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Abstract

No biological system or structure is likely to be perfectly symmetrical, or have identical right and
left forms. This review explores the evidence for eye and visual pathway asymmetry, in health
and in disease, and attempts to provide guidance for those studying the structure and function of

the visual system, where recognition of symmetry or asymmetry may be essential.

The principal question with regards to asymmetry is not ‘are the eyes the same?’, for some degree
of asymmetry is pervasive, but ‘when are they importantly different?”. Knowing if right and left
eyes are ‘importantly different” could have significant consequences for deciding whether right or
left eyes are included in an analysis or for examining the association between a phenotype and
ocular parameter. The presence of significant asymmetry would also have important implications

for the design of normative databases of retinal and optic nerve metrics.

In this review, we highlight not only the universal presence of asymmetry, but provide evidence
that some elements of the visual system are inherently more asymmetric than others, pointing to
the need for improved normative data to explain sources of asymmetry and their impact on

determining associations with genetic, environmental or health-related factors and ultimately in

clinical practice.
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1. Introduction

1.1. Reflections

Symmetry is fundamental in the laws of nature, guiding all physiological processes from
gestation to growth, to procreation. It can be viewed in mathematical and physical terms, of
mirror (or rotational) symmetry of anatomical structure; but also in philosophical and

metaphysical terms, of development and behaviour and dimension.

Clinically, we expect our eyes and visual systems to behave somewhat symmetrically. The visual
system is designed to be fully bilaterally integrated and this is essential for full field vision. We
also observe a pattern of symmetry in many (but not all) ocular diseases, further emphasising the

convergence of the two halves of our visual pathway.

However, unanswered questions remain about the pathophysiology of diseases, in those that
affect one, and both eyes. In addition, assumptions are made about the symmetry of the eyes in
research, for example in studies that analyse retinal vascular morphology. These assumptions
may not be correct, and in fact, there may be a consistent pattern of asymmetry between our eyes

and visual pathways.

We now have access to tools that are capable of reliable and precise measures of ocular structure,
such as optical coherence tomography (OCT) of the retina, and automated software analysis of
the retinal vascular morphology revealed by fundus imaging. We can therefore begin to challenge
assumptions of anatomical symmetry by analysis of sophisticated ocular measurements from

large studies utilising these tools.

Simultaneously, clues to the patterning of the neuroretina are emerging from advances in
developmental genetics, with immediate relevance to our understanding of the pathology of
ocular disease, as well as how we use statistics to investigate the impact of new treatments on
these diseases. Indeed, interocular asymmetry is likely not to be simply a statistical difference at a
threshold of measurement discrimination, but an important and adaptive property of our visual
system.

1.2. The birds and bees

In terms of species-specific adaptation in sensory organ asymmetry, birds and bees show a shift
in mirror image patterning of structure and function of sensory organs as an evolutionary

mechanism to refine head position in relation to the environment. An examination of these
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deviations from bilaterian patterning sheds insight on how other species differences might arise
and suggests subtle variations in symmetry observed in sensory perception of other species might

confer a functional and possibly a survival benefit.

By analogy, ocular dominance might also be considered adaptive and for the purposes of this
paper this functional difference between the eyes highlights the flaw in assuming that eye
symmetry is the rule, rather than the exception. If so, the differences in ocular metrics between
our eyes that give rise to refractive differences (and thus confer monovision capability) might be
beneficial and mitigate against attempts to correct refractive error. However, this is at the cost of
optimal stereopsis which risks interference with visual development, and resulting suppression

which becomes maladaptive in the amblyopic individual.

Certainly, the bird or bee with species-specific amblyopia would find it a challenge surviving and
reproducing in their natural surroundings. The humble honeybee Apis mellifera boasts a brain of
fewer than a million neurons yet is capable of complex cognitive tasks (Giurfa et al., 2001).
Extensive studies of the main sensory input mediated by the bee antennae and differential
specialisation between right and left sides of the brain have revealed lateralisation in olfaction
and visual responses (Frasnelli, 2013; Letzkus et al., 2008). The right antenna is more specialised
than the left for learning about novel odours and mediating inter-bee interactions and appropriate

social responses, and they are better at responding to a visual object when using their right eye.

In vertebrate eyes the assumption that the visual system is based on anatomic symmetry between
the two eyes has been challenged. For example, Hart and colleagues reported that the retinae of
the European starling, Sturnus vulgaris show differences in photoreceptor distribution between
right and left eyes associated with lateralisation of visually mediated behaviour (Hart et al.,
2000). This interocular anatomic difference is consistent with behavioural observation that birds
use right and left eyes preferentially depending on the environmental context. Wiltschko, having
previously described the magnetoception of birds being light-mediated (Wiltschko and
Wiltschko, 1988), later demonstrated extreme asymmetry in the sensing of magnetic fields that
develops over time, with the right eye assuming dominance which is reflected in cerebral
lateralisation (Wiltschko et al., 2002).

These structural and functional examples seen in birds and bees suggest that the dogma of
assumed symmetry in the human visual system should be re-visited if only to shed light on how
best to interpret findings derived from paired datasets in ophthalmic metrics in health and disease,
or where only one eye has been measures and assumed to be representative of both.



2. Embryology and eye development

2.1. Lateral patterning in embryogenesis

Cells and tissues are instructed, via various epigenetic and genetic cascades, as to their left or
right identity at an early stage of embryonic development. The process begins in the embryonic
node with the directional vortical movement of node cilia and manifests in numerous left-right
asymmetries in the placement of visceral organs (Kawakami et al., 2005). Studies into the left-
right axis were originally provided by pharmacological agents that caused asymmetrical
developmental defects. Of interest were certain studies that showed extensive limb defects
favoured one side over the other, suggesting subtle molecular differences may exist between
organs that were otherwise assumed to be symmetrical. This is reflected in certain human
syndromes, like the TBX5-related Holt-Oram syndrome, where upper limb defects are much more
common on the left-hand side than the right (Newbury-Ecob et al., 1996). Craniofacial
asymmetry can also result from developmental defects, with the left ear being predominantly
under-formed in the Sox3-/- mouse (Rizzoti and Lovell-Badge, 2007). There are, indeed, myriad
birth defects that demonstrate laterality (Paulozzi and Lary, 1999) and whilst these are congenital
in nature, the observation that hemihypertrophy (an intrinsic congenital growth excess resulting
in one half of the body being larger than the other) can increase in adulthood suggests that this

asymmetrical identity is retained at a cellular level postnatally (Leung et al., 2002).

The brain is well known to be asymmetrical and there is a school of thought that two separate
organiser nodes (determining left-right lateralisation) exist; one for the head and one for the body
(Levin, 2005). In keeping with this, individuals with situs inversus often retain the language
lateralisation seen in the majority of right-handed normal individuals (Kennedy et al., 1999) as
well as the same incidence of left-handedness as seen in the rest of the population (Torgersen,
1950). The study of non-conjoined monozygotic twins supports this, particularly those
determined ‘bookend’ twin pairs. These twins, who manifest mirror image asymmetry, do not
display the gross visceral laterality defects that occur in conjoined twins. Rather, they display
many subtler kinds of mirror-image asymmetry. These vary from hand preference to hair whorl
direction and tooth patterns (Levin, 2005), but interestingly they only seem to manifest features
involving the head. So there is a strong body of evidence to suggest that the brain develops
asymmetrically. Whilst much less is known about the eye, bookend twins can develop mirrored
myopic anisometropia (Okamoto et al., 2001) and optic nerve dysplasia (Cidis et al., 1997). The
question, then, is how symmetrically do our eyes develop?



Flatfishes are the most asymmetrical vertebrate; during metamorphosis from a symmetrical larval
to the juvenile state the body alters dramatically. Of note, eye migration leads to the eyes being
positioned on one side (ocular) only, with no eyes on the blind side. The hard cranial tissues twist
in the same direction as the migrating ‘blind’ eye, with an increase in skin thickness giving rise to
the pseudomesial bar (a unique bone to the flatfish), possibly aiding migration. Further, the retro-
orbital vesicle is much larger behind the blind eye (Okada et al., 2001). The same appears true in
reptiles (Werner and Seifan, 2006) and birds also show ocular asymmetry (Hart et al., 2000). To
determine whether mammalian eyes develop asymmetrically, an understanding of early

oculogenesis is required.

2.2. Mammalian eye development

In early embryogenesis, shortly after gastrulation, an area of neuroectoderm (the neural plate)
forms from the ectoderm germ layer. This process is strongly inhibited by Transforming Growth
Factor B (TGEP) signalling pathways (Activin/Nodal and Bone Morphogenetic Protein (BMP))
(Chambers et al., 2009; Lupo et al., 2014; Wilson and Edlund, 2001). Subsequent rostrocaudal
regionalisation of the neural plate leads to primitive forebrain, midbrain, hindbrain, and spinal
cord formation. Again, BMP antagonists (produced by the organiser/node) (Wilson and Edlund,
2001) help establish a forebrain (Bachiller et al., 2000). Finally, establishment of transcription
factor gradients (such as the Wingless-related integration site (Wnt)) leads to patterning of

forebrain structures (Heisenberg et al., 2001; Houart et al., 2002).

Following this early patterning, a patch of neuroepithelium within the midline of the presumptive
forebrain arises with an eye identity; the ‘eye field’. Initially it is a single eye field, but One Eyed
Pinhead (Oep), released by the prechordal mesoderm, allows the formation of bilateral,
symmetrical, primitive eyes. Oep down-regulates Cyclops (cyc) that in turn leads to a down-
regulation of Pax6 and ET/TBX3 in the anterior neural plate midline (Li et al., 1997). This
midline down-regulation splits the eye field into a left and right domain (Macdonald et al., 1995).
The midline then gives rise to ventral forebrain. Cyc or Oep mutations lead to the cyclops
developmental abnormality and the failure of ventral forebrain formation (Hatta et al., 1991).
Following successful establishment of bilateral eye fields, the forming of ocular structure can

ensue (Figure 1).

Prior to the emergence of the 3-dimensional primitive eye, dorsoventral patterning of each eye
field parcels specific areas into progenitor domains committed to forming certain structures, such
as the retina and the optic stalk. Specifically, PAX2 and PAX®6 are essential in establishing this
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proximo-ventral character (Megaw et al., 2013; Schwarz et al., 2000). Once eye field patterning
has occurred, a cascade of transcription factors (the description of which are beyond the scope of
this article) instruct optic grooves to protrude from the rostral forebrain, leading to optic vesicles
that extend towards the overlying, non-neural surface ectoderm (Belecky-Adams et al., 1997;
Bovolenta et al., 1998; Burmeister et al., 1996; Chow et al., 1999; Chuang and Raymond, 2001;
Ferda Percin et al., 2000; Furukawa et al., 1997; Grindley et al., 1995; Liu et al., 1994; Loosli et
al., 1999; Mathers et al., 1997; Porter et al., 1997; Wallis et al., 1999; Zuber et al., 1999). Vesicle
invagination forms the double layered optic cups, encapsulating surface ectoderm in the process
to form the early lens placode. This process requires a highly controlled sequence of transcription
factor expression and some evidence from human disease suggests that a certain amount of

laterality exists in this process.

| |
Wt PAX2 PAXG/TBX3 PAXZ Metencephalon

Neural Plate — P22 Mesencephalon
m leoxe
. Hindbrain 1 oep Diencephalon
Prechordal
Mesoderm

Myelencephalon

Spinal
Cord

Telencephalon

Forebrain Primitive Eye

Figure 1. Early eye development and signalling pathways

2.3. Asymmetrical human developmental disease

Mutations in genes involved in early oculogenesis often result in profound defects.
Microphthalmia is a congenital defect that results from reduction in prenatal ocular growth,
whereas anophthalmia is the total absence of an eye. They are often a bilateral phenomenon, yet
those inherited in an autosomal recessive manner can develop asymmetric or even unilateral
disease, even in monozygotic twins (Fleckenstein and Maumenee, 2005). Sox2, a member of the
high mobility group domain transcription factor family, is involved in maintaining pluripotency
but also appears crucial for eye development. Mutations can result in asymmetrical ocular defects
varying from micro- to anophthalmia (Fantes et al., 2003) with some patients even displaying a

normal contralateral eye (Schneider et al., 2009).



