dashed linear regression line is representative of the trend although
rank correlation was used for this non-normally distributed data.
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Figure 4-15: Scattergram of the RNFL thickness at the parafoveal area against age. Each point represents
the average data for one participant. The dashed linear regression line is representative of the trend
although rank correlation was used for this non-normally distributed data.

132



Ganglion cell layer thickness

The results of the correlation analysis with the adjusted Bonferroni correction revealed that the
GCL thickness at the fovea, perifoveal and parafovea were not significantly correlated with age.
However, it is noteworthy that the correlations with age at the parafovea and perifovea were
borderline significant with the adjusted Bonferroni. The mean and 95% confidence interval for

the GCL thickness values are shown in Table 4-12.

Figure 4-16: Early Treatment Diabetic Retinopathy study (ETDRS) thickness map for the ganglion cell
layer (GCL). The mean is given in black and the lower and upper 95% confidence intervals in white. The
green areas indicate retinal areas that do not change with age.
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Inner plexiform layers

The results of the correlation analysis with the adjusted Bonferroni correction revealed a
significant positive correlation between age and the IPL thickness values in the parafovea (r =
0.495, p =0.002) (Figure 4-18 and Table 4-15). However, the correlation analysis showed no
change with age in the IPL thickness values in the fovea and perifoveal areas (Table 4-11). The
mean and 95% confidence interval for the IPL thickness values in the fovea and perifoveal areas
are indicated in Table 4-12. Table 4-15 shows that the mean thickness of the IPL in the
parafoveal area increased from 39.2um for younger children to 43.6 during adulthood. It is
noteworthy that the correlation with age at the fovea was borderline significant with the adjusted

Bonferroni.

Table 4-15: IPL thickness values in the parafoveal area for each age group.

Age group Macular area Mean (um) Range

Minimum | Maximum
4-7 (n=6) parafovea 39.2 34 41.3
8-11 (n=9) parafovea 42.0 38.5 47.5
12-15 (n=10) Parafovea 44.0 40 46
20-33(n=11) parafovea 43.6 40 48.8
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4-7 years: 39 (34-41)

8-11 years: 42 (38-47)
12-15 years: 44 (40-46)
20-33 years: 43 (40-48)

IPL

Figure 4-17: Early Treatment Diabetic Retinopathy study (ETDRS) thickness map for the inner
plexiform layer (IPL). The mean is given in black and the lower and upper 95% confidence intervals in
white. The red area indicates areas where the retinal thickness did change with age while the green areas
indicates retinal areas that do not change with age.
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Figure 4-18: Scattergram of the IPL thickness at the parafoveal area against age. Each point represents
the average data for one participant. Each point represents the average data for one participant. The
regression line shown is: Thickness = 6.54 *Log(age) + 35.287, r* = 0.24, p=0.002.
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Inner nuclear layer

The results of the correlation analysis after the adjusted Bonferroni correction revealed a
significant positive correlation between age and INL thickness in the foveal area (r = 0.45, p=
0.006). However, neither the correlation of the INL in the parafovea nor in the perifovea was
significant. The mean and 95% confidence interval for the INL thickness values in the para and
perifovea are shown in Table 4-12. Table 4-16 shows that the average value of the INL at the
foveal area for younger children was 12.8um which increased to 18.11um for the intermediate
age group of children before it reached approximately 19um for older children and adults. It is
noteworthy that the correlations with age at the perifovea was borderline significant with the

adjusted Bonferroni.

Table 4-16: Mean, and range values of INL thickness values at the fovea for each group.

Age group Macular area Mean (um) Range
Minimum | Maximum
4-7 (n=6) Fovea 12.8 11 16
8-11 (n=9) Fovea 18.1 12 27
12-15 (n=10) Fovea 19.4 15 24
20-33 (n=11) Fovea 19.0 12 28

136



INL

4-7 years: 12 (11-16)
8-11 years: 18 (12-27)
12-15 years: 19 (15-24)
20-33 years: 19 (12-28)

Figure 4-19: Early Treatment Diabetic Retinopathy study (ETDRS) thickness map for the inner nuclear
layer (INL). The mean is given in black and the lower and upper 95% confidence intervals in white. The
red area indicates areas where the retinal thickness did change with age while the green areas indicates
retinal areas that do not change with age.

30

25 [ ] [ ]

INL thickness (um)
N
o

15

e o ° °
[ J
10
3 4 5 6 7 8 9 10 20 30 40
Age (years)

Figure 4-20: Scattergram of the INL thickness in the foveal area against age. Each point represents the
average data for one participant. Age in Log 10 scale. The regression line shown is: Thickness = 9.1076
*Log(age) + 7.7759, r* = 0.20, p=0.006.
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4.5.5 Outer retinal layers

The Shapiro-Wilk test showed that the outer retinal layers thickness values were normally

distributed across all regions.

4.5.5.1 Overall outer retinal layers

The correlation results are shown in Table 4-17

Table 4-17: Pearson correlation coefficient for the total outer retinal layer measurements in the foveal,
para and perifoveal area with age.

Total outer retinal layers r value p value
region

fovea 0.14 0.41

parafovea 0.29 0.08

perifovea 0.11 0.52

The results of the correlation analysis failed to demonstrate any change with age in the overall
outer retinal thickness measurements in any of the areas. Therefore, the overall outer retinal

layers thickness values are unlikely to be influenced by age (Table 4-17).

The mean estimates for the outer retinal layer thickness values in the foveal, parafoveal, and

perifoveal areas are summarized in Table 4-18.
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Table 4-18: Total outer retinal layer thickness values in the foveal, parafoveal and perifoveal areas.

Age range Retinal area Mean thickness | St. Deviation | 95% CI (1.96xSD)
(years)
(um) Lower Upper
limit limit
3.9-334 Total outer retinal layers 88.9 3.7 81.6 96.2
at the fovea
3.9-334 Total outer retinal layers 80.5 2.0 76.6 84.4
in the parafovea
3.9-334 Total outer retinal layers 77.7 2.3 73.2 82.2
in the perifovea
ORLs
77
80
88

Figure 4-21: Early Treatment Diabetic Retinopathy study (ETDRS) thickness map for the outer retinal
layers (ORLs). The mean is given in black and the lower and upper 95% confidence intervals in white.

The green areas indicate retinal areas that do not change with age.

4.5.5.2 Individual outer retinal layers

The correlation results are shown in Table 4-19.

139




Table 4-19: Pearson correlation coefficient for the outer retinal layer measurements in the foveal, para
and perifoveal areas with age. *= remains significant after adjusted Bonferroni.

