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ABSTRACT

An Investigation of the potential disability associated with amblyopia
and its associated conditions; the contribution of the amblyopic eye.
Keywords; Amblyopia, Strabismus, Anisometropia, Binocular Vision, Stereopsis,
Human Movement, Suppression
In the past decade, considerable attention has been paid to examination of the impact of
amblyopia, and strabismus, upon the lives of the individuals. Although an extensive
amount of literature exists regarding amblyopia and its associated visual defects, little is
known about the contribution of the amblyopic eye in the habitual viewing condition
(i.e. both eyes viewing). The purpose of these studies was to determine whether
amblyopes are disadvantaged in the performance of tasks under habitual viewing
conditions, highlighting any functional differences which may exist as a consequence of
amblyopia. Secondly, the work aimed to investigate whether the amblyopic eye
contributes to the habitual performance of these tasks.
A simple light detection task, in a dichoptic arrangement based upon blue/yellow
stimuli viewed through yellow filters, was used to investigate the above two aims and
investigate the degree of interocular suppression in amblyopic participants. Using a 3D
motion analysis system performance was assessed for an obstacle crossing task
(adaptive gait) and a task of reaching for and grasping of an isolated object and in a
‘cluttered’ environment. Fine motor skills were assessed in a threading a needle task.
On the whole it was found that amblyopes are not disadvantaged under habitual viewing
conditions, and in cases where differences were found to exist this appeared to be in
tasks requiring speed and accuracy. Consistently across all studies it was found that the
amblyopic eye contributed in a positive manner, thus, as in visual normals, two eyes are
better than one.
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For My Parents & Grandparents
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“Nature gave us two eyes, so there is one to spare”
Calbert I Phillips (1987)

“To the one eyed golfer all greens appear flat”
George Godber (1987)
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CHAPTER 1
INTRODUCTION AND GENERAL REVIEW

1.1 Introduction

“There is a lack of good quality research into the natural history of the target
conditions (amblyopia, refractive errors and small angle strabismus), the disabilities
associated with them and the efficacy of available treatments”

“There is insufficient evidence in the literature to draw any firm conclusions about
the impact of these conditions (amblyopia and strabismus) upon quality of life”
(Snowdon and Stewart-Brown, 1997b)

Although a number of definitions exist (chapter 4 section 4.1.1), amblyopia is
commonly defined as a reduction in visual acuity when the eye(s) have been optimally
corrected, and which is structurally normal and free from pathology. Amblyopia is
typically unilateral, and is clinically defined as a ≥2 line visual acuity difference,
between the two eyes (von Noorden, 2002). In some cases amblyopia may also be
bilateral i.e. reduced vision occurring in both eyes. Depending on the clinical definition
of amblyopia it is believed that amblyopia has a prevalence of between 1 and 3% (von
Noorden, 2002).
Amblyopia is found to typically co exist with anisometropia and/or strabismus.
Anisometropia refers to a significant difference in the refractive error between the two
eyes and is believed to be the amblyogenic factor in approximately one third of cases
(Daw, 2006). Humans are unable to accommodate to different extents in each eye. It is
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believed that this chronic defocus leads to suppression in order to avoid simultaneous
perception of one clear and one out of focus image (von Noorden, 2002). Anisometropic
amblyopia is only diagnosed when a diagnosis of reduced visual acuity exists, as to the
observer the eyes have a normal appearance.

Strabismus refers to a misalignment of the visual axis and therefore the eyes are not
simultaneously directed at the point of interest. Strabismus can be unilateral in which
the same eye deviates or in some cases can be alternating in which the deviating eye is
either the right or left eye. A further one third of human amblyopes are thought to have
strabismic amblyopia, i.e. amblyopia which arises as a consequence of amblyopia.
Similarly as anisometropia, strabismic amblyopia is thought to be a result of a
suppression mechanism in the deviating eye to prevent confusion and diplopia (von
Noorden, 2002; Scheiman et al, 2005).

A vast amount of research interest and attention has been paid to the impact that
strabismus/amblyopia may have on individuals who live with these conditions over the
past decade. Interest and awareness of these conditions followed the publication of an
influential UK report by Snowdon and Stewart-Brown in 1997 which examined current
literature at the time regarding amblyopia, refractive error and small angle strabismus
(i.e. not cosmetically obvious). The opening quotations of this chapter are examples of
the conclusions that were made by the authors. The report highlighted the lack of
evidence to support the effectiveness of treatment for amblyopia and the lack of
evidence to support claims that amblyopia and small angle strabismus are conditions
which warrant large scale investment into screening to enable early detection and
treatment. The lack of research concerning the impact of amblyopia on the quality of
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life has also been raised by other authors (Brown, 1997a; Ohlsson et al, 2002; Snowdon
and Stewart von Noorden, 2002; Webber and Wood, 2005; Webber et al, 2008)

Le Cat (1713) provided the first accurate clinical description of amblyopia, however it
was not until 1742 that treatment was suggested, in order to improve visual acuity in the
amblyopic eye (source Ciuffreda et al, 1991). It is very surprising that only recently the
consequences of both these conditions (visual and psychosocial) are only beginning to
be investigated. Previously the experimental approach into the investigation of these
conditions was to compare monocular performance of the amblyopic/deviating eye to
that of the fellow eye or with the one eye in visual normals.