Similarly, the Bone Morphogenic Protein 4 (BMP4; part of a family related to the Transforming
Growth Factor-beta Proteins) is involved early in embryogenesis and mutations lead to various
ocular, digital and brain abnormalities including the SHORT (short stature, hyperextensibility,
hernia, ocular depression, Rieger anomaly, and teething delay) syndrome (Reis et al., 2011).
Several of the patients described exhibit marked laterality of their disease. Of note, its location on
chromosome 14 is near OTX2; a well-established cause of asymmetric micro-/anophthalmia.
Again, mutations in OTX2 often manifest with unilateral or asymmetrical disease (Ragge et al.,
2005). Mutations in Thioredoxin domain-containing 10 (TMX3), expressed in the developing eye,
leads to unilateral microphthalmia (Chao et al., 2010) and a maternally-inherited chromosomal
deletion containing TMX3 produced a late-presenting diaphragmatic hernia and unilateral
microphthalmia (Zayed et al., 2010). Surprisingly therefore, TMX3 zebrafish morpholinos result
in a bilateral reduction in eye size; suggesting that alternate genes could compensate for reduced
TMX3 gene dosage. There are however, other animal models of developmental disease that do

lead to asymmetrical phenotypes.

2.4. Asymmetrical development in animal models

ALKB is a 2-oxoglutarate- and iron-dependent dioxygenase that reverses alkylated DNA damage
by oxidative demethylation. Its mouse homologue (Alkbh) is believed to play a role in epigenetic
regulation. Alkbhl-deficient mice are not viable but embryologically they display microphthalmia
and anophthalmia. Morphologically the microphthalmic eyes are aphakic or have a small,
displaced lens with loss of lamination of (swollen) lens fibre cells and vacuoles throughout.
Retina is disorganised and dysplastic with rod and cone inclusions surrounded by outer nuclear
layer cells, forming rosettes. Thickened, ectopic RPE is evident inside the eye. This suggests
Alkbh1 plays a role in eye development and, interestingly, the phenotype affects the right eye,
suggesting a role for Alkbhl in ocular lateralization (Nordstrand et al., 2010). Absence of the
phosphatidylserine receptor (Ptdsr), previously implicated in the recognition and engulfment of
apoptotic cells by phagocytes, was shown to result in mainly unilateral anophthalmia (Bose et al.,
2004).

Animal models of left-right mispatterning also exhibit ocular phenotypes. Pitx2 appears to
provide ‘leftness’ for pulmonary primordia. Interestingly it is mutated in Reiger syndrome, an
autosomal dominant condition characterized by anterior segment dysgenesis. In keeping, the
Pitx2-/- mouse lacks a corneal endothelium (resulting in anterior segment dysgenesis). That said,

while Pitx2 instructs left-right asymmetry and periocular mesenchyme development, no left-right
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eye asymmetry is documented in the knock-out mouse (Lu et al., 1999). A forward ENU-
mutational screen produced a series of ‘gasping’ mice, who displayed a complex syndrome with
defects seen in left-right patterning, cardiac development, neural tube closure, limb patterning,
eye patterning and anterior gut patterning (Ermakov et al., 2009). Retinal pigment epithelium
distribution was abnormal in the embryonic mice with coloboma development in some.
Interestingly, cilia formation in the embryonic node was abnormal. Primary cilia are seen as
crucial in defining a left-right axis in normal development and, of course, modified primary
cilium form the basis of photoreceptor morphology. However, no comment was made on left-

right eye asymmetry.

2.5. Is normal eye development asymmetrical?

In summary, although there is a school of thought that organiser nodes may determine left-right
lateralisation for the head (Levin, 2005), and evidence points to ocular development in mammals
being symmetrical from formation of a midline solitary ‘eye field’ that divides into right and left
(presumed symmetrical) structures (Li et al., 1997; Macdonald et al., 1995), no studies have
actually examined whether normal eye development is influenced by or leads to left-right
asymmetry in mammals. There is no doubt that developmental eye disease can result in
asymmetrical phenotypes (Pasutto et al., 2007) and with a lack of evidence to the contrary we
must assume that this asymmetry in humans is a result of either haplo-insufficiency coupled with
genetic epistasis and/or environmental factors influencing one side rather more than the other.
That said, if brain development is influenced by a separate organiser node (whose role is to
determine left-right lateralisation) then a degree of separation of left eye development from right

would be unsurprising.
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3. Retinal symmetry

3.1. Neuroretina

OCT is a non-invasive and non-contact tool for in vivo cross-sectional imaging of the internal
retinal structure. Since its first description by Huang (Huang et al., 1991) multiple advances in the
engineering of the light source and detector have brought new generations of the technology, with
greater axial resolution and considerably faster scanning speed, resulting in higher-resolution

images of the internal retinal morphology.

The introduction of spectral-domain OCT (SD-OCT), with its capacity for automated measures of
retinal layer thicknesses, has aided the management of retinal diseases (e.g. diabetic macular
oedema) that rely upon accurate information about changes in the retina (Forooghian et al.,
2008). Importantly, there have also been studies of normal healthy eyes, partly to generate
normative data (Realini et al., 2015), as much as to investigate how healthy eyes vary and change
(Kelty et al., 2008). Studies have been performed in children (Altemir et al., 2013; Avery et al.,
2015; Dereci et al., 2015; Huynh et al., 2007; A. Patel et al., 2016), young adults (Dalgliesh et al.,
2015), and the older population (Grover et al., 2009), exploring the range of retinal measures
from retinal nerve fibre layer (RNFL) thickness to macular volume. In addition, as well as cross-
sectional measures, some attempt is being made to understand the natural history of normal
ageing of the retina, and the early signs of sight-threatening pathology, as we seek to discover

interventions that can alter this trajectory in susceptible individuals (Wessel et al., 2013).

3.1.1. Retinal thickness measures in health

Macular thickness: Early studies of OCT-measured macular thickness in healthy eyes explored
demographic associations and differences between racial groups. Wong and colleagues found that
male gender, higher body mass index (BMI) and longer axial length were all associated with a
significantly thicker central retina, in a study of 117 healthy subjects (Wong et al., 2005).
However, they measured only right eyes and so did not comment on interocular symmetry. In
addition, studies comparing racial groups have found thinner macula in African Americans
compared with Caucasians (Asefzadeh et al., 2007; Kelty et al., 2008). These studies did compare
left and right values, but found no significant asymmetry.

12



One study set out to specifically examine interocular symmetry of macular thickness and volume
measurements, in a British population (n=100), and found no significant interocular differences

in foveal thickness, or macular volume (El-Ashry et al., 2008).

However, all the above studies used the older and less precise time-domain OCT (TD-OCT)
technology. There is an unfortunate paucity of large population-based studies of healthy
individuals using the more precise SD-OCT — with its superior resolution - and little comment on

interocular symmetry amongst those that have been published.

The Beaver Dam Eye Study was a large population-based observational cohort study of persons
aged 43-86 years. 1544 of the participants received SD-OCT examination in 2008-2010, of which
977 were found to be healthy and free of retinal pathology (Myers et al., 2015). Unfortunately, no

data on interocular symmetry from this dataset of healthy OCT scans has been published.

The largest resource of OCT data is the UK Biobank, a long-term cohort study following 500,000
volunteers aged between 40 and 69 years in the UK, of which 67,321 participants have had SD-
OCT examination with the Topcon 3D-OCT (Topcon, Tokyo, Japan) (Keane et al., 2016). This is
a tremendous resource, but again, in published reports of the macula thickness data, there are

unfortunately no interocular comparisons (P. J. Patel et al., 2016).

RNFL thickness: In contrast to the lack of data on macular thickness, there is more data on the

RNFL and its asymmetry.

The Sydney Childhood Eye Study in 2003-2004 used the Stratus TD-OCT (Carl Zeiss Meditec,
Dublin, California) to measure RNFL thickness, in the macula and peripapillary region (Huynh et
al., 2007). In their random cross-sectional sample of 1765 school-based children aged 6 years,
they found a low level of interocular correlation of sector RNFL measures, with up to 17 um
difference between the eyes in average RNFL, and 47 um difference in quadrants. There was no
consistently thinner side, right or left, but the high level of asymmetry present was an important
finding, and was later confirmed with SD-OCT in two studies in the paediatric population, one of
108 healthy children aged 6-17 years (Al-Haddad et al., 2014), the other in 357 children aged 6-
13 years (Altemir et al., 2013).

In healthy adult studies, there is more consistent evidence that the RNFL is thicker in right eyes,
even when adjusting for axial length, and excluding anisometropia (Dalgliesh et al., 2015; Yang
etal., 2016). A large cross-sectional study of 617 healthy adults found significant interocular
differences in all quadrants of the circumpapillary RNFL (cpRNFL) (Hwang et al., 2014).

13



These findings of a systematically thicker RNFL in the right eye (particularly temporally) were
previously noted in studies of healthy subjects that used a scanning laser polarimeter, rather than
OCT (Kurimoto et al., 2000). The importance of this finding of interocular asymmetry in RNFL
is discussed further in Section 4.1.2. (glaucoma).

GCL: The ganglion cell layer and inner plexiform layer are often measured as a combined layer
—known as the GC-IPL, or the ganglion cell complex (GCC) - as some SD-OCT machines
cannot reliably discriminate the two layers. In contrast to the RNFL, the GC-IPL does
demonstrate significant interocular symmetry, in studies of (=275, n=158) healthy adults (Lee et
al., 2015; Zhou et al., 2016).

Outer retinal layers: One particularly useful study from Cologne, Germany studied the
symmetry of all retinal layers in 50 healthy individuals aged over 60 years, as a prelude to
investigating the impact of silicon-oil endotamponade affecting those measurements (Caramoy et
al., 2014). From their normal subject data, they reported moderate-to-high correlations between
the eyes for retinal layer measures. although it is of note that RNFL and INL showed the lowest
correlation coefficients, with the outer layer unification of posterior photoreceptor, RPE and
Bruch’s membrane next lowest in right-left concordance (Table 1). The weakness of the study is
that it preceded the software upgrade on the Spectralis SD-OCT that enabled automatic
segmentation of the individual layers. Therefore, the authors manually segmented the layers in
image analysis software, before computing layer thicknesses. Nevertheless, it remains the only

study to have attempted this interocular symmetry investigation of the full retinal layers.
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Table 1. “Measurement repeatability, normative values and concordance of retinal layer volumes in eyes

without macular pathology”

Reproduced from: ‘Retinal layers measurements in healthy eyes and in eyes receiving silicone oil- based
endotamponade’, Albert Caramoy, Katharina M. Droege, Bernd Kirchhof, Sascha Fauser. Acta

Ophthalmologica 2014; 92(4):e292-297. (Caramoy et al., 2014) Publisher: John Wiley and Sons.
Reproduced unaltered under the terms of the Creative Commons Attribution Non-Commercial No

Derivatives License CC BY-NC-ND.

Measurement repeatability

Retinal layer volumes (mm?)