Retinal region r value p value o value for adjusted
Bonferroni
OPL in the parafovea -0.394 0.017* 0.025
RPE in the fovea 0.387 0.020* 0.05
ONL in the fovea 0.301 0.075 NA
RPE in the parafovea 0.301 0.075 NA
OPL in the perifovea -0.257 0.130 NA
ONL in the parafovea 0.227 0.184 NA
OPL in the fovea 0.213 0.212 NA
RPE in the perifovea 0.076 0.697 NA
ONL in perifovea 0.023 0.893 NA

The mean estimates for some outer retinal layers thickness values including the outer plexiform
layer (OPL) at the fovea and perifovea, the outer nuclear layer (ONL) in all foveal areas, and
retinal pigment epithelium layer (RPE) at the parafovea and perifovea are summarized in Table

4-20.
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Table 4-20: Thickness for outer retinal layers in the foveal, parafoveal and perifoveal areas including
OPL, ONL and RPE. OPL = outer plexiform layer; ONL = outer nuclear layer; RPE = retinal pigment

epithelium.
Age range Retinal area Mean thickness | St. Deviation | 95% CI (1.96xSD)
(years)
(nm) Lower Upper
limit limit
3.9-33.4 OPL at the fovea 254 4.0 17.6 332
3.9-33.4 ONL at the fovea 90.4 8.3 74.1 106.6
3.9-334 ONL in the parafovea 72.7 7.1 58.8 86.6
3.9-334 RPE in the parafovea 14.1 1.1 11.9 16.3
3.9-334 OPL in the perifovea 27.1 1.5 24.2 30.0
3.9-334 ONL in the perifovea 62.4 7.1 48.9 76.3
3.9-334 RPE in the perifovea 12.9 1.1 10.8 15.1

Outer plexiform layer

There was no significant correlation between macular thickness values and age in the foveal and

perifoveal areas (Table 4-19). However, the retinal thickness in the parafoveal area was

significantly negatively correlated with age (r =-0.394, p = 0.017) (Figure 4-23). Thus, as age

increases the OPL thickness decreases. The thickness values for the OPL in the parafoveal area

for each age group are indicated in Table 4-21.
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Table 4-21: Mean, and range values of OPL thickness measurements at the parafoveal area for each age
group.

Age group Macular area Mean (um) Range
Minimum | Maximum
4-7 (n=6) parafovea 34.8 33.2 36.0
8-11 (n=9) parafovea 334 30.3 37.2
12-15 (n=10) parafovea 33.6 28 39.2
20-33 (n=11) Parafovea 31.2 27.7 36.7
OPL

4-7 years: 34 (33-36)

8-11 years: 42 (30-37)
12-15 years: 44 (28-39)
20-33 years: 43 (27-36)

Figure 4-22: Early Treatment Diabetic Retinopathy study (ETDRS) thickness map for the outer
plexiform layer (OPL). The mean is given in black and the lower and upper 95% confidence intervals in
white. The red area indicates areas where the retinal thickness did change with age while the green areas
indicates retinal areas that do not change with age.
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Figure 4-23: Scattergram of the OPL thickness at the parafoveal area against age. Each point represents
the average data for one participant. The regression line shown is: Thickness = - 4.958 *Log(age)
+38.532, r*= 0.15, p=0.006.

Outer nuclear layer

The results of the correlation analysis failed to demonstrate any change in thickness according to

age in any of the areas (Table 4-19). Therefore, the outer nuclear thickness measurements are

unlikely to be influenced by age.
ONL

Figure 4-24: Early Treatment Diabetic Retinopathy study (ETDRS) thickness map for the outer nuclear
layer (ONL). The mean is given in black and the lower and upper 95% confidence intervals in white. The
green areas indicate retinal areas that do not change with age.
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Retinal pigment epithelium layer

There was a significant positive correlation between the macular RPE thickness values in the

foveal area and age (r = 0.387, p = 0.020) (Figure 4-26). Therefore, as the age increases the RPE

thickness values increase (Table 4-22). However, the RPE thickness was not significantly

correlated with age in the parafoveal and perifoveal and the normative values are shown in Table

4-20.

Table 4-22: RPE thickness at the foveal area for each group.

Age group Macular area Mean (um) Range
Minimum | Maximum
4-7 (n=6) Fovea 15 12 17
8-11 (n=9) Fovea 17.1 15 20
12-15 (n=10) Fovea 17 16 19
20-33 (n=11) Fovea 17.2 15 20
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RPE

4-7 years: 15 (12-17)
8-11 years: 17 (15-20)
12-15 years: 17 (16-19)
20-33 years: 17 (15-20)

Figure 4-25: Early Treatment Diabetic Retinopathy study (ETDRS) thickness map for the retinal pigment
epithelium layer (RPE). The mean is given in black and the lower and upper 95% confidence intervals in
white. The red area indicates areas where the retinal thickness did change with age while the green areas
indicates retinal areas that do not change with age.
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Figure 4-26: Scattergram of the RPE thickness in the foveal area against age. Each point represents the
average data for one participant. The regression line shown is: Thickness = 2.8563 *Log(age) + 13.606, r*
=0.14, p=0.020.
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4.6 Discussion

Spectral-domain optical coherence tomography (SD-OCT) is increasingly being used as an early
diagnostic indicator to assess and monitor the progression of ocular disorders that may affect the
pediatric retina, including genetic disorders such as retinitis pigmentosa. Its applicability among
pediatric patients is due to its short acquisition time and eye-tracking system that enables a high-
quality scan (with SNRs > 20 dB) from children as young as four years of age. Nevertheless, for
the scan to be most beneficial for monitoring retinal disorders, quantitative measurements from
the pediatric population have to be compared to an age-matched database. Currently, the
manufacture's normative values are only available for individuals older than 18 years, and it may
not be appropriate to compare children’s findings with the normative values in the standard
dataset. On examining the literature, most studies which used SD-OCT have focused on
documenting a pediatric reference database for overall retinal thickness and peripapillary RNFL
thickness. Therefore, a comprehensive pediatric normative dataset documenting ETDRS
thickness map measurements for each retinal sublayer is still lacking. The main purpose of the
study was to provide a pediatric normative dataset of ETDRS thickness maps measurements for
each of the seven layers that are automatically generated by SD-OCT (Heidelberg Spectral is,
Eye Explorer software version 1.9.10.0). Since thickness values may be affected by levels of
pigmentation, the additional purpose was to provide reference values for each sector of the
peripapillary RNFL thickness in healthy children of European descent. Data from children of
other ethnicities would be added later. The findings of the present study revealed that overall
retinal thickness, several retinal sublayers, and the nasal superior sector of the RNFL thickness

are influenced by age.
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4.6.1 Nerve fiber layer scan