Reduced or absent stereopsis is a common deficit of individuals with amblyopia and/or
strabismus. In conjunction with the renewed interest of the potential disability
associated with amblyopia, the consequences of living with reduced or absent stereopsis
has become under debate. An online, unpublished recent Colour Vision Network
(CVNet) email discussion group raised the question of the consequences of good and
bad stereopsis. The question posted was; ‘What are the consequences of having
particularly good or particularly bad, stereoscopic vision?’, to which there were
approximately 150 responses indicating that the role of stereopsis is a topic which is of
interest to many vision researchers, neurophysiologists, psychologists and others. If
stereopsis is regarded as an important component of visual performance, then it can be
expected that amblyopia may exhibit poorer performance on some everyday tasks
relative to visual normals. Therefore the important question to be addressed is; are
people with amblyopia functionally disabled?
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As well as reduced visual performance psychosocial consequences have been reported
in individuals with amblyopia and/or strabismus. Psychosocial refers to how in this
instance people feel about the vision deficit or the cosmetic appearance of their eyes. It
is known that untreated amblyopia may lead to a restriction in career opportunities later
on in adult life due to a failure of meeting certain visual requirements (Webber and
Wood, 2005). Occupations in which restrictions exist when the corrected acuity is 6/18
or less include army regiments, merchant navy, prison officers and a number of
occupations involving driving i.e. heavy goods vehicles, bus drivers, postal van drivers
(Adams and Karas, 1999). Occupations such as the fire brigade, police, flight engineers
and navigators require visual acuity of at least 6/12 in the weaker eye. Uncorrected
vision of 6/6 is essential for RAF pilots with corrected visual acuities of 6/6. Table 1.1
summarises the occupations in the United Kingdom which are restricted due to reduced
visual acuity.
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Table 1.1 The effect of reduced visual acuity on career choice. If the best corrected visual acuity is worse
than the level indicated then the occupations listed are restricted. Taken from Adams and Karas (1999)

Vision in worse eye
Less than 6/60
6/60
6/36
6/18

Job Excluded
Merchant Navy
All Army regiments
All Royal Naval duties
Large goods vehicle driver
Bus driver
Post Office driver
Metropolitan cab driver
Private pilot
Train driver
London Transport line duties
Fork lift truck driver
Police
Prison officer

6/12

Commercial pilot
Flight navigator
Flight engineer
Air traffic control officer
All non-flying RAF personnel
Merchant seaman (deck duties)
Life boat crew

6/9

Royal Air Force pilot
Royal Air Force navigator
Royal Air Force aircrew
Fire brigade
Army regiments where
minimum 6/6 in right eye is
specified
Royal Navy aircrew and certain
branches of Royal Marines

Although limitations in career choice do exist Chua and Mitchell (2004) reported that
occupational class did not appear to be affected by amblyopia although fewer people did
complete university degrees.

A long term consequence in individuals with amblyopia is the increased risk of bilateral
blindness, commonly caused from trauma in the younger population and the
development of age related macular degeneration in the elderly population (Rahi et al,
2002). The cost effectiveness of amblyopia screening and treatment is determined by
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several factors; screening accuracy and participation, compliance with treatment,
efficacy at long term follow up and the functional significance of amblyopia at any
given level of visual acuity. Konig and Barry (2004) performed a cost utility analysis to
estimate the long term effectiveness of treatment for amblyopia. They concluded that
treatment for amblyopia is likely to be cost effective as the visual acuity gained is from
a young age and therefore beneficial throughout the individual’s life span. These
conclusions were also in agreement with Membreno et al (2002). In the model used by
Konig and Barry (2004) there is acknowledged uncertainty regarding the effect of
amblyopia on the quality of life and in agreement with Snowdon and Stewart-Brown
(1997b) and a number of other authors (Weakley, 2001; Moseley and Fielder, 2002;
Konig and Barry, 2004; Webber and Wood, 2005; Holmes, 2006; Koklanis et al, 2006;
Williams and Harrad, 2006; Webber et al, 2009) suggest that this is an area which
would benefit from further research. The quality of life of an individual with amblyopia
has been questioned frequently with attempts to address this question by means of
cohorts or questionnaire based studies.

Ninety per cent of children’s eye hospital appointments have been found to be related to
the treatment of amblyopia (Stewart et al, 2004). With such a large percentage of
hospital resources being used it is important to justify the amount being spent on
detection and treatment and whether patients actually benefit from the restoration of
visual acuity in the amblyopic eye. Therefore once again it is important to investigate
whether a potential functional disability exists and how these individuals differ from
visually normal individuals.
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1.2 General aim of thesis
As indicated the potential disability associated with amblyopia has been under extensive
research debate particularly following the report by Snowdon and Stewart Brown
(1997b). Although an extensive amount of literature exists regarding amblyopia and its
associated visual defects, little is known about the contribution of the amblyopic eye in
the habitual viewing condition (i.e. the binocular viewing). The work described in this
thesis aims to firstly determine whether amblyopes are disadvantaged in the
performance of visuomotor tasks, when compared to visual normals highlighting any
functional differences which may exist as a consequence of amblyopia. Secondly the
work aims to investigate the extent to which the amblyopic eye contributes to the
habitual performance of these tasks. The latter will be determined by comparing
habitual performance with performance under fellow eye viewing conditions. The main
aim of the thesis is to contribute to a topic of renewed research interest to determine the
functional consequences of amblyopia and the extent of any potential, presently
unknown disability which may be linked with the condition or with the conditions
thought to cause it, in particularly strabismus.

1.3 Overview of the thesis
1.3.1 General review of the chapters
This introductory chapter provides a general introduction into amblyopia which is
regarded as a developmental disorder of vision. The need for up to date studies into the
functional disabilities associated with the condition have been highlighted. This is
followed by a general overview of the visual system (Chapter 2). Chapter 3 provides an
in depth review of binocular vision in a normal functioning visual system. Chapter 4
reviews amblyopia- its definitions, associated visual deficits, abnormal binocular vision
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adaptations and the potential disability associated with amblyopia and/or strabismus.
The general methodology used