Mean + SD
. . . Concordance between
Variables Right eye Left eye Right eye Left eye right and left eyes ICC CCC
MACVOL r=0.989 r=0.988 3.101+£0.127  3.100 £0.136 r=0.921 0.992
p <0.001 p <0.001 p <0.001 0.984
r.=0.919
RNFL r =0.905 r=0.931 0291 £0.023  0.291 +0.027 r=0.734 0.949
p <0.001 p <0.001 p <0.001 0.949
r.=0.724
GCLIPL r =0.966 r=0.952 0.745 +0.056  0.740 + 0.060 r=0.918 0.975
p <0.001 p <0.001 p <0.001 0.942
r.=0.913
INL r =0.808 r=0.649 0.307 £0.025 0.313 +0.026 r=0.759 0.892
p =0.005 p=0.042 p <0.001 0.509
rc=0.736
Calculated inner r=0.914 r =0.846 1.342+0.081 1.344 +£0.086 r=0.901 0.935
retinal layers p <0.001 p =0.002 p <0.001 0.825
r. =0.899
OPLONLPIS r=0.999 r =0.996 1.102 £0.071  1.108 +0.070 r =0.946 0.999
r=0.999 r=0.996 p <0.001 0.994
rc =0.942
POSRPEBM r=0.870 r=0.930 0.644 £0.030  0.650 +0.029 r =0.855 0.914
r=0.870 r=0.930 p <0.001 0.856
rc=0.841
Calculated outer r=0.987 r=0.982 1.747 £0.082 1.758 +0.078 r=0.934 0.989
retinal layers p <0.001 p <0.001 p <0.001 0.978
re =0.924

r = Pearson's product-moment correlation coefficient, rc = concordance correlation coefficient according to Lin. ICC
= Intra class correlation coefficient for intra-examiner reproducibility, CCC = concordance correlation coefficient for
interexaminer reproducibility, MACVOL = macular volume, RNFL = retinal nerve fibre layer, GCLIPL = ganglion
cell layer and inner plexiform layer, INL = inner nuclear layer, OPLONLPIS = outer plexiform layer, Henle's fibre
layer, outer nuclear layer and inner part of the photoreceptor layer, POSRPEBM = posterior part of the photoreceptor
layer, retinal pigment epithelium and Bruch's membrane. Calculated Inner Retinal Layers = RNFL + GCLIPL + INL,

Calculated Outer Retinal Layers = OPLONLPIS + POSRPEBM.
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There are far fewer studies investigating the symmetry of outer retinal layers. In part, this is due
to a limitation of OCT technology. The reflectance image produced by a SD-OCT machine is
often misinterpreted as corresponding exactly to the anatomical neuronal layers. Whilst it is
reasonably representative of the inner retina layers’ thicknesses, the reflectance of the outer layers
and more importantly the boundaries of those layers create reflectance lines on the OCT image
that are far ‘thicker’ than the histological layer they are attributed to. Recognition of the
importance of correct interpretation of the OCT image in the outer retina is reflected in recent
updates on the nomenclature for these layers, for example the renaming of the inner-outer

photoreceptor junction line as the ellipsoid zone (Staurenghi et al., 2014).

There are other imaging modalities that can be used to look the outer retinal layers. One study
used a prototype adaptive optics retinal camera (rtx1: Imagine Eyes, France) to look at the
parafoveal cone photoreceptors, in 20 healthy subjects (Lombardo et al., 2013). Despite finding a
significant variation in cone density between subjects, there was a high level of interocular
symmetry in each subject, with largely symmetrical cone densities at all locations measured (ICC
> 0.86, P <0.001).

OCT machine normative databases: Normative databases within the software of SD-OCT
machines provide useful visual references of normality for individual patient scanning episodes.
However, these normal databases have been incorporated with the assumption of complete retinal
symmetry. For example, the Heidelberg Spectralis (Heidelberg Engineering, Heidelberg,
Germany) device normative database for macular thickness is based upon a study of 201 healthy
volunteers, where one eye was used and the machine now uses that same normative spread

identically for each eye, (Grover et al., 2009)

Data on the normative database for the Spectralis SD-OCT nSite RNFL thickness protocol is not
expressly published, but can be retrieved from the device by generating multiple varied-age
hypothetical subjects on the device. This process reveals identical normal values for left and right

eyes.

The same assumption of symmetry of all retinal layer thicknesses is seen on the normative data
within the Cirrus SD-OCT (Carl Zeiss Meditec, Dublin, California) machine (Liu et al., 2011).

In summary, from the published data on interocular comparisons of retinal layer thicknesses

using SD-OCT in healthy eyes, it appears there is indeed a degree of asymmetry, particularly in
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the RNFL, in all age groups, and this appears systematic even when adjustments are made for
refraction and biometry. In the past, we may have assumed interocular asymmetry within the
retina was an abnormal sign, and in need of further investigation. But it is now clear that
significant asymmetry of retinal layer thicknesses exists in health, throughout life, and this should
be accounted for in both clinical and research settings. Much larger studies with adequate
numbers of subjects at different age strata are required to provide reliable data on when

asymmetry strays outside the bounds of normality in each region or layer of the retina.

3.1.2. Hereditary retinal disease

Uniocular pigmentary retinopathy is usually caused by either inflammation or trauma. Unilateral
retinitis pigmentosa (RP) has long been proposed (Dreisler, 1948) and case reports exist in the
literature (Farrell, 2009; Joseph, 1951; Kolb and Galloway, 1964; Mehra, 1962; Spadea et al.,
1998; Thakur and Puri, 2010; Weller et al., 2014). Indeed, the prevalence of unilateral disease has
been reported to vary between 0.02 and 5% depending on the population studied (Gauvin et al.,
2016) but its existence has been a controversial one. To confirm that the disease is truly inherited
retinitis pigmentosa, a diagnostic electroretinogram is required and other, rarer causes of
unilateral pigmentary retinopathy such as cancer-associated retinopathy and acute zonal occult
outer retinopathy must also be ruled out (Francois and Verriest, 1952). Ideally, a mutation
associated with RP must be proven.

Most of the isolated case reports and cohorts of unilateral RP have come without genetic
diagnosis, but in recent years some evidence has emerged that it could be a genuine disease.
Entirely unilateral RP has been documented in patients who have USH2A mutations (Marsiglia et
al., 2012) and it has even been shown that unilateral disease can result from inheritance of
germline mutations, as in the case of a member of a family with an RP1 mutation

(Mukhopadhyay et al., 2011). The pathophysiology of disease can only be speculated upon.

Genetic disease can affect just one eye, as in the case of retinoblastoma. Similarly, it has been
proposed that a somatic mutation in a progenitor cell during the development of the ‘unaffected’
retinal tissue could cause a mosaicism that confers protection on the ‘normal’ eye and ameliorate
the effect of the disease-causing mutation. Alternatively, such a somatic mutation could
accelerate retinal degeneration in an eye already compromised by a germline mutation. Thus, a

form of ‘localised’ genetic epistasis could cause one eye to degenerate at an increased rate. The
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discovery that RP in the ‘healthy’ eye has been shown to manifest 30 years after the diagnosis of
unilateral RP supports this (Gauvin et al., 2016) and so we are no closer to determining if

unilateral retinitis pigmentosa truly exists.

3.1.3. Age-related macular degeneration

The commonest retinal pathology, and the leading cause of visual loss in age over 50 is age-
related macular degeneration (ARMD). This is well-known clinically as a bilateral disease, and
usually broadly symmetrical in phenotype, albeit often with non-concurrent development. The
last decade has seen acceleration in our understanding of genetic susceptibility to ARMD, and
also the epigenetic mechanisms that influence progression and severity (Gemenetzi and Lotery,

2014). We should therefore expect symmetry of disease; however, this is not always seen.

Mann and colleagues (Mann et al., 2011) examined colour fundus photographs from 1114
patients with early or late stage ARMD. In early stage disease, drusen were graded and counted,
and a good level of symmetry was shown, with a mean difference in number of drusen of 0.2,
although with a large variance. For later stage of ARMD, defined as the presence of choroidal
neovascular membrane (CNV) or geographic atrophy (GA), there was much less symmetry, with
only 61% demonstrating a symmetrical phenotypic classification. Obviously, this exceeds the
expected level of symmetry if eyes were independently affected by the disease, however it does
suggest some unknown factor influencing the progression of the disease, leading to asymmetry at

a single time-point, and possibly even end-point.

Their findings with respect to symmetry of drusen in early ARMD align with earlier smaller
studies (Barondes et al., 1990; Gass, 1972). For later-stage or neovascular ARMD, there is
asymmetry in cross-sectional studies, but much of that may reflect non-concurrent development,
so it is interesting to also look at end-point of disease for final phenotype. Here, we see a higher
level of symmetry, in the type of CNV (Chang et al., 1995) and consequent macular scarring
(Lavin et al., 1991) or atrophy (Bellmann et al., 2002). A retrospective review of the participants
in the Beaver Dam Eye Study found that subjects who developed any type of ARMD had a very
high level of interocular similarity in phenotype, with 51% within 1 severity grade, and 90%
within 2 severity grades (Gangnon et al., 2015),
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Therefore, for ARMD, there is asymmetry in timing of progression, but reasonable symmetry in
eventual outcome in phenotype. This likely reflects the complex genetic/environmental

interactions that contribute to this heterogenous disease.

3.1.3. Retinal detachment

The Scottish Retinal Detachment Study prospectively recorded 1202 cases of rhegmatogenous
retinal detachment (RRD) across Scotland, and found right eyes were more commonly affected
than left (54.9% vs 43.4%; p < 0.0001) (Mitry et al., 2011). This could not be explained by
myopic anisometropia, or any other risk factors for RRD. The authors query whether this was
associated with ocular dominance in some way, but this remains unknown. A further
retrospective study of laser retinopexies for treating retinal tears also found a higher number in
right eyes (Mahroo et al., 2015).
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3.2. Retinal vasculature morphometry

The advent of digital retinal imaging with image processing and analysis techniques over the past
two decades has enabled a thriving field of research, particularly around retinal vascular topology
(Patton et al., 2006b). Much of the work is focused on identifying and classifying pathological
changes, for example in stroke and diabetes, (Doubal et al., 2009; MacGillivray et al., 2014)
however any such development of biomarkers requires a thorough understanding of healthy
vasculature and its natural history. There has been an assumption that there is a high level of
symmetry between our eyes with regards to the retinal vessel morphology, but there has been

little direct examination of this assumption.

Setting reliable criteria by which to judge the symmetry of the retinal vasculature is challenging.
We know that the overall shape of the retinal vasculature in the left and right eye is broadly
symmetrical, but detailed properties of the vasculature much less so: that is the specific path and
shape of individual vessels, the location of bifurcations and junctions, and the values of various
morphometric indices commonly found in the literature of retinal biomarkers of non-ocular

disease, such as tortuosity, branching angles and geometry, and vessel calibres (or widths).

Here we offer a computational viewpoint, based on our experience of developing the VAMPIRE
suite of computer software for retinal image analysis (Perez-Rovira et al., 2011; Trucco et al.,
2015, 2013a; Pellegrini et al., 2014). We identify issues that, in our view, play a crucial role in
assessing reliably and meaningfully left-right eye symmetry, accompanied by an overview of

relevant work.

3.2.1. Retinal vascular biomarkers

Quantitative analyses on left-right eye symmetry are mostly embedded in papers concentrating on
other issues, typically the investigation of retinal biomarkers. The retina is unique in allowing
easy, in vivo observation of a rich microvascular network simply and non-invasively. Confirming
that morphometric properties of the retinal microvasculature are predictive of microvascular
change in the brain and other organs, therefore contributing to early risk assessment, is a major
area of research activity (MacGillivray et al., 2014). Indeed, detailed clinical observations of
characteristic fundus features have led to the identification of early indicators of a range of non-
ocular conditions such as stroke (Baker et al., 2008; Doubal et al., 2010), hypertension (Wong et
al., 2007), cardiovascular disease (Liew and Wang, 2011), and of diabetic retinopathy (Cheung et
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al., 2010). Also, retinal blood vessels may contribute to risk assessment for neurovascular
diseases, as they are part of the brain’s vascular system, thus sharing anatomical features and

responding similarly to stress and disease (London et al., 2013; Patton et al., 2005).