The majority of peripapillary RNFL studies with OCT have been performed in the adult
population, and only a few studies have been reported on children3!#2, Consequently, some
degree of uncertainty exists as to when peripapillary RNFL thickness becomes adult-like. This
uncertainty is partly due to the variations in methods and distribution of the samples that have
influenced the studies' outcomes. For instance, a variety of OCT techniques (TD-OCT vs. SD-
OCT) were used, and some used the standard protocol while others used the fast scan protocol.
Knight et al. reported that the RNFL thickness measurement acquired by TD-OCT yields
relatively thicker values compared to SD-OCT, and differences might also occur between
different versions of SD-OCT instruments®®, Therefore, thickness values may vary depending on
the OCT model used. Previous adult studies found that the average peripapillary RNFL thickness
varies between 85 and 150y and such thickness decreases with age!%-192, Available RNFL
studies with children vary in their conclusions about the effect of age on the peripapillary RNFL
thickness. Some studies documented a significant positive relationship with age®>** while the
majority of studies documented that the RNFL thickness is not influenced by age®103-107,
However, those studies that found the RNFL is influenced by age, reported a weak relationship,
indicating that age has a limited effect in the child population. Using TD-OCT, Huynh et al.®®
documented the largest population-based study in six-year-old Australian children of mixed
ethnicity, and they found that the average global RNFL thickness was 104um. In another TD-
OCT study performed by Samarawickrama et al.!*¢ the global RNFL thickness was found to be
104.5um. Turk et al.*” conducted the first peripapillary RNFL thickness study using SD-OCT on
Turkish children and reported the global RNFL thickness as 106.45um. In an SD-OCT study on

North American children, Yanni et al.!® reported the global RNFL thickness as 107.6um.
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Recently, Turan et a.1'*7 found that the average global RNFL thickness among Turkish children
aged from 8 to 11 years was 98.75um. In accordance with the previously reported studies, we
found that the effect of age on RNFL thickness was limited, and the 95% overlap with adults’
values reached 104pm for the global sector. However, the present study results indicated a weak
negative correlation between age and thickness in the nasal superior quadrant, suggesting that the
RNFL in the nasal superior sector thins during childhood, whereas the other sectors do not
change significantly. Previous SD-OCT studies have reported the average RNFL thickness in the
NS sector for children (5-15 years) to vary between 104 to 116um, which is significantly lower
than 139um reported in the present study for children aged between 4 to 7 years. This correlation
between age and nasal superior quadrant needs to be studied further with a larger sample size to

determine with certainty the developmental pattern of the RNFL NS sector with age.

4.6.2 Macular cube

Previous studies have reported the total retinal thickness in the foveal area (central macular
thickness) within Imm diameter of the ETDRS thickness maps using both SD-and TD OCTs.
Using TD-OCT, Samarawickrama et al.!3¢ found that the average central macular thickness
(CMT) was 192.5um for six-year-old children compared to 197.5um for older children (12
years). In a study by El-Dair et al.3¢ using TD-OCT the CMT was found to be 198um for eight-
year-old children. Turk et al.*” used SD-OCT and found that CMT was 211.39um for children
age between 6 and 16 years, which is comparable to the finding reported by Yanni et al'®
(271.2um) for children aged between 5 and 15 years. Varied conclusions have been suggested

about the effect of age on the CMT in the pediatric population. Turk et al. reported that CMT

was not significantly correlated with age, whereas Yanni et al. found that the average CMT was
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significantly positively correlated with age. Similarly, Barrio-Barrio et al.!*® and Turanan et al.!3’
found that CMT was significantly positively correlated with age. In accordance with the
previously reported studies, the present study found the CMT was significantly positively
correlated with age so that the average CMT for children (4-7 years) was 245.3um, considerably
lower than 270um observed for children aged from 8 to 11 years and 275.9um for adults (Table
4-5). A recent adult study using similar techniques to acquire retinal thickness measurements
among the white adult population aged from 20 to 74 years'*® is in agreement. The study found
the average CMT was 280pm, which is significantly higher than 245um for children aged
between 4-7 years and comparable to adult values (275.91um) reported in the present study. This
developmental trend agrees with previously reported histological studies®* indicating continued

maturation of the fovea beyond four years of age.

The present study results indicated that the overall inner retinal thickness at the foveal and
parafoveal areas significantly increased with age. The average thickness of the foveal area is
within the lower range of the adult values by 8-11 years of age, reaching an average macular
thickness of 167um (Table 4-8). A similar developmental trend was observed in the parafovea,
such that the average thickness values for younger children (4-7 years) was 250um and the
average thickness in the parafovea entered the lower range of the adult value by 8 to 11 years
approaching thickness values of 265.75um (Table 4-9). Of note, available child SD-OCT studies
have not reported the total thickness of the inner retinal layers (IRLs) in the foveal and
parafoveal areas as reported in the present study. Therefore, a direct comparison with the existing
studies is not possible. Using a hand-held OCT, Maldonado et al.”® documented that the total IRL

thickness in the foveal area for children (2-15 years) was 10um. Similarly, Lee et al.”” used a
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hand-held OCT and found that the average IRL thickness values for children aged between 4 to 6
years to range between 7.93 and 11pum in the foveal area and 17-19um at the parafoveal area.
These differences between the present study results and previously published studies could be
attributed to the algorithm used to obtain retinal thickness values. Each OCT instrument may use
a different built-in algorithm that generates different numeric values depending on the ability of
the software to identify sub-retinal layers and calculate retinal thickness. Additionally, in the
study conducted by Lee et al., the para and perifovea were defined as 2mm and 4mm in diameter
respectively. Similarly, Maldonado et al. defined the parafoveal area as a distance measured at
Imm away from the foveal center (2mm in diameter). In contrast, in the present study, we used
ETDRS thickness maps to acquire retinal thickness measurements. The center ring is 1mm in
diameter and defined as fovea, the middle ring is 3mm in diameter (parafovea), and the outer
ring was 6mm in diameter (perifovea). Therefore, the studies described above measured the IRL
thickness values at a distance closer to the foveal center where the IRLs are fused into a single
layer owing to the migration of the IRLs away from the fovea. Thus, they reported considerably

lower thickness values than the present study.

The effect of aging on the individual inner retinal layers has been previously explored using
hand-held and SD- OCTs with controversial findings, including no correlation'®* or not
measurable at the fovea’”’®, However, a recent study has documented a specific developmental
trajectory of each retinal layer using a hand-held OCT. In particular, in a cohort of more than 261
child participants, Lee et al”’ found that the centrifugal displacement of the retinal layers is
complete by 17.5 months. The outward displacement of the GCL from the fovea reaches 95% of

normal adult values by 10.6 months, whereas the IPL and INL reach mature thickness levels by
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18.7 and 17.6 months, respectively. In contrast, the parafoveal and perifoveal areas'
developmental pattern reached maturity by 31.4 and 39 months for the RNFL and IPL,
respectively’”. The GCL and INL reach 95% of the adult values by 65- and 41-months,
respectively. In another hand-held OCT study, Maldonado et al. concluded that the inner retinal
layers are not measurable or barely detectable in the foveal area for children aged between 2-15
years and for adults. Similarly, Yanni et al. using SD-OCT, found that the inner retinal layers are
not measurable in the foveal area, and the thickness measurements of the inner retinal layers in
the parafoveal area are not significantly influenced by age for children aged between 5-15 years.
The results of the present study do not agree with these previously reported findings. Unlike the
previous studies where custom segmentation software was used to obtain retinal thickness
measurements, we used the automatic segmentation software provided by the OCT instrument
and found that the inner retinal layers in the foveal area are measurable according to the ETDRS
thickness map, which is in agreement with Invernizzi et al.'*” in another previously reported

adult study.