3.2.2. Retinal vasculature software analysis

VAMPIRE (Vessel Assessment and Measurement Platform for Images of the REtina) is an
international initiative led by the Universities of Edinburgh and Dundee (Scotland, UK). The
main software tool is interactive and allows operators to measure efficiently more than 100
morphometric parameters of the retinal vasculature per image in large numbers of fundus camera
images. Measurements include classic retinal biomarker candidates like summative measures of
vessel calibre near the optic disc, estimates of vessel tortuosity, and the fractal dimension of the
vascular network, computed by zone, quadrant and vascular tree. Figure 2 shows intermediate
structures computed by the tool, namely the production of a binary map of the vessels, and the
analysis of the arteriole and venule size and morphometry. Images are processed in batches and
results saved in tabulated spreadsheets. Further VAMPIRE software tools enable a similar semi-
automatic analysis of the retinal images produced by scanning laser ophthalmoscopes, such as
Heidelberg Spectralis SLO (Cameron et al., 2016) and the ultra-widefield-of-view retinal images
acquired by Optos SLO (Pellegrini et al., 2014).
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Figure 2. Computerised analysis of the retinal vasculature morphometry appearing in colour fundus
imaging of the right and left eyes of an individual, using VAMPIRE. Image processing automatically
detects retinal vessels in these fundus images to create binary maps where vessel pixels have been marked
white and everything else remains black. Further processing classifies vessels as either arteries (red) or
veins (blue), identifies the vessel boundaries (yellow) to compute width and measures additional
properties such as vessel tortuosity, branching geometry and fractal dimension of the detected network
pattern. Here, only a few arteries and veins are labelled for illustrations.
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3.2.3. Assessments of vessel symmetry

High levels of correlation between retinal vessel diameters measured in right and left eye pairs
have been reported in the Blue Mountains Eye Study, a large Australian population study, which
examined 3,654 community-dwelling people aged over 49 years. Pearson correlation (r) was used
in a random subsample (n = 1546) for summary indices of the width of retinal arterioles (CRAE,
or central retinal arteriolar equivalent; r = 0.70), venules (CRVE, or central retinal venular
equivalent; r = 0.77) and the arteriole-to-venule ratio (AVR, or arteriole-to-venule ratio; r = 0.52)
(Leung et al., 2003). However, a Bland-Altman analysis revealed only a reasonable level of
agreement, and that the mean arteriolar diameter was slightly but consistently larger (~2%) in the
right eye compared to the left. The authors nevertheless concluded that measurements of retinal

vessel diameter from one person’s eye were adequate in representing the other bye].

Similar levels of correlation were reported in a sample of images (n = 838) from the Beaver Dam
Eye Study (Wong et al., 2004). Similar r values were found to those in the Blue Mountains Eye
Study for CRAE (r = 0.71), CVRE (r = 0.74) and AVR (r = 0.49). The authors also looked at the
association of retinal arteriolar diameters and blood pressure and found it to be similarly strong
using either eye. Their conclusion regarding the interchangeability of eyes for measuring vessel
diameters was again one of adequacy. They did not further define “adequacy” in terms of

sensitivity and reliability.

Using VAMPIRE, we have measured the fractal dimension of the retinal vascular network as a
means of quantifying the branching pattern at it appears in fundus camera images in a
community-dwelling cohort aged 73 years (n = 648) in the context of an investigation on retinal
biomarkers for cognitive decline. We found only moderate correlations between left and right
eyes (r = 0.403 — 0.582) (Taylor et al., 2015).

Other features of the retinal vasculature are also thought to reveal abnormalities or have the
capacity to demonstrate deviation away from the optimal or healthy network arrangement, and
may thus be indicative of disease. We have previously studied vessel tortuosity and branching
geometry in the context of right and left eye asymmetry with data from the UK Biobank
(MacGillivray et al., 2015). We accessed fundus camera images for a subset of participants
(n=957). Using VAMPIRE software, 4 operators measured, per image, tortuosity for the 2
thickest arterioles and 2 thickest venules as well as branching geometry for 3-5 arteriolar and 3-5
venular bifurcations from locations detected automatically. The software calculated the median

for each set of measurements in order to summarise arteriolar and venular indices. Ocular
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bilateral agreement was assessed using intraclass correlation coefficient (ICC) (2-way mixed

model) analysis. Single measure coefficients and 95% confidence intervals (CI) bre reported]. [Commented [ET3]: where? in table 2?

Spearman’s correlation coefficient was also used to examine correspondence between right and
left eye measurements. Statistical analyses were performed using SPSS software version 22.0
(SPSS Inc, Chicago, Illinois, USA). While positive but low correlations (<0.223) were present
and significant (<0.05) for all variables, ICC agreement between retinal parameters measured in
separate eyes was poor (<0.142) (Table 2). Bland-Altman analysis revealed average differences
between right and left eyes close to zero for all measurements (Table 2). The greatest mean
difference was between measurements of right and left arteriolar branching angle (mean
difference=0.319°; 95% CI, 29.54 to -28.90). Figures 3 to 8 plot the absolute difference in
measurements (left minus right eye) against the mean of left and right eye measurements.
Examination of the Bland-Altman plots show that the difference in variance increases with higher
values. Higher values demonstrate greater variance for all measurements, particularly log

transformed tortuosity (Figures 7 and 8).

These findings ldo not provide support ffor the assumption of bilateral equivalence of retinal Commented [ET4]: worth mentioning, politely, the poor
quality of UKBB fundus images?

vascular branching and tortuosity measurements.
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Table 2. Analysis of interocular symmetry from UK BioBank VAMPIRE study (MacGillivray et al., 2015)

Vessel VAMPIRE N Right Left Bland Altman Spearman’s
measure
Mean (SD) Mean (SD) ICC (95% CI) Mean difference (95% limits of agreement)  Coefficient P value
Arteriole BA 966 74.400 (11.205) 74.719 (11.200) .115 (.05-.18) 0.319 (29.54 to -28.90) 0.117 0.0003
BC 964 1.234 (0.217) 1.192 (0.192) .036 (-.03-.10) -0.042 (0.051 to -0.060) 0.064 0.05
Tortuosity 1085 -6.796 (0.89) -6.76 (0.92) .141 (.08-.20) -0.033 (2.30 to -2.36) 0.223 <0.0001
Venule BA 1079 72.068 (9.241)  72.122(10.023) .142(.08-.20) 0.054 (24.80 to -24.69) 0.141 <0.0001
BC 1076 1.161 (0.13) 1.14 (0.14) .042 (-.02-.10) -0.023 (0.34 to -0.39) .064 0.036
Tortuosity 1087 -6.515 (1.04) -6.57 (0.99) .059 (.00-.12) 0.051 (2.78 to -2.68) 0.110 <0.0001

Note. BA, branching angle; BC, branching coefficient; SD, standard deviation; ICC, intraclass correlation coefficient; Cl, confidence interval.

Tortuosity analyses conducted on transformed (natural log) data.
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Figure 3. Bland-Altman plot of the difference in arteriolar branching angle (BAa, left eye minus right)
against the mean of BAa of left and right eyes for UK Biobank sample (n=966)
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Figure 4. Bland-Altman plot of the difference in venular branching angle (BAv, left eye minus right)
against the mean of BAv of left and right eyes for UK Biobank sample (n=1079)
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Figure 5. Bland-Altman plot of the difference in arteriolar branching coefficient (BCa, left eye minus
right) against the mean of BCa of left and right eyes for UK Biobank sample (n=964)
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Figure 6. Bland-Altman plot of the difference in venular branching coefficient (BCv, left eye minus right)
against the mean of BCv of left and right eyes for UK Biobank sample (n=1076)
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Figure 7. Bland-Altman plot of the difference in log transformed arteriolar tortuosity (log TORTa, left eye
minus right) against the mean of log TORTa of left and right eyes for UK Biobank sample (n=1085)
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Figure 8. Bland-Altman plot of the difference in log transformed venular tortuosity (log TORTYV, left eye
minus right) against the mean of log TORTV of left and right eyes for UK Biobank sample (n=1087)
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3.2.4. Which vessel parameters define symmetry?

The level of symmetry between right and left retinal vascular morphology remains an open and
complex question. If this symmetry must be assessed quantitatively, various definitions and

choices must be established.

Firstly, the choice of direct or composite metrics of retinal vessels. Direct measurements are those
measured directly on individual vessels, like vessel widths or tortuosity. Composite
measurements, e.g. CRVE, CRAE and the ratio measurement AVR, are obtained from formulae
combining direct measurements. Similar to large-scale properties, like the approximate shape and
size of the main arcades (e.qg. ellipse or parabola), they have the advantage of providing a
summative assessment across the vasculature of one eye, but at the risk of potentially losing

precision or sensitivity to small changes in a small number of retinal vessels.

Our work seems to indicate that different features may have different degrees of symmetry.
Lower agreement between eyes is usually found for AVR, in comparison with CRAE and CRVE
(Leung et al., 2003). This is of course expected, as errors introduced in the measurement of
CRAE and CRVE would be amplified in the calculation of their ratios (Kronmal, 1993). Previous
studies have reported slightly lower correlations for arteriolar widths than for venular widths
(Couper et al., 2002; Leung et al., 2003; Wong et al., 2004). It was suggested that this is likely a
reflection of the larger diameter of the retinal venules, but also the greater precision of
measurement of venular width due to the greater contrast between the retinal background and the

venule than for arterioles.

3.2.5. Choice of statistical measures of symmetry and agreement

The choice of statistical tools to investigate left-right symmetry for a given measure and a given
context (purpose and task) needs careful thought, as different indices reflect different types of
association. For instance, Pearson correlation is a measure of linear dependence, and does not
measure general agreement. A highly significant and large correlation coefficient can occur with
gross bias (Bland and Altman, 1986; Ludbrook, 2002).

The ICC is a ratio of between-groups variance to total variance and reflects the degree of
agreement between measurements. Results can be interpreted using the following criteria: 0.00 -
0.49 = poor, 0.50 - 0.74 = moderate, and 0.75 - 1.00 = excellent (Portney and Watkins, 2015). For

some purposes, ICC will be sufficient. However, although ICC avoids the error of restricting
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agreement to linear association for agreement, it is largely dependent on the range of values
measured: the greater the variability between subjects, the higher the ICC value (Patton et al.,
20064a).

Bland-Altman limits of agreement analysis has become increasingly popular method to examine
agreement in clinical studies (Bland and Altman, 1986). Bland-Altman plots can be useful to
illustrate the relationship between measurements from right and left eyes. This method involves
calculating the difference for each pair of values and plotting these differences against the
corresponding means for each pair. The values of the differences should be normally distributed
and should be equally spread along all levels of the corresponding mean. The upper and lower
limits of agreement (+ 1.96 SD of the mean difference) reflect the boundaries within which 95%
of the differences are expected to lie. Determining the level of agreement is a matter of clinical
judgement. The plots can inform on the variability of agreement along the measurement scale,
identify systematic bias or trend in the mean difference as well as extreme outliers (Patton et al.,
2006a). Murray and Miller demonstrated the superiority of Bland Altman analysis over

correlation in determining agreement (Murray and Miller, 1990).

3.2.6. Quantifying measurement uncertainty and error

How should we quantify measurement uncertainty and its effect on statistical inference? Any
measurement is subject to an uncertainty (limited accuracy) due to a number of factors, including
image quality (MacGillivray et al., 2015), algorithm accuracy, image resolution, operator
accuracy and repeatability for semi-automatic systems (Trucco et al., 2013b) to name only a few.
The effects of such uncertainty on the reliability of statistical inference may have been
underestimated. The situation is exacerbated in fully automatic systems, which do not try to limit

uncertainty by operator corrections.

For instance, the reported accuracy of automatic artery-vein classification is around 90% (with

specific data sets) (Dashtbozorg et al., 2014; Relan et al., 2013). What quantitative effect does a
10% error in vessel classification have on a statistical analysis taking the data at face value? It is
possible that errors in measurement, artery-vein misclassification and image quality may distort

the degree of asymmetry measured using computer-assisted techniques.

30



3.2.7. Linking vessel measures to known physiological outcomes

Like other (but not all) measures, symmetry can be tested by measurement, i.e. comparing values
of the same measurement (e.g. AVR) from the two eyes, or by outcome, i.e. comparing the results
of associations with a given outcome (say the association with hypertension) using left and right-
eye measurements independently. Both protocols have merits and are worth pursuing, ideally in

parallel, although arguably the latter is the more important scientifically.

A truly comprehensive investigation should consider the variation of measurements in time,
ideally over various time scales. It is known that vessel width, for instance, varies significantly
within the pulse cycle, although there is no ultimate agreement about ranges (Hao et al., 2012;
Knudtson et al., 2004) and no studies have used retinal fundus images that were gated to the
cardiac cycle to increase consistency of measurement. It is also known that most retinal features
change with age (Klein et al., 2000; Leung et al., 2003; Wong et al., 2003). Basing conclusions

upon a single, random point in time seems to provide no more than an initial indication.
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4. Brain and visual pathway symmetry

4.1. Optic nerve

In this section, we look at optic nerve symmetry in health, and in the most common pathologies
of the optic nerve: glaucoma, ischaemic neuropathy and optic neuritis, which all demonstrate
some laterality. We also compare these findings with the symmetry seen in hereditary optic

neuropathies.

4.1.1. Optic nerve anatomy and normal ageing

The optic nerve is around 6cm long, and is divided into 4 sections based on its path: intraocular,
intraorbital, intracanalicular and intracranial (Wichmann and Muller-Forell, 2004). It is
surrounded by meninges, and a subarachnoid space that is continuous with the corresponding

intracranial subarachnoid space around the brain and spinal cord.

At a macroscopic level, our optic nerves are anatomically grossly symmetrical, in size and in
course. Radiological scanning with computer tomography (CT) and magnetic resonance imaging
(MRY), along with B-scan ultrasound of the intraorbital optic nerve, have all enabled
measurements of the optic nerve and interocular comparisons to be made, in health, as well as in

pathology; albeit to the limit of their resolution.

MRI studies of the optic nerve evolved in an early attempt to understand the pathophysiology of
low-tension glaucoma (Stroman et al., 1995), and other optic neuropathies (Golnik et al., 1996).
A comparison of MRI measures of optic nerve diameter in 23 living human subjects, with
histology of 3 cadaveric specimens demonstrated a high level of agreement between the two, and
also addressed interocular symmetry, finding no significant average interocular difference.
(Karim et al., 2004). The same study confirmed that the diameter of the optic nerve gets thinner
more posteriorly: 3.99 + 0.04 mm anteriorly to 3.50 £ 0.04 mm posteriorly, reflecting reduced
connective tissue within the nerve. There was no interocular difference throughout their length
(Karim et al., 2004).

Optic nerve sheath diameter (ONSD) has become a more commonly studied measure, with
computed tomography (CT) (Bekerman et al., 2016) or with B-scan ultrasound (Dubourg et al.,

32



2011; Newman et al., 2002) due to its clinical relevance of potentially providing a means of

identifying or monitoring raised intracranial pressure.

A recent Turkish study of healthy population-based volunteers (n=198) used CT to measure the
dimensions of the intraorbital optic nerve (Ozer et al., 2016). They looked at the left-right
symmetry and found no significant difference in optic nerve length. However, they did find a
difference in ONSD, with right mean ONSD 5.53mm and left 5.61, p=0.009. When the whole
study group was separated into male and female groups for separate analysis, this finding of a

thicker mean left ONSD persisted in males, although it lost significance for the female group.

One study examined for differences between MRI and CT measures of ONSD (n=100) and found
that the two modalities have very similar measures (Kalantari et al., 2013) at a threshold for
discrimination of 0.2mm. Agreement between CT or MRI, and ultrasound, is less well-
established, with one study reporting good agreement (Shirodkar et al., 2015) whilst another
reports poor agreement (Giger-Tobler et al., 2015). Measurement of ONSD with ultrasound is
clearly more convenient, but appears to be more variable. A study in healthy volunteers found
symmetrical ONSD measurements at the resolution of the device (0.1-0.2mm) but high inter-
operator variation of 0.6-0.7mm (95" centiles) (Ballantyne et al., 2002). With these unresolved
issues of agreement and repeatability, we are unlikely to be able to make conclusions on optic

nerve interocular symmetry at present.

More precise, microscopic measure of the optic nerve is feasible for the more accessible anterior
intraocular section, with retinal imaging; and of course the primary component of the optic nerve
— the retinal ganglion cells’ axons - continues into the nerve fibre layer, which is now quickly and
precisely measured with SD-OCT. Attention has been on attempting to understand the natural
course of the optic nerve integrity through life, and the trajectory of normal ageing, by focussing
studies on children and in the elderly. Through the published data in some of these studies, we

can identify aspects relevant to our question of interocular symmetry.

A recently published study looked at the feasibility of using a handheld SD-OCT device in a
range of children ages, from 1 day old to 13 years (n=352), to study optic nerve head
development (A. Patel et al., 2016). Their focus was on the feasibility, quality and reliability of
the imaging, and generation of some normative data for this population. However, they also

reported the data and showed a high intraclass correlation coefficient (ICC) between the eyes for
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measures of optic disc diameter (ICC=.892) and cup-to-disc ratio (ICC=.755). This symmetry

continued as the discs slowly enlarged in size over the age groups of children being studied.

However, other studies have shown a greater degree of asymmetry in optic disc morphology in
older children (Altemir et al., 2013; Huynh et al., 2007) particularly in measures of cpRNFL as
discussed in Section 3.1.1. Altemir suggests setting the interocular difference in cup-to-disc ratio
at a threshold of 0.25 before considering it pathological, reflecting the significant asymmetry in

cup-to-disc ratios observed.

Macula and RNFL measurements change with normal ageing, with one study showing average
RNFL thickness to decline by an average of -0.52 pum/year, with faster rates of decline in the
superior and inferior sectors (-1.35 um/year and -1.25 pm/year respectively) (Leung et al., 2012).
This study however, included only 70 eyes of 35 subjects and had a relatively short follow-up
time of 30 months. Similar rates of age-related decline in macular GC-IPL thickness have also

been reported (Leung et al., 2013).

In a review of healthy elderly participants of the Blue Mountains Eye Study, they analysed the
optic disc morphology in the 1276 healthy participants who had HRT3 (Heidelberg Retina
Tomograph) scans of both eyes available (Li et al., 2013). They also found a high correlation

between eyes in disc area, but poor correlations of cup depth, cup volume and RNFL thickness.

4.1.2. Glaucoma

Glaucoma is a progressive optic neuropathy and common cause of irreversible blindness (Tatham
et al., 2015). The major, and only modifiable, risk factor is raised intraocular pressure (IOP).
Glaucoma is characterised by accelerated loss of retinal ganglion cells (RGCs) leading to
thinning of RGC-related retinal layers, including the ganglion cell and inner plexiform layers
(GC-IPL) and retinal nerve fibre layer (RNFL), and thinning of the neuroretinal rim leading to
enlargement of the cup of the optic disc. These structural changes are associated with progressive

loss of visual field.

Loss of visual field can be detected using automated perimetry, however many patients with
glaucoma develop structural changes before a repeatable field defect becomes apparent (Kass et
al., 2002). Glaucomatous changes to the optic nerve head can be detected with slit lamp
biomicroscopy or using optical coherence tomography (OCT), which provides an objective,

guantitative measure of glaucomatous damage, for example using measurements of
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circumpapillary RNFL (cpRNFL) thickness. OCT can also be used to detect glaucomatous
macular changes including decrease in total macular and macular GC-IPL thickness (Hood et al.,
2013).

Although glaucoma is typically a bilateral disease, asymmetry is common, particularly in the
early stages (Medeiros et al., 2005). For example, the Blue Mountains Eye Study found that of
those with glaucomatous visual field loss, 50.5% had unilateral defects and 49.5% bilateral
defects (Lee et al., 2003). In fact, it is the emergence of asymmetry between the eyes that alerts
the ophthalmologist to the possibility of glaucoma. Interocular differences in 10P (Cartwright and
Anderson, 1988; Levine et al., 2006; Williams et al., 2013), optic disc characteristics (Armaly,
1969; Ong et al., 1999), OCT measurements of cpRNFL and macular thickness (Gugleta et al.,
1999; Sullivan-Mee et al., 2013), and visual field sensitivity (Greenfield et al., 2007; Levine et
al., 2006) are all features that raise suspicion of glaucoma. Indeed an interocular difference in
cup-disc ratio of more than 0.2 has long been quoted as a diagnostic criterion for glaucoma
(Armaly, 1969).

The detection of interocular asymmetry in optic nerve or macula parameters has some possible
diagnostic advantages over using isolated measures from one eye. For example, OCT normative
databases are often used to classify cpRNFL thickness as normal, borderline or outside normal
limits, however, normative databases consist of relatively few subjects, and these subjects have
homogenous ocular and systemic characteristics (Realini et al., 2015) (Figure 9). Parameters such
as cpRNFL thickness exhibit wide overlap between healthy subjects and those with early
glaucoma and are influenced by patient-specific factors including age, gender and ethnicity,
increasing the chances of patients with different characteristics to those included in the normative
database being misclassified. As many of these factors are intrinsic to the individual and will not
influence interocular asymmetry, using the fellow eye of the same individual for comparison may
overcome some of these limitations (Sullivan-Mee et al., 2013). Eye-specific factors such as axial
length, which also exhibit wide inter-individual variation, and influence structural measurements,
are also likely to be similar between eyes and so have less influence on interocular asymmetry (Li
et al., 2013). A patient’s fellow eye could therefore serve as a useful comparative reference for

the index eye.
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Figure 9. Optical coherence tomography circumpapillary retinal nerve fibre layer (cpRNFL) thickness
analysis for a patient with glaucoma in both eyes (OD=right eye, OS=left eye) showing localised
inferotemporal RNFL thinning in both eyes. Both eyes are classified outside normal limits with average
RNFL thicknesses of 88um in the right eye and 72um in the left.
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Several investigators have examined whether assessment of macular or optic nerve asymmetry is
useful for discriminating between glaucomatous and healthy eyes and asymmetry analysis is now
incorporated in commercial OCT software for glaucoma detection. The Blue Mountains Study,
which also examined asymmetry in optic disc parameters in healthy compared to glaucomatous
subjects found interocular asymmetry of vertical cup-disc ratio to be more common in those with
glaucoma than healthy controls (Ong et al., 1999). 24% of those with glaucoma had cup-disc ratio
asymmetry of > 0.2 compared to only 6% of healthy subjects. 10% of those with glaucoma had
cup-disc ratio asymmetry > 0.3 compared to only 1% of healthy subjects. Therefore, although a
large difference in cup-disc ratio was likely to indicate abnormality, relatively few patients with
glaucoma had such a difference and asymmetry was present in some healthy individuals. The
authors concluded that asymmetry in vertical cup-disc ratio alone is unlikely to beneficial as a
tool for detecting glaucoma in a population. They did not report whether right or left eyes tended

to have the larger cup-disc ratio.

OCT is a more sensitive and objective tool for detecting asymmetry in retinal and optic nerve
structure, however, there are surprisingly few studies examining interocular differences in
cpRNFL and macular thickness in glaucoma. In 2008, using older generation time-domain OCT,
Budenz reported a study of 108 normal volunteers where cpRNFL thickness had been measured
in both eyes (Budenz, 2008). The mean cpRNFL thickness was significantly thicker in right
compared to left eyes, with an average thickness difference of 1.3 um (95% confidence interval
0.4 umto 2.2 um, P=0.004), with 95% tolerance limits of -10.8 pm and +8.9 pm. This suggested
that, in a normal individual, total cpRNFL thickness should not differ by more than 9 to 11 um
between eyes. The conclusion was that differences greater than 9 to 11 um might represent early

glaucoma (Budenz, 2008).