We found that the RNFL in the foveal area is immature for children aged between 4-7 years and
the mean value of the foveal RNFL thickness enters the lower range of adult values by 8-11
years. Despite the positive correlation between age and RNFL thickness at the middle ring
(parafovea), the median RNFL thickness for younger children (4-7) was within the lower limit of

139 we found

adult values. When comparing our findings with a previously reported adult study
that the average foveal thickness of the RNFL in the previous study was 12.8um, which is
slightly higher than 9um for children (4-7years) and comparable to adult values (12um) reported

in the present study. However, the median RNFL thickness values at the parafoveal area for
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younger children (4-7) reported in the present study (21um) were comparable to those reported

in an adult study'*® (23um).

In agreement with the previously reported studies’’-!%3

, we did not find any evidence of a further
maturation of the GCL beyond four years of age. This is also in a good agreement with

previously reported histological findings>* indicating that the GCL may be considered mature by

3.8 years.

Significant positive correlations between age and the thickness of the inner plexiform layer in the
parafoveal area, as well as of the inner nuclear layer thickness (foveal area) were also observed.
These findings do not agree with Lee et al. who report that the IPL and INL were considered
mature by 18 and 17 months, respectively at the foveal area and by 39- and 41-months at the
parafoveal area, respectively. Similarly, Yanni et al., found that the IPL and INL thicknesses
were not influenced by age. These differences between the present study results and the
previously published findings could be due to the variety of the techniques used to acquire retinal
thickness measurements. Additionally, available studies used different age ranges to calculate
retinal thickness measurement. For instance, in the study by Yanni et al., a mean thickness
measurement of 45um for the inner plexiform at the parafoveal area was reported for children
aged between 5-15 years. In the present study, we divided this age range into three separate
groups and acquired mean inner plexiform layer thickness measurements of 39.16um for
younger children (4-7 years), 41.97um of intermediate age (8-11 years), and 43.95um for older

children (12-15 years).
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The results of the present study showed that the thickness values of the outer nuclear layer
(ONL) were not influenced by age at the foveal, parafoveal, and perifoveal areas, which is
inconsistent with the findings reported by Yanni et al. The present study’s findings do not agree
with findings documented by Lee et al. In their study they used the hand-held OCT and
concluded that the development of the ONL at the perifoveal area might continue beyond 12
years of age. Similarly, histological studies suggested that the thickness of the ONL increases
with time (until approximately 13 years) as the cone outer segments continue to become tightly
packed at the center of the fovea. This, as well as the elongation of the photoreceptor axons,
makes the foveal ONL become thicker with time reaching maturity by 13 years of age. However,
this developmental pattern was not observed in the present study, likely due to the lack of
sensitivity of the currently used OCT to detect small changes of single cells. Additionally, the
terms para and perifovea were defined differently in the present study and previously reported
hand-held OCT studies””’8. Finally, the fact that Lee et al. reported the immaturity of the ONL in
the perifovea and not in the foveal area might indicate the limitation of the OCT instruments to
detect small changes of single cells. For instance, histological studies have shown that the ONL
in the foveal pit is formed of a single layer of cone cell bodies at birth, and it continues to
increase in thickness with time in the foveal center reaching adult-like values by 13 years of age
as the foveal cone cell bodies are packed 12 cells deep®”. This developmental change means that
the ONL changes from a single layer of cones at birth to approximately 12 cone cell bodies deep
by 13 years of age and these changes at the level of individual cells may be too small for the
resolution of current OCT instruments and are not included in the OCT segmentation, and so

have not been reported in OCT studies.
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A significant correlation between age and the outer plexiform layer (OPL) thickness was
observed in the present study. The average thickness of the OPL approached the lower limit of
the adult values by 8-11 years of age, with an average mean thickness reaching 33.44um. In
comparison, Yanni et al. did not report the thickness measurements for the OPL, while Lee et al.
concluded that there was no evidence of a plateau in the development of OPL in the temporal
parafovea, and the OPL on the nasal side reached maturity by 11.6 months. When comparing our
findings with a previously reported adult study'??, the present study found that the average
thickness of the OPL was 33.1um for the white adult population. This finding is comparable to
the OPL thickness measurements for children aged 8-11 with an average thickness approaching
33.4um and significantly higher than the 24pm for younger children (4-7 years) reported in this
study. Therefore, the OPL thickness in the parafoveal area may not be mature for children 4-7

years and is likely to be adult-like by 8-11 years.

It is known that RPE metabolism is significantly influenced by age. The content of the RPE

140 55 well as

lipofuscin increases with age owing to the shedding of photoreceptor outer segments
the accumulation of extracellular basal deposits within the RPE and Bruch’s membrane!*!. Both
of these changes are likely to cause a considerable thickening of the RPE with time. In
agreement with the above-described studies, we found that the retinal pigment epithelium (RPE)
thickness in the foveal area was significantly influenced by age. Nevertheless, Yanni et al.

documented that the RPE was not affected by age for children aged between 5-15 years and Lee

et al. found that the RPE thickness reaches maturity by 54 months (4.5 years).
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The main limitation of the present study is that the sample size was not sufficient to determine
with certainty the developmental trajectory of the retinal layers. Therefore, we are unable to

determine the age at which the retinal layers reach maturity.

Another limitation of the present study is that the automatic segmentation software provided by
the SD-OCT does not provide the thickness measurements for the photoreceptor’s inner and
outer segments. Therefore, we are unable to test whether the present study results would agree
with the previous SD-OCT findings reported by Yanni et al. who found that children have

approximately 36% thinner outer segment compared to adults.

Another limitation of the study is that the axial length was not measured. Nevertheless, the axial
has a limited effect on retinal thickness values. All the participants in the present study had
normal visual acuity and refractive error for their age, so that they are unlikely to have an

atypical axial length.

In conclusion: the present study provides a pediatric normative dataset of ETDRS thickness map
measurements for each of the seven layers that were automatically generated by SD-OCT as well
as reference values for each sector of the peripapillary RNFL thickness in children of European
descent. The thickness measurements of certain retinal layers were influenced by age. Overall,
the findings of the present study suggest that both the inner and outer retinal layers were
influenced by age over the ages 4 years to adulthood except for the ganglion cells layer and outer
nuclear layer. This developmental trend appears primarily driven by younger children as the

average thickness values of other age groups appear comparable and are considerably different
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from the younger children. Therefore, the development of the retinal layers may not be mature
for younger children (4-7 years) and is likely to become adult-like by 8-11 years old. Clinicians
can compare their clinical measurements with the expected central retinal thickness
measurements norms for each age range provided herein. Future studies with a larger sample
size, wider age range and other ethnicities are needed in order to have more accurate pediatric

reference data to easily detect disease processes that may affect the pediatric retina.
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Chapter 5: Overall Discussion and Conclusion

5.1 Maturation of ERGs in children

Knowledge of the normal development of the standard ERG waveforms from childhood until
adulthood is critical to better understand the disease processes that might influence a child’s
retina. Therefore, this study aimed to provide a pediatric normative dataset for the standard
ERGs to be used for clinical interpretations for children with suspected retinal diseases. The
ERGs recorded in the present study included ISCEV Standard dark-adapted ERGs (DA 0.1, DA
3, DA 10) and a LA ERG series with flash strengths of 0.3, 1.0, 3.0, 10 & 24 cd.secs/m? (this
includes the Standard LA 3.0). On examining the literature, only a few studies have documented
the development of the standard ERG waveforms from childhood and existing studies used a
variety of techniques to obtain ERG recordings. Studies that used contact lens electrodes to
acquire ERGs showed general agreement in terms of the maturation of the ERG
waveforms*4%33_ It is known that different electrodes elicit different ERG amplitudes. We
wanted to broaden the scope of the pediatric normative dataset by providing reference data using

DTL electrodes for the standard ERG waveforms.

In the present study we found that the implicit times of both DA a-wave (3.0 and 10 ERGs) and
DA b-wave (0.01and10 ERGs) were influenced by age. However, the LA implicit times for both
a- and b-waves were only significant for the dim flashes including (0.3 for the a-wave and 1.0 for
the b-wave). So, the implicit time for children aged between 7-15 years increased with age and
approach adult values. Nevertheless, determining the exact age of maturity was not possible

owing to the small sample size that was included in the present study. Therefore, the DA ERG
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findings might indicate immaturity of the rod and rod pathway activities. Previous studies that
used contact lens electrodes reported that immature retina is characterized by long implicit times
in the first three years of life that decrease systematically with age reaching maturity somewhat

48,49. It

between 1-15 years of age should be noted that the previously reported data are sparse so

that determining the exact age of maturity was not possible. Nevertheless, Rodriguez et al.!#?
used a skin electrode and non-standard ERG stimuli to investigate the maturation of the ERG
waveforms from childhood until adulthood. They found that approximately 85% of the b-wave
and almost 45% of the a-wave changes occur from birth to the first six months of life. While the
implicit time of the a-wave reached maturity by 3 years of age, the implicit time of the b-wave
underwent a progressive increase from six months to 3 years and then continued to increase
slowly, reaching maturity somewhere between 18-21 years'#2. Putting the previous and current

studies together, the implicit times first decrease until about 5-6 years, and then increase again

until adulthood.

The present study results indicate that the none of the a- or b-wave amplitudes of either LA or
DA stimuli were affected by age. This suggested that the neural activities responsible for
generating a- and-b-wave amplitudes are considered mature by age 7 years. It is known that the
DA a-wave is primarily due to photoreceptor activities whereas the DA b-wave is due to
depolarizing ON rod bipolar cell responses that generate the extraretinal light current.
Furthermore, the LA a-wave reflects the cone photoreceptor activities, in addition to a
considerable contribution from hyperpolarizing OFF bipolar neurons. The LA b-wave is
generated by depolarizing ON bipolar cell and hyperpolarizing OFF bipolar cell activities, in

addition to some contribution from the electrical activities of horizontal cells with moderation by

158



Muller cells. The findings of the present study agreed with previous reports that have found that
adult-like values are not reached until somewhere between 1 and 10*® or 5 and 153 years of
age. Rodriguez et al.'*? found that the amplitude of the a-wave is adult-like by 3 years of age
while the amplitude of the b-wave increased progressively from childhood until reaching

maturity somewhere between 7-8 to 12-14 years.

5.2: Maturation of retinal layer thickness in children

The main purpose of the second study was to provide pediatric reference ranges for the retinal
layer thicknesses as measured using the SD-OCT according to the ETDRS thickness maps in
healthy children of European descent. Also, the study aimed to establish a normative dataset of
peripapillary retinal nerve fiber layer thickness (RNFL). The SD-OCT has increasingly become
an indispensable cornerstone of detecting and evaluating various retinal diseases over the past
few decades. However, for the technique to be most useful in detecting retinal diseases at early
stages in children, normative retinal thickness values from populations of children needs to be
developed. The available normative dataset provided by the SD-OCT is only for adults and it is
not correct to compare children thickness values with adult’s reference ranges before the age at
which is becomes adult-like. Only a few studies have reported children’s reference values for
each retinal layer and the majority of these studies have used the hand-held OCT to acquire

pediatric retinal thickness measurements’’:78:80:103

. Therefore, a comprehensive pediatric
normative dataset documenting ETDRS thickness map measurements for each retinal sublayer is
still lacking. The present study provides evidence that the morphological development of the

retinal layers may not be mature between 4 to 15 years of age. However, determining the exact

age of maturation is limited by the small sample size included in the current study. Therefore, it
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is appropriate to provide separate age norms for separate ages under the age of 15 years for these

parameters, which is the approach taken in this thesis.

5.2.1 Nerve fiber layer scan

Age is considered a significant factor influencing RNFL thickness, with most previous findings

100,101,108’ whereas

indicating that RNFL thickness decreases with age in older adult populations
child studies varied in their conclusions. Some publications reported a significant positive
correlation of retinal thicknesses with age during childhood®*%3, while others reported no
significant correlation with age®>193:197 Nevertheless, the reported r values in the studies that
found any significant correlations with age were relatively small, indicating a considerable
variation in the data in pediatric populations. From the previously reported studies, we can
conclude that the average global RNFL thickness using SD-OCT for white children aged
between 5 and 16 years of age ranges between 100 and 107pum, indicating very little change with
age. In agreement with the previously reported studies, the present study showed the global
RNFL thickness was not influenced by age, reaching an average thickness for the 95% overlap
with the adult values of 104um. There was no effect of age for the other sectors, except for a
weak negative correlation between age and the nasal superior sector (NS) and this finding needs
to be confirmed with further studies ideally with a larger sample size. Previous SD-OCT studies
have reported the average RNFL thickness at the NS sector for children (5-15 years) to vary

between 104 and 116um®*1%, significantly lower than 139.5um reported in this study for

children aged between 4 and 7 years.
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5.2.2 Macular cube: Overall retinal thickness

The vast majority of studies that used SD-OCT have focused on documenting a pediatric
reference database for overall retinal thickness. These studies varied in their conclusions about
the effect of age on the overall macular thickness. While Turk et al.”® documented that the total
macular thickness in the foveal area is not influenced by age (from 6 to 16 years), other studies
reported a significant positive correlation with age (3-15 years)!%:!37, These studies concluded
that the average retinal thickness in the foveal area ranges between 271.2um and 209pum (5-16
years). In contrast with the previous findings, the total retinal thickness in the foveal area in the
present study was influenced by age. The average macular thickness for younger children was

245.3um and increased with age, reaching 275.9um for young adults.