Subsequent studies have confirmed that healthy subjects have differences in cpRNFL thickness
between right and left eyes, which are important when considering whether indices of asymmetry
could be used for glaucoma detection. Using the spectral-domain Cirrus OCT, Dalgliesh and
colleagues examined 1,500 healthy subjects aged 16 to 19 years (Dalgliesh et al., 2015). Similar
to the findings of Budenz, right eyes had significantly thicker total cpoRNFL than left eyes but the
average difference was less at 0.3 pm (P=0.0074). The 2.5% to 97.5% limits of asymmetry were
9.3 um. Dalgliesh and colleagues also performed macular imaging but there was no significant
difference in average macular thickness between right and left eyes. The 2.5% to 97.5% limits of

asymmetry was 8 pm for average macular thickness (Dalgliesh et al., 2015).
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Others have reported similar findings, with the difference in total cpRNFL thickness between
eyes maintained, even after accounting for differences in axial length and disc area, parameters
known to affect cpRNFL thickness (Ha et al., 2002; Mwanza et al., 2011; Park et al., 2005).
There do however appear to be regional differences, with right eyes found to have significantly
thicker average, inferior, nasal and temporal, but not superior cpoRNFL compared to left eyes
(Mwanza et al., 2011), and these differences possibly depend on ocular dominance rather than
being intrinsic to laterality (Choi et al., 2014). Asymmetry may also be related to other factors
such as age and race. For example, the African Descent and Glaucoma Evaluation Study
(ADAGES) found healthy subjects of African Descent had larger asymmetry in optic nerve
parameters such as cup volume and rim volume, however the effect of race lost significance after

adjusting for disc area (Moore et al., 2013).

Asymmetry analysis is now included in OCT software to aid glaucoma diagnosis, for example,
the Spectralis SD-OCT has a “posterior pole asymmetry analysis” (PPAA) scanning protocol that
acquires thickness measurements from the central 20 degrees of the posterior pole and compares
them to the fellow eye (Asrani et al., 2011) (Figure 10). The device automatically segments
Bruch’s membrane and the internal limiting membrane and calculates the distance between.
Thickness measurements are then displayed in an 8 x 8 (64 cell) colour-coded grid centred on the
fovea, with each cell representing a 3 x 3 degree square area. The grid is positioned along the
fovea-optic disc or fovea-Bruch’s membrane opening (BMO) axis (Jacobsen et al., 2015).
Software then performs an interocular analysis by comparing thickness measurements in each cell
to corresponding regions of the fellow eye and an intraeye analysis by comparing superior and

inferior hemifields in the same eye.
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Figure 10. Optical coherence tomography posterior polar asymmetry analysis for the same patient as
Figure 1. The majority of cells in the left-right eye (OS-OD) asymmetry plot are shaded greyscale
indicating thinner retinal thickness in the left compared to right eye. In contrast, few of the cells in the left
eye are thinner than the right (right-left (OD-OS) asymmetry plot). The hemisphere analysis indicates that
the inferior retina in both eyes is thinner than the superior retina. The patient has a difference in macular
thickness of 17 pm (280-263 um), which is greater than the 5um suggested as cut-off for detection of
glaucoma by Sullivan-Mee and colleagues (Sullivan-Mee et al., 2013).
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Sullivan-Mee and colleagues evaluated the ability of the PPAA-protocol to differentiate healthy
and glaucomatous eyes (Sullivan-Mee et al., 2013). In a study of 100 eyes, including 50 with
early perimetric glaucoma and 50 healthy controls interocular coRNFL asymmetry had excellent
ability to differentiate healthy and glaucomatous subjects with an area under the receiver
operating characteristic curve (AUC) of 0.921, comparable with the best individual eye
parameters (Sullivan-Mee et al., 2013). There was a wide range of normal cpRNFL values in
healthy subjects (95% confidence interval of 80 to 116 um), however variation in interocular
difference in cpRNFL thickness was relatively small. Interocular difference in cpRNFL thickness
was only 2.7 um (95% CI 0 to 8.5 um) in healthy subjects, compared to 14.6 pm (95% CI 2.5 to
33.0 um) in those with glaucoma (P <0.001). Using a diagnostic threshold value of 4.3 pm
interocular difference in cpRNFL thickness achieved specificity of 82.4% for 80% sensitivity,
and a cut off of 7.2 pm achieved specificity of 66% at 95% sensitivity. These results were similar
to Field and colleagues who also found inter-eye asymmetry in cpRNFL thickness to be greater in
those with glaucoma than controls (Field et al., 2016). An interocular difference in total coRNFL
thickness of 6.0 um was determined the optimal cutoff value, achieving a sensitivity of 74% for

specificity of 90% for differentiating normal and glaucomatous subjects.

Using the PPAA-protocol, Sullivan-Mee and colleagues also found interocular differences in
macular thickness to have excellent diagnostic ability (Sullivan-Mee et al., 2013). Average
macular thickness asymmetry was only 2.0 um (95% CI 0 to 5.3 um) in healthy subjects
compared to 10.8 pm (95% CI 0 to 27.0 pm) in those with glaucoma. Interocular difference in
macular thickness achieved an AUC of 0.913, with a cut off of 2.5 um difference between eyes
achieving 88.1% sensitivity for 80% specificity and a cut off of 4.2 um achieving 82.5%
sensitivity for 95% specificity. Coefficients of variation for interocular macular thickness,
interocular cpRNFL thickness and total cpRNFL thickness were 0.46%, 2.81% and 10.2%
respectively, indicating interocular coRNFL thickness asymmetry to have 6.1 times greater
variability than macular thickness asymmetry and total cpRNFL thickness to have a 22.2 times
greater variability than interocular macular thickness. The mean interocular difference in
cpRNFL thickness (14.6 um) in glaucoma patients was 2 times higher than the suggested cut off
value for detecting abnormality (7.2 um), further indicating the possible value of cpRNFL
asymmetry as a diagnostic tool. However macular thickness asymmetry performed even better,

with an average value in glaucoma patients (10.8 pm) 2.5 times greater than the suggested cut-off
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of 4.2 um. The authors suggested that an interocular macular thickness asymmetry of 5 pm or
more, or an interocular cpRNFL thickness asymmetry of 9 pm could be useful cut offs to indicate

glaucoma (Sullivan-Mee et al., 2013).1

It is important to note, however, that 70% of patients with glaucoma included in this study had
visual field loss in only one eye. One would expect measures of asymmetry to perform more
poorly in patients with a similar degree of damage to right and left eyes and for performance to
vary at different stages of disease. In advanced glaucoma, the cpRNFL and macular become too
thin for OCT to detect further change, a phenomenon known as the floor in structural measures
(Tatham et al., 2015). Performance of asymmetry indices is therefore likely to be worse in
advanced disease, however in advanced disease, the diagnosis of glaucoma is usually
straightforward without recourse to imaging or asymmetry analyses. Detection of early glaucoma
is more challenging and in equivocal cases, recognition of asymmetric structural change may

prove a useful aid to diagnosis, albeit, used in parallel with raw measurements from each eye.

A further limitation of current asymmetry metrics is the lack of a database of ranges of
interocular asymmetry in healthy subjects that could inform decision-making regarding likelihood
of disease. Jacobsen and colleagues have gone some way to addressing this problem by using the
PPAA-protocol to obtain normal values for asymmetry in 105 healthy subjects aged 18 to 45
years (Jacobsen et al., 2015). The average interocular macular thickness asymmetry was only 5.6
pum (95% CI 4.6 to 6.5 um) suggesting macular thickness to be remarkably symmetrical between
right and left eyes of healthy subjects, similar to the findings of Sullivan-Mee and colleagues
(Sullivan-Mee et al., 2013). However, asymmetry increased with age (0.04 um per year, 95% CI:
0.02-0.06 pm) and was greater in men compared to women so these factors may need to be taken
into account when determining if asymmetry is normal or not. The greatest asymmetry was in the
superior and inferior nasal cells, probably due to the location of the vascular arcades in this
region, which are included in the segmentation by the Spectralis OCT software. Further research
into the relationship between ocular dominance and retinal thickness may also necessitate
modifications to current OCT normative databases, for example, if dominant eyes are found to
have a thicker cpRNFL than non-dominant eyes, the normal cpRNFL ranges may need to be

adjusted depending on which eye is imaged.

It is also important to highlight the potential value of measuring intraeye asymmetry, or the
difference in structural or functional characteristics between superior and inferior hemifields of

the same eye. This is a potentially attractive option given that in healthy subjects the distribution
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of RGCs is almost symmetrical between the superior and inferior halves of the retina (Curcio and
Allen, 1990). Interestingly, one measure of intraeye asymmetry, the glaucoma hemifield test
(GHT) has been used in automated perimetry for almost 25 years (Asman and Heijl, 1992). The
GHT compares the intraeye visual field sensitivity in superior and inferior hemifields to
determine whether an eye is within, borderline or outside normal limits. Intraeye asymmetry in

retinal thickness is also evaluated in the PPAA-protocol of the Spectralis OCT.

Asymmetric loss of RGCs in glaucoma can also be detected using tests of visual function such as
perimetry or pupillometry. Recently several investigators have examined whether detection of
asymmetry in the pupillary light reflex might be useful for glaucoma detection (Chang et al.,
2013; Gracitelli et al., 2016; Tatham et al., 2014). A recent review article found 30 studies
examining the ability of a relative afferent pupillary defect (RAPD) to differentiate glaucomatous
and healthy eyes, however the pooled sensitivity was only 63% (Chang et al., 2013). The pooled
specificity was 93% however many other conditions can cause a RAPD and although the
presence of a RAPD is likely to indicate an abnormality, asymmetry in pupillary light reflex is

unlikely to have good discriminatory value.

Given that in healthy subjects cpRNFL thickness seems to be greater in right compared to left
eyes, it is also interesting to consider whether glaucoma might preferentially affect one side.
There is very little research examining laterality in glaucoma. A recent pilot study, which
examined sleep position in glaucoma patients, did report lower cpRNFL thickness and worse
visual field sensitivity in the left eye, which seemed to correlate to increased time sleeping on the
right hand side (Kaplowitz et al., 2015). It is possible that sleep position might influence ocular
perfusion, with decreased perfusion a possible risk factor for glaucoma. Sleep laboratory studies
have also shown patients with glaucoma tend to have greater asymmetry in intraocular pressure
fluctuation than controls (Liu and Weinreb, 2014).
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4.1.3. Optic neuritis

Optic neuritis describes an inflammation of the optic nerve, and is a term usually used in the
swelling and demyelination seen in multiple sclerosis (MS)-associated optic nerve inflammation
— the commonest cause of inflammatory optic neuropathy. Symptoms are usually unilateral

although imaging and other tests may show bilateral involvement,

Few papers on unilateral optic neuritis report the affected side. The optic neuritis treatment trial
(ONTT) did report this information in their second publication (Optic Neuritis Study Group.,
1991). Of the 448 patients enrolled in the ONTT study, the right eye was affected in 49.6% of
cases. No further comment was made on this, or any association between side and outcome, or
between side and brain abnormalities on MRI. 49.6% does not represent a significant difference
between left and right, from this sample size, with a one-sided t-test.

Nevertheless, the importance of optic neuritis and vision in understanding the pathway and
progression of multiple sclerosis is increasingly recognised (Balcer et al., 2015). OCT
measurement of RGC loss is now an agreed marker for clinical monitoring of MS, as well as an
outcome measure in investigative trials (Saidha et al., 2015). Through increased use of OCT in
MS trials, and correlation with brain changes, questions regarding symmetry or asymmetry in the

disease pathophysiology and its presentation will be answered.

This ability to precisely (and easily) measure small changes in neuroretinal thickness, has led to a
surge in research activity investigating the feasibility of such measures being surrogate markers
of central brain white matter neural integrity in other neurological diseases such as Alzheimer’s
dementia (Cameron and Tatham, 2016; Thomson et al., 2015). The presence and relevance of

symmetry within these measures is likely to emerge in coming years.

4.1.4. Hereditary optic neuropathies

Hereditary optic neuropathies are generally considered as bilateral symmetrical diseases.
Symmetrical in anatomical appearance, as well as in their functional impact upon vision.
Advances in molecular understanding of their development, particularly with regards to
mitochondrial dysfunction, have enabled better understanding of their pathophysiology and their
broader phenotypic spectrum, benefitted diagnosis and counselling, and created potential for

treatment strategies (Yu-Wai-Man et al., 2011).