5.2.3 Inner retinal layers

The maturation of the individual retinal layers has been previously reported using various
techniques such as different instruments (SD-OCT and HH-SDOCT), different age ranges, and
ethnicities””-’88%.103 The present study results indicated that the overall inner retinal thickness at
the foveal and parafoveal areas significantly increased with age. However, a direct comparison
with previous studies is limited. For instance, Lee et al.”” and Maldonado et al.”® used the HH-
SDOCT. They concluded that the average total inner retinal layer (IRLs) thickness at the foveal
area varies between 10 to 7um for children aged between 2-15 years and the values decrease
with age. In the present study, the average IRLs thickness at the fovea was significantly
positively influenced by age, so that the average thickness in young children (4-7 years) was
156pum and increased significantly with age reaching 188pum for adults. A similar developmental

trend was observed in the parafoveal area such that the thickness measurements increase
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progressively with age from a mean thickness of 248.7um (4-7 years) to 264.9um for adults. The
thickness values reported in the present studies are significantly higher than previously reported
findings. This is likely because previous studies which measured the foveal thickness included a
smaller area defined as the fovea, so that they have a different definition for the para and
perifoveal areas compared to the present study. In these studies, the parafovea and perifovea
were measured at Imm and 2mm from the foveal center (2mm and 4mm diameter) respectively
whereas in the present study the ETDRS thickness maps was used to obtain thickness
measurements (1mm diameter for the foveal area, 3mm for the parafoveal area and 6mm for the

perifoveal area).

We found that in some regions the individual inner retinal layers, except for the ganglion cell
layer (GCL), were significantly influenced by age. This correlation might be driven by the
thinner inner retinal layers in younger children (4-7 years). When comparing the mean values of
younger children with other age groups, with our adult group and with another adult study'3?, it
can be seen that young children have thinner mean values (in all the inner retinal layers)
compared to older age groups. However, we are unable to determine the exact age of maturity
because the small sample size limits the study. These observed findings may indicate that the
ongoing migration of the inner retinal layers away from the foveal center is not complete in

children up to 15 years.

5.2.4 Outer retinal layers

Similarly, a couple of retinal thickness measurements of the outer retinal layers were

significantly influenced by age (not including the outer nuclear layer). Lee et al.”” reported that
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the outer plexiform layer (OPL) reaches maturity by 11.6 months in the nasal parafovea.
However, they documented that the outer nuclear layer in the perifoveal area matures by 12
years, and the retinal pigment epithelium layer (RPE) is mature by 4.5 years. In comparison,
Yanni et al.!® found that only the outer segment layer was influenced by age for children age
from 5 to 15 years and thickness values of the RPE did not significantly change with age (5 to 15
years) . Nevertheless, the data in the present study suggested that the OPL in the parafoveal area
decreases with age, and the retinal thickness of the OPL found in our adult group was 31.2um
compared to 34.8um for the 4 to 7 years old children. In accordance with the previous reports
that suggested the RPE thickens with age!4%!4!, the findings of the present study indicated the

RPE at the fovea is not mature for children age from 4 to 15 and increases with age.

5.3 The correlation between retinal structure and function

In the present study, the SD-OCT was used to investigate the developmental changes of the
individual retinal layers’ thickness with age within the macular area, including fovea, parafovea,
and perifovea. Additionally, the full-field ERG was used to investigate the maturation of the
retinal activities in response to flash stimuli, particularly within the area of the photoreceptor
layer and neurons postsynaptic to the photoreceptors. The correlation between the OCT and ERG
measures was explored to investigate whether there are associations between the maturation of

the retinal structure and function among individuals, independent from any maturation with age.

5.3.1 Structure-Function relationships - LA and DA a-wave vs. the outer retina
The correlation between the a-wave as assessed by the full-field ERG and thickness

measurements of the outer retinal layers across the macular area includes fovea, parafovea, and
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perifovea was tested. This area was selected because the ERGs are dominated by the

extramacular rod and cone photoreceptors' activity. The outer retinal thickness was measured
from the inner border of the RPE to the inner border of the OPL; thus, the measurements reflect
all the photoreceptor layers, including the outer nuclear layer, inner and outer segment, which is
the closest measurement in the current data which would reflect photoreceptor activity. Pearson's

correlation was used to analyze the correlation between the LA a-wave (24 ERG) and the outer

retinal thickness and the correlation between DA a-wave (10 ERG) and the outer retinal

thickness. The results of the correlation analysis revealed that neither of the LA and DA ERGs a-

wave amplitudes were significantly associated with the outer retinal thickness measurements

(LA 24 ERG [r=0.07, p =0.705], DA10 ERG [ r =-0.024, p = 0.897]), see Figure 5-1.

A-wave amplitudes (uv)

Figure 5-1: Scattergram of the LA and DA a-wave amplitudes against the outer retinal layers thickness
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measurements. Each point represents the average data for one participant.
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It is known that the descending portion of the DA a-wave reflects the activity of the
photoreceptors (rods and cones) while the LA a-wave receives a considerable contribution from
OFF bipolar neurons in addition to the cone photoreceptors contributions. Therefore, the present
study's findings suggest that the cone and rod related functions are unlikely to be influenced by
thickness measurements of the whole outer retinal layers as measured by OCT of the macular

cube.

5.3.2 Structure-Function relationships - LA and DA b-wave vs. the outer retina

The relationship between the neural mechanism responsible for generating b-wave and thickness
measurements of the outer nuclear layers across the whole region, including the fovea,
parafovea, and perifovea, was explored. The outer nuclear layer was measured from the outer
border of the inner plexiform layer to the inner border of the outer plexiform layer within the
macular area. The INL includes the cell bodies of bipolar, horizontal, Muller, and amacrine cells;
hence this area reflects the neural activates postsynaptic to the photoreceptors responsible for
generating LA and DA b-wave. Pearson's correlation was used to analyze the correlation
between LA b-wave (3 ERG) and the thickness of inner nuclear layer and similarly the
correlation between DA b-wave (10 ERG) and the thickness of the inner nuclear layer. The
correlation analysis demonstrated no significant relationship between the amplitudes of b-wave
for LA and DA ERGs and thickness measurements of the inner nuclear layer (LA 3 ERG [r =

0.24, p =0.192], DA10 ERG [r = 0.024, p = 0.895]), see Figure 5-2.
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Figure 5-2: Scattergram of the LA and DA b-wave amplitudes against the inner nuclear layer thickness
measurements. Each point represents the average data for one participant.

The morphology of the DA b-wave is defined by the interaction between the photoreceptor's
activity and inner retinal layer activity, particularly ON-bipolar cell responses. In contrast, the
LA b-wave received a considerable contribution from the horizontal cells, OFF bipolar cells, in
addition to the ON-bipolar cell activity. Hence, the findings of the present study showed that the
neural mechanism responsible for generating LA and DA b-wave is unlikely to be affected by

the thickness of the inner nuclear layer within the macular cube.
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5.4 Examples of the clinical application of ERG and OCT

5.4.1 Application of normative ERG data to HARS syndrome: case examples

The prime motivator of the present study was to obtain a pediatric dataset for OCT scans and
ERG recordings to investigate the retinal structure, function, and pathological processes
associated with the mutation of histidyl t-RNA synthetase gene (HARS) (described in Chapter

1). Hence, I will qualitatively compare the HARS OCT and ERG findings with healthy children.

The typical ERG recording for the DA 0.01 ERG has a prominent b-wave but almost no or very
small a-wave. This is because the electrical activity generated by the rods in response to a dim
light stimulus is too small to be identified as an a-wave. However, the rod signal is greatly
amplified by the depolarizing ON bipolar neural pathway in the inner retina. The typical dark-
adapted standard flash ERG (3.0 ERG) has prominent a- and b-waves (Figure 5-3a). The a-wave
mainly reflects the activity of the photoreceptors (rods and cones) and the b-wave is primarily
due to depolarizing ON rod bipolar cell responses that generate the extraretinal light current. The
typical oscillatory potentials (OPs) consist of a series of high frequency and low amplitude
wavelets, approximately 6-4 wavelets, and receive contributions from both rod and cone
pathways. The earlier wavelets (cone-mediated) are likely due to ON neural pathway while the
later wavelets (rods mediated) are associated with the OFF pathways (Figure 5-3a). In
comparison, the ERGs for a 12-year-old HARS affected patient who has not experienced severe
fever showed preserved DA ERGs but severely depressed DA b-waves and OPs (Figure 5-3b).
However, patients with HARS who have experienced severe fever show more retinopathy

changes and may have undetectable DA ERGs above the noise (Figure 5-3c). These findings
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indicate that the abnormalities in HARS syndrome do affect the rods' neural activities and rod

pathways.

On the other hand, the typical light-adapted 3.0 ERG has distinct a- and b-waves. The trough of
the a-wave receives a considerable contribution from the inner retinal activity, including
hyperpolarizing OFF-bipolar neurons, in addition to the cone photoreceptor contributions. In
contrast, the LA b-wave is formed by the depolarizing ON bipolar cell activities and
hyperpolarizing OFF bipolar cells as well as some contribution from the electrical activities of
horizontal cells with moderation by Muller cells. Typically, the steady-state waveform of the
flicker ERG is due to the ON and OFF pathways with large phase differences between the
pathways so that they partly cancel each other out (Figure 5-1a). In comparison, an affected
HARS patient with no fever had disproportionate depressions of LA ERGs, including flash and
flicker ERGs (Figure 5-3b). A fifteen years old female who had experienced a previous severe
fever showed undetectable LA ERGs above the noise (Figure 5-3c). Therefore, the ERG clinical
findings in HARS syndrome suggest that the neural activities of the cones and cones pathways
are more affected than the rod and rod pathways. Hence, the full-field ERG can be effectively

used to detect and monitor the progression of the retinal changes in HARS syndrome.
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Figure 5-3: A typical ERG recording from a healthy participant. (b) an example from a 12-year-old girl
with HARS showing the five ISCEV standard ERG waveforms. A typical ERG recording from a healthy
participant. (b) an example from a 12-year-old girl with HARS showing the five ISCEV standard ERG
waveforms, which illustrate that oscillatory potentials and cone-related ERGs are undetectable, although
there is minimal retinopathy. Dark-adapted ERGs are relatively preserved but the DA 3.0 b-wave is
reduced. (c) ERGs for a HARS patient who had experienced a severe fever showing that all 5 ISCEV
Standard ERGS are undetectable above the noise. These ERG recordings were taking by Dr. Daphne
McCulloch.

Clearly, the undetectable ERGs demonstrated abnormality of retinal function in both cases. For
the child with HARS and no previous severe fever, the LA ERGs and OPs were undetectable and
the DA 0.01 ERG b-wave amplitude of 87.15uv was considerably below the lower limit of
normal (183.5uv). The DA 3.0 ERG had a clearly abnormal a-wave amplitude (22.41pv) and
implicit time (20ms), and her b-wave amplitude (77.16uv) was below the lower limit of normal
for the age range of 7-15 defined in this study (184.5uv). The implicit time of her DA b-wave of

49ms was slightly later than the typical normal range of 32 to 47.1ms (Table 5-1).
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Table 5-1: Normative ERG values (from Tables 3-14, 3-15, 3-18, 3-19 and 3-20) and HARS ERG
recordings for the patient with no previous severe fever.

Age (years) Stimulus Mean Normal limits Age HARS
strength
] ) (years) ERG
Typical cd.s.m? Amplitude Lower Upper
recordings
individuals HARS
(nV)
patient (nv)
7-33 DA 0.01 b-wave 325.7 183.5 467.9 12 87.2
amplitude
7-33 DA 3.0 a-wave 216 121.7 310.3 12 224
amplitude
7-33 DA 3.0 b-wave 341.8 184.5 499.2 12 71.2
amplitude
Age (years) Stimulus Median Normal limits Age (years) HARS ERG
strength
.. . recordings
cd.s.m? Implicit HARS patient
time (ms)
Lower | Upper
(ms)
12-15 DA 0.01 b-wave 78.5 74.5 108 85.5
implicit time
12-15 DA 3.0 a-wave 15 14.5 16 20
implicit time

170




12-15 DA 3.0 b-wave 37.5 32 47.1 12 49

implicit time

5.4.2: Qualitative comparison of OCT images in HARS syndrome

The OCT is a non-invasive diagnostic imaging technique that is commonly used to assess a wide
range of retinal diseases. Interpretation of OCT anatomy includes both qualitative and
quantitative assessments, and both are essential to evaluate an OCT image thoroughly. In
qualitative evaluation, individual B-scans (line-scans) of the targeted area in the retina are
qualitatively reviewed to assess the presence or absence of retinal pathology based on the
knowledge of typical OCT anatomy. Generally, the retinal layers are divided into zones based on
the relative reflectivity of the retinal layers. (Figure 5-4a). It should be noted that the inner retinal
layers are fused into a single layer in the foveal center and are indistinguishable. Both IPL and
GCL have a similar appearance so that they appear merged together. In comparison, the OCT
findings of a 12-year-old HARS patient who had not experienced severe fever episodes showed a
localized disturbance (hyper-reflectivity) that extends from the ONL to the RPE in both nasal
and temporal retinae within the foveal and parafoveal areas. This is likely due to the distinct
lesion that sometimes shows on ophthalmoscopy as a “beaten-metal” appearance observed in the
affected HARS patients. In the perifovea, the outer retinal layers appear to be relatively intact
and preserved. Unlike the normal control where the ellipsoid and interdigitation zones are
present throughout the macular area, the patient’s ellipsoid and interdigitation zones were absent
throughout the scan except for a small segment under the perifovea. Thus, both rod and cone

photoreceptors would be expected to be affected (Figure 5-4b). Furthermore, there is a prominent
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overall foveal thinning - the inner retinal layers appear to be relatively preserved but are thinner
compared to a normal individual of the same age group (Figure 5-4 a&b). Therefore, these
findings likely indicate that the affected patient has cone and rod dystrophy and visual

impairment.