43



Leber hereditary optic neuropathy (LHON) is a relatively acute and severe loss of central vision,
occurring in young adults. The presence of optic nerve head swelling at acute presentation is a
known finding, and the new technology of OCT-angiography has also revealed circumpapillary

microangiopathy and dilated tortuous retinal vessels are present (De Rojas et al., 2016).

The typical presentation of LHON is of bilateral sequential optic nerve involvement, with the
second eye affected usually within a few months. This does vary widely however, and it is the
asymmetry in timing of onset of the disease that has led to speculation on possible environmental
factors (Kirkman et al., 2009). In fact, one case is reported of an 18-year interval between eye
involvement (Ohden et al., 2016). Unilateral cases are very rare, but have been reported
(Nikoskelainen et al., 1996; Sugisaka et al., 2007).

This asymmetry, along with variability in the clinical expression of the disease, and the marked
incomplete penetrance, mean there is much still to learn about LHON. The precipitant or trigger
for the optic nerve dysfunction is still unknown, and the asymmetry in symptom onset may reflect

an asymmetry between the mitochondrial reserve or resilience between left and right optic nerves.

Autosomal-dominant optic atrophy (DOA) has a similar prevalence to LHON but has a more
gradual onset, and progression, and with a higher penetrance than LHON (Yu-Wai-Man et al.,
2010). Whilst there is wide phenotypic variability, it carries a slightly better visual prognosis than

LHON, although again no treatments are currently available.

Clinically, the presentation is more symmetrical in timing than LHON, and an OCT study of 16
patients with DOA measured RNFL thinning in both eyes, and found them “highly
symmetrical”, although did not quantify this (Kim and Hwang, 2007).

Congenital optic disc abnormalities such as disc coloboma and megalopapilla are rare but also

appear to demonstrate laterality.

Megalopapilla describes a congenitally enlarged (area > 2.5mm?), but functionally normal optic
disc (Brodsky, 1994; Franceschetti and Bock, 1950). It can be divided into two types: Type 1 is
bilateral, and the more common Type 2 is unilateral (Randhawa et al., 2007). Patients are
asymptomatic, with normal vision, visual fields, and normal rim volume when assessed with
HRT3 (Sampaolesi and Sampaolesi, 2001). It is not associated with thicker optic nerves

however, but has been described in association with contralateral optic nerve hypoplasia (Ahuja
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and Traboulsi, 2010). It is not associated with glaucoma or any progressive change, and the cause
of the abnormality is unknown, although a small genetically isolated population in the Marshall

Islands was found to have a relatively high incidence of the finding (Maisel et al., 1989).

Optic disc coloboma is a deep excavation of the inferior disc, sometimes with absence of the
adjacent area of retina and choroid, and with a wide range of syndromic associations (Dutton,
2004). Occurring as result of incomplete fusion of the two sides of the optic cup, PAX2 gene
mutations have been thought responsible, possibly via impaired astrocyte differentiation (Chu et
al., 2001). However, with equal incidence of unilateral coloboma as with bilateral, a more
complex interaction of transcription factors during ocular morphogenesis is likely, perhaps with
SoxC factors such as sox4 which is known for altering proximo-distal patterning of the optic

vesicle in a zebrafish model of eye development (Wen et al., 2015).
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4.2. Optic radiation, thalamus and visual cortex

In this section, we will first consider the normal neuroanatomy of the visual pathways before
describing neuroanatomical and functional lateralisation and asymmetry of the visual pathways in
the healthy brain. We will then review asymmetry in the diseased brain concentrating first on
cerebrovascular disease and then on other brain diseases with respect to the visual pathways. It is
beyond the scope of this article to describe the well documented structural and functional

asymmetries in other areas of the brain.

Of note, when considering the brain, despite obvious asymmetries between the cerebral
hemispheres being the norm, many computational image analysis programs and approaches
assume that the brain is symmetrical and rely on intrinsic built-in steps that warp the brain of
interest (i.e. that is being analysed) to a ‘standard space’ that makes the brain appear far more
symmetrical than it actually is (Dickie et al., 2015). These steps can also change the size of
individual structures relative to others, particularly small structures (Valdés Hernandez et al.,
2015). For this reason, we prefer to perform computational brain image analysis using ‘native
space’ (i.e. described simplistically, the original brain stays in its original form) and registration
and computational algorithms that preserve the original size and shape of the brain being
processed (Wardlaw et al., 2011a). Such approaches are likely to yield far more biologically
reliable results, particularly when relating aspects of brain structure to other variables outside the
brain, than those analysis approaches that change the fundamental shape and size of the brain to

make it fit into a framework for the convenience of the computer program.

4.2.1. Visual pathway symmetry in the healthy brain

In considering symmetry in the visual pathways distal to the optic chiasm it is useful to first
review the neuroanatomy. After the optic chiasm, nerve fibres connect to the thalamus,
predominantly the lateral geniculate nucleus (which has 6 distinct layers which receive
information from both the ipsi- and contra-lateral eye). It is felt that the LGN has a role to play in
retinotopic mapping to the occipital cortex and that the pulvinar nuclei is concerned with
attention when there are competing visual stimuli and may connect to the parietal lobe and the
visual cortex (Kastner et al., 2004). From the LGN, projections proceed through the optic
radiation to the left or right occipital lobes V1 region, and from there to V2 (Usrey and Alitto,
2015).
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Thalamus — lateral geniculate nucleus: When examining the parts of the thalamus that deal
with the visual pathways there are little data to suggest that the thalamus demonstrates clear
structural asymmetry in the case of the lateral geniculate nucleus. Functional mapping of the
human LGN with BOLD MRI shows that both left and right LGN project symmetrically to the
primary visual cortex with flickering stimuli in the left and right visual hemifields (Kastner et al.,
2004). There is some evidence however that the medial geniculate nucleus (which plays a key
role with connections to the primary auditory cortex) in the thalamus demonstrates asymmetry
(Eidelberg and Galaburda, 1982) and this was postulated to reflect lateralisation of speech

function to the dominant hemisphere.

Thalamus — pulvinar nuclei: The pulvinar nuclei predominantly receive afferent projections
from the visual cortex and often display bilateral hemifield sensitivity. There are no obvious
structural differences between the left and right pulvinar nuclei, however functional imaging with
BOLD MRI suggests that during certain tasks related to attention and in particular shift of visual
attention the left pulvinar might exhibit more activation that the right pulvinar nucleus (Cotton
and Smith, 2007) and that this may correlate with left parietal lobe activation during shift of
attention (Yantis et al., 2002). We should stress however that the functional organisation of the

pulvinar nuclei (in contrast to primate knowledge) is not yet fully understood.

Optic radiation: In keeping with the thalamus there is no clear evidence of asymmetry in the
optic radiations leading from the thalamus to the occipital cortex, except differences in length or

distribution required to match asymmetries in the occipital lobes which are common.

Occipital cortex: In contrast to the other areas of the post chiasmal visual pathways there is clear
evidence of asymmetry between left and right in the occipital cortex (perhaps reflecting a
difference in embryological development or disease but also that the occipital cortex is a larger
part of the brain and easier to measure). Petalias (asymmetrical protrusion of one part of the
cerebral cortex compared with the other side, named initially after the indentations seen in the
skull base) have been described in the frontal and left occipital cortex on CT (Le May and Kido,
1978), early MRI (Kertesz et al., 1986) and confirmed in voxel based morphological MRI
analysis (Watkins et al., 2001).

Perhaps unsurprisingly given the clear structural asymmetry demonstrated in the occipital lobes
there is emerging evidence that there is asymmetry evident in the functional anatomy of these
areas. BOLD analysis to visual stimuli demonstrates that there is a general lateralisation of

cerebral activity towards the right hemisphere for early visual cortex areas and for areas involved
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with higher level visual processing (e.g. attention) — corrected for other factors and only partly
explained by an increased grey matter volume in these areas (Hougaard et al., 2015) and this
laterality shifted to the left with increasing age. This bias may explain the phenomenon of left
field preference in some visual perception tasks (Verleger et al., 2009). Fascinatingly, right
cortical electrical stimulations were more likely that left cortical stimulations to produce visual
hallucinations in patients with epilepsy (Jonas et al., 2014). Further demonstrating the
lateralisation present in many higher visual centres, the processing of symmetry perception
appears to produce more activity in the right posterior regions (Bertamini and Makin, 2014), and
colour discrimination is also processed in the right cerebral hemisphere (Danilova and Mollon,
2009).

4.2.2. Cerebrovascular disease impacting the visual pathway

The brain is supplied by the two carotid and two vertebral arteries. While the internal carotid
arteries are generally of similar size and flow velocity, the vertebral arteries are commonly
asymmetrical. The Circle of Willis, through which the two internal carotid and basilar arteries
(via the posterior cerebral arteries) anastomose, is commonly incomplete and asymmetrical. Thus,
internal carotid artery asymmetry of flow velocity or diameter during a radiological examination
would trigger a hunt for a reason (Lewis and Wardlaw, 2002), whereas vertebral asymmetry is
the norm and in fact can create difficulties in assessing whether the flow on one side might be
pathological in the presence of posterior circulation symptoms. Given that the vertebral arteries
usually join together to form the basilar artery which then supplies most of the posterior fossa,
asymmetrical disease in the vertebral arteries does not usually lead to asymmetrical disease in the

posterior cerebral arteries.

In our experience of many 1000°s of neck artery examinations over the last 25 years, a recent
moderate to severe ischaemic stroke with a thrombus in a major intracranial artery will reduce the
flow velocity in the affected proximal neck artery and can make it appear smaller than the
contralateral normal artery immediately after the stroke; the flow velocities and sizes may then
become more symmetrical as the intracranial thrombus resolves either with treatment or
spontaneously, such that by a week to 10 days after the stroke, the carotid and vertebral arteries
will appear more symmetrical although the vertebral arteries remain more asymmetrical than the

internal carotid arteries.
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Asymmetry of neck arteries may result from an incomplete Circle of Willis. For example, a
persistent foetal pattern in the right posterior cerebral artery (where it arises from the internal
carotid artery with no connection to the basilar artery) results in the right internal carotid artery
supplying the whole of the right cerebral hemisphere, may make the right internal carotid artery
appear larger and carry more blood than the left internal carotid artery, where the posterior
cerebral artery is mainly supplied from the basilar artery and hence the left internal carotid artery

only supplies the anterior two thirds of the left cerebral hemisphere.

The variability in the Circle of Willis and effect on the proximal neck arteries are also modified
by factors such as development of atheroma (which rarely develops symmetrically) or other
acquired arterial disease like dissection. It is common for atheroma to develop asymmetrically in
the carotid arteries even though the internal carotid arteries themselves when normal have fairly
symmetrical flow velocities and are of symmetrical diameter. The reasons for asymmetrical
development of carotid atheroma are not well understood but may relate to various daily habits
such as which side the subject typically sleeps on. The cerebral circulation commonly adapts to
narrowing in one artery by opening collateral pathways elsewhere which increases asymmetry.
Hence there is a tendency for the arteries to become more asymmetrical with advancing age as

vascular disease accumulates.

Having said that, the flow velocities and size of the middle cerebral arteries (the major
intracranial arteries that supply at least half to two thirds of the cerebral hemispheres) are usually
fairly symmetrical whereas the anterior and posterior cerebral arteries are much more variable. As
above, thrombus in an artery will reduce the flow and make it appear asymmetrical to the other
side. This asymmetry gradually reverts to more symmetric pattern as the lesion resolves. The
degree of asymmetry is proportionate to the severity and proximal location of the occlusion and
to the extent of the brain affected (Brint et al., 1996; Wardlaw et al., 2011b, 1993).