Figure 5-4: (a) A typical OCT scan of an 11-yearold healthy child. SD-OCT bands 1-10 are shown in the
scan. | = RNFL; 2 =GCL; 3=1PL; 4=INL; 5=0OPL; 6 =ONL; 7 = ELM; 8 = EZ; 9 = interdigitation
zone; 10 = RPE. (b) a representative example of an OCT scan from a 12-year-old affected patient
showing disturbance of the area from RPE to ONL at both nasal parafovea and temporal parafovea (blue
arrow), and interruption of the area of the ellipsoid zone (red arrow). The HARS image is courtesy of
Natalie Hutchings.
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The OCT findings of the 13-year-old patient who had experienced severe fever revealed that the
ellipsoid and interdigitation zones were not visible across the foveal and parafoveal areas. The
area from RPE to ONL was disrupted and appears to be hyper-reflective. It extends to a greater
area compared to the individual who has not experienced severe fever. This is likely due to the
distinct lesion causing a decreased visualization of the outer retinal tissues. In addition, there is
an overall foveal thinning, although the foveal pit is relatively preserved. The inner retinal layers
are relative preserved, but they appear thinner compared to an individual of the same age group
(Figure 5-5 a&b). Therefore, these findings likely indicate that the affected patient has cone and
rod dystrophy and loss of visual acuity. To conclude, the OCT finding of both patients showed
relatively preserved inner retinal layers. However, quantitative assessment and comparison with
pediatric normative data will determine with certainty whether the inner retinal thicknesses show
normal retinal development or have been impacted by the disease process. The outer retinal

layers are clearly affected in these example cases.
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Figure 5-5: (a) A typical OCT scan of a 14-year-old healthy child. (b) an OCT scan of 15-year-old HARS
patient post fever indicating overall foveal thinning and disruption from the RPE to ONL (blue arrow).
Note that the Ellipsoid zone is not visible (red arrow). The HARS image is courtesy of Natalie Hutchings.

5.5 Limitations

One limitation of the first study is that the younger children (4-6 years) were not included in the
ERG analysis. This was because most children within this age range could not tolerate the
Espion E3 visual electrophysiology system and the DTL electrode. In fact, it is well established

that skin electrodes elicit smaller amplitudes and earlier implicit times compared to the DTL

174



electrodes. As a result, we were not able to determine whether the developmental trend for this

age group would agree with the previously published findings.

There are many factors that might influence the ERG recordings that could be tested which are

not included in the present study. We did not test whether the ocular pigmentation is associated
with differences in ERG amplitudes for the lightly pigmented people of European descent. This
is justified as we did not obtain fundus photographs for each participant to determine with

certainty the association between fundus pigmentation and ERG amplitudes.

Another limitation of the study is that the axial length was not measured. Nevertheless, the axial

length has a limited effect on retinal thickness values®®!43

. All the participants in the present
study had normal visual acuity and refractive error for their age, so that they are unlikely to have

had an increased axial length.

Another limitation for the study is that the sample only included individuals of European
descent. This is because the prime motivator was the need of such data when studying children
with HARS syndrome (observed in several individuals of Old Order Amish). This population is
white and of European descent. Therefore, generalization of the results to people with different

ethnic and racial groups cannot be done. These other groups still need to be investigated.

The main limitation of the present thesis is that the sample size was not sufficient to determine
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with certainty the developmental trajectory of the retinal layers as well as the standard ERG

waveforms. Therefore, we are unable to determine the exact age at which these parameters reach

maturity.

5.6 Future directions

The results of the present study lead to potential future research:

1-

3-

Further investigation to support the current negative association between age and OCT
RNFL in the nasal superior sector. Studies might include a larger sample size to test this
correlation, comparisons with ocular dimensions to determine if the layer thins with
ocular growth, and long-term studies to determine with certainty if the thinning is present
in individuals.

Future studies could investigate the developmental changes of the photoreceptor’s inner
and outer segments with age using a custom designed program as the average thickness
values for these bands are not provided by SD-OCT (Heidelberg Spectrals, Eye Explorer

software version 1.9.10.0).

A similar study could also be conducted for other ethnicities and racial groups to broaden
the pediatric normative data and to investigate whether the developmental trend of the

retinal structure and function is associated with differences for other ethnicities.

Future studies with larger sample size are necessary to determine with certainty the age at
which retinal structure and function reach maturity. With more data, future studies could
do a curve fitting or fit two straight lines; one will be a flat plateau for the adults and the

other will be a sloping line for children to determine where these lines intersect.
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5-

The correlation between the retinal layers thickness measurements at the fovea and visual
acuity/contrast sensitivity could also be investigated. The outer retinal layers significantly

contribute to the maturation of visual acuity particularly the outer nuclear layer.”’

Future work would be to analyze the OPs and flicker ERGs data that have already
collected but were not included in this thesis owing to the limitation of time. Also, it
would be interesting to quantitively analyze the HARS data for both OCT scans and ERG
recordings (as far as is possible since some ERG recordings were non-recordable, and

some OCT scans would be difficult to quantify the thickness of the layers).

5.7 Conclusions

Several conclusions are drawn in this thesis and are as follows

1-

Although it is well established that ERGs from the immature retina up to 5 years of age
are characterized by implicit times that decrease with time, this study shows that for
participants aged 7 to approximately15 years, DA ERG and some of the LA implicit
times increase with age to approach adult values. This indicates that the rod system is still

relatively immature until at least 7-11 years.

The thickness measurements of some retinal layers (mainly in the inner retina) measured

by OCT show changes with age in some retinal regions in this cross-sectional study.

Therefore, the present study provides evidence that the morphological development of the
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retinal layers is not mature before the age of 4-7 years. However, determining the exact

age of maturation is limited by the small sample size included in the current study.

The peripapillary RNFL thickness in most segments was not influenced by age in this
sample of 4 to 33 years of age. However, there was a weak negative correlation between
age and thickness in the nasal superior quadrant, suggesting that the RNFL in the nasal
superior sector thins during childhood, whereas the other sectors do not change

significantly.

Both OCT and ERG techniques can be applied in children as young as 4 years old and
can be used effectively to investigate children with HARS. Quantitative assessment of the
OCT scans will help to follow the progression of the disorder as well as to determine with
certainty whether the inner retinal layers are associated with abnormalities for HARS

patients.
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