Studies of stroke report a higher proportion of patients with left sided stroke than right (56%
versus 44% in a large German series, n >11000) (Foerch et al., 2005) but, while there are a few
pathophysiological reasons for this to occur, it is more likely that this represents the lateralisation
of higher cerebral functions (in particular neglect) so that right brain strokes are less likely to be
recognised by the individual and hence under reported and under recognized (Hedna et al., 2013).
This theory was supported by evidence from the Rotterdam population based study demonstrating

that there were more incident left than right hemisphere strokes reported but equal prevalence of
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left and right cerebral hemisphere infarcts on magnetic resonance imaging (Portegies et al.,
2015).

Theoretical reasons why cardiac emboli may be more likely to pass up the right than the left
common carotid arteries (cardioembolic sources accounting for about a quarter of ischaemic
strokes) include that the origin of the right CCA is located more directly above the aortic origin
than is the left CCA. Therefore the presence of any asymmetry should not be surprising.
Additionally, the distribution of infarcts in a study depends on patients surviving for long enough
to get into the study; differences in survival between right and left hemisphere strokes may

influence perceived laterality (Sposato et al., 2016).

All forms of ‘silent’ cerebrovascular disease that have been studied to date tend to result in
symmetrical distribution of lesions in the brain including white matter hyperintensities (WMH),
lacunes (Valdés Hernandez et al., 2015), microbleeds, and secondary features such as
perivascular space prominence and cerebral atrophy (Wardlaw et al., 2013). While the symmetry
may not be perfect, in general these features of microvascular disease appear in both cerebral
hemispheres and on both sides of the brainstem and progress fairly evenly on both sides, even
when there is evidence of grossly asymmetric disease such as a tight atheromatous stenosis in one
of the proximal internal carotid arteries but not the other (Potter et al., 2012; Wardlaw et al.,
2014). Indeed the symmetry of features such as WMH is such that in some situations (e.g. where
a discrete infarct in the contralateral hemisphere makes differentiation of the WMH difficult for
image processing) it is reasonable to assess one hemisphere only and double it as a proxy for

disease load in the whole brain (Valdés Hernandez et al., 2016).

None of the factors influencing symmetry in the neck or large intracranial arteries have been
taken into consideration in any studies of retinal vascular geometry to date, nor have there been

comparisons of symmetry of retinal features and distribution of cerebral small vessel lesions.

4.2.3. Other brain disease

There are minimal data on symmetry of the effect upon the visual pathways in other brain
diseases. There is some accumulating evidence that brain parenchymal asymmetry may influence
or be associated with other cognitive disorders including dementia (Cherbuin et al., 2010;
Derflinger et al., 2011). In patients with dementia there is symmetrical left/right reactivity in the
PCA using light stimulation and TCD (Asil and Uzuner, 2005).
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Demonstrating clear lateralisation of higher visual functions, right cortical electrical stimulations
were more likely than left cortical stimulations to produce visual hallucinations in patients with

epilepsy (Jonas et al., 2014).

In summary, there are clear lateralising and asymmetrical differences between the left and right
visual pathways for higher cortical visual functions but less evidence of laterality for basic
retinotopic mapping. Clearly disease can lead to asymmetry, but this remains a relatively

unexplored area of research.
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5. Implications for studies and statistics

5.1. assumptions of symmetry

No biological system is likely to produce identical right and left versions, whatever the structure
is, but the important question is not ‘are they the same’ but ‘when are they importantly
different?’. ‘Importantly different’ would include, for example, when looking for some
association between some feature and the retina, are the results different depending on whether
the left or the right eye measures are used in the analysis? We have shown clearly that symmetry
of any retinal or ocular structure, or the brain and major vessels to which it is connected, cannot
be assumed. Hence until the above question has been answered rigorously, there are many
circumstances where use of one eye as a proxy for both eyes is likely to lead to misleading results

in a non-systematic and unforeseen manner.

5.2. “2n eyes of n subjects...”

The independence of discrete data values within an analysis is essential, if statistical tests are to
reasonably represent the sample, and avoid misleading the reader. Non-independence, such as
multiple observations from the same individual, create bias within the data, as well as artificially
inflating the sample size, which can result in spurious statistical significance (Altman and Bland,
1997). This important concept of ‘units of analysis’ is particularly relevant to studies involving
our eyes, and necessitates caution and consideration before planning ophthalmic studies, as well

as in the critical interpretation of published work.

The Ophthalmic Statistics Group is a network of medical statisticians in the UK, engaged in
developing standards and improving quality of ophthalmic research. They recognised the
importance of the ‘units of analysis’ issue and addressed it in the first of their published
‘Ophthalmic Statistics Notes” (Bunce et al., 2014). Their focus is on studies that involve
treatments for ocular disease, and outcome measures, however their advice on avoiding bias and

error has wider relevance.

Studies that wish to utilise the data from both eyes of participants need to address the statistical
challenges that this produces. Two eyes from one participant cannot be independent subjects, due
to the paired cluster bias associated with our eyes being highly similar, and therefore statistical

strategies are required to account for this. The choice of how we use both eye data will depend
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upon the nature of the study, and whether the observations are subject to confounding from the

paired eye.

The Beaver Dam Eye Study used all eyes in their analysis, confirming that “Analyses were done
in each eye separately, and relationships between each covariate and retinal thickness measure
were modelled using generalized estimating equations with an exchangeable working correlation
structure to account for correlation between the 2 eyes from a single participant” (Myers et al.,
2015).

Using one eye data per patient avoids this potential for bias, however has the disadvantage of
wasting half of the measured data. A UK Biobank study examining associations with macular
thickness used one random eye from 32,062 subjects in their analysis (P. J. Patel et al., 2016).
Bunce and colleagues suggest we use one random eye from each participant for initial analysis,
and the paired eye data as a repeat analysis for validity (Bunce et al., 2014). However, this
process assumes a high level of symmetry between the eyes, and we would suggest some

modification is needed to this advice.

Armstrong noted the potential for systematic differences between the eyes in his earlier review of
ophthalmic studies’ handling of eye data (Armstrong, 2013). With increasing evidence of this
asymmetry, it is now more important than ever to choose carefully the statistical analysis that is
appropriate for the study, considering the emerging evidence for asymmetry between the eyes, in
both health and disease.
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6. Discussion

From the chiral asymmetry of elementary particles to the handedness of biological life of all
types from bacteria to humans, the universe is one of fundamental asymmetry. In nature we see
evidence of adaptation to the environment that necessitates asymmetric physical form, and
functional changes (Berg, 1991; Hegstrom and Kondepudi, 1990).

We have known for many centuries the asymmetric location of organs within our bodies. It is not
therefore surprising that we can now identify similar systematic (non-random) asymmetry
between paired structures at a microscopic level. Our visual system conceals this well within a
sensory system that so clearly demonstrates bilaterality, and functions best when right and left are

conjugate and integrated.

However, in this review, we have explored how asymmetric our visual system is, with structural
and functional differences between left and right sides, both in healthy development and in
pathological disease. But more importantly, we have seen how this may be an important
developmental adaptation, with greater understanding of the genetic control of patterning during

development.

An early understanding of the genetic control of tissue specification and asymmetry in neuronal
connectivity came from work with the Drosophilia fly (Cutforth and Gaul, 1997; Hsiung and
Moses, 2002). Recent work discussed in Section 2 now provides further evidence for asymmetric
healthy eye development. Modern genetic and epigenetic theories of biological asymmetry point
to left-right patterning and separation at an early embryonic stage, and a prediction that more

unilateral genetic diseases will be identified in the future (Ma, 2013).

A plausible explanation (or perhaps consequence) of neuroretinal asymmetry would be sighting
ocular dominance, a concept that remains contentious (Mapp et al., 2003), and poorly understood,
in the absence of amblyopia, anisometropia or media opacity (Schwartz and Yatziv, 2015).
However, ocular dominance is not associated with interocular macula thickness asymmetry
(Pekel et al., 2014), but possibly associated with macular GC-IPL thickness (Choi et al., 2016)
and RNFL thickness (Choi et al., 2014), although the preponderance for right-sided dominance
(in common with motor dominance) is a confounding issue. In fact, work from animal models
suggests ocular dominance is a property of the visual cortex, rather than the anterior visual

pathway, with recent MRI techniques suggesting this may be true for humans also (Jensen et al.,
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2015). Objective measurement or quantification of ocular dominance has proved challenging
(Chaumillon et al., 2015) with even visual-evoked potentials (VEPs) proving insufficiently

sensitive to assess eye dominance.

We have shown that the order of magnitude of the choice of measurement will influence the
precision with which we can identify and measure asymmetry. The evolution of technologies
such as OCT is bringing ever greater resolution, and potential to measure microscopic changes
within the retina. An inevitable threshold of discrimination will be reached where differences can

be detected in all structures, but clearly these differences may be of insignificant magnitude.

Nevertheless, perhaps we should be attempting to quantify the degree of asymmetry in each of
the retinal parameters discussed, as a baseline level of asymmetry from which pathology may
change this value. Terms such as ‘asymmetry index” have an established role in studies of
fingerprint asymmetry (Buchwald and Grubska, 2012) and facial attractiveness (Hume and
Montgomerie, 2001), where quantitative indices of asymmetry are used to explore relationships

with other biological factors, as well as an outcome measure in randomised trials.

Ultimately, we cannot continue to assume symmetry within our eyes and visual pathways. Such
assumptions are not only now invalid, but have perhaps been obscuring important findings in eye

and brain research.

We need to revisit the development and use of normative data of retinal measures, that are used
within OCT devices and similar. Larger sample sizes as well as recognition of interocular
asymmetry will provide more meaningful and scientifically valid reference datasets. Equally, the
assumption of symmetry cannot be used as a marker of validation or success of new technologies

for quantitative imaging of the retina, such as retinal vasculature morphology.

As imaging modalities become more sophisticated in generating long-term data derived from an
ever-expanding repertoire of non-invasive tools, it is timely to consider the relevance of both
single and paired eye datasets in clinical academic enquiry. In dissecting the determinants of
interocular symmetry and neurovascular patterning in development and disease it is clear that
there are unanswered questions in how laterality differences might be utilised in research and
clinical practice. Researchers should avoid the potential pitfall of forcing an expectation of
symmetry on paired structures and clinicians should be aware of both the benefits and limitations

in extrapolating single eye data to the fellow eye in diagnosis and prognosis.
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7. Future Directions

At the heart of understanding biological symmetry is the complex genetic initiation of patterning
in development. Biological pruning is a necessary process in neural and vascular morphogenesis

in early development and continues throughout life (Watson et al., 2016).

Exploration of the bilateral patterning in post-natal remodelling of the neurovasculature of the
retina and visual pathway is required to inform interpretation of variance in symmetry indices
which occurs in healthy ageing. The impact of asymmetric retrograde and antegrade influences
on both structure and function requires systematic study of the clinical and neuropathologic
correlates arising in unhealthy aging and disease. Short and long-term changes occurring over the
life course in determining asymmetry in the eye and visual pathway might well be reflective of,
and act as a surrogate for understanding brain change. In order to test this hypothesis, the starting
point should be to address the question of what signalling pathways and cellular mechanisms

drive symmetry and deviations from mirror image mapping in neurovascular morphometry.

This appreciation for the biological processes involved in shaping structural symmetry can
underpin the development of ophthalmic imaging devices, that are now so ubiquitous within
clinical practice as well research environments. Greater use of captured data will facilitate

improved normative datasets, which will in turn provide greater clinical reference.

Finally, from a computational point of view, we see deep learning techniques increasingly

making their way into large collections of clinical data [(Fauw et al., 2016). Our discussion has

concentrated on morphology, and ignored a wealth of other and arguably not always independent
factors, e.g. haemodynamic and physiological parameters. We have today the tools to take an
increasingly holistic view of symmetry, as well as of biomarkers, including a large variety of
feature types in the pool of independent variables. Strategies are under way to extract the
maximum information from a single patient-imaging episode, providing multi-modal imaging
data, and guiding us towards the potential for compound metrics (Cameron et al., 2016). And
with large-scale datasets and images now being imported into artificial intelligence systems

(Armstrong, 2016), this is only going to grow.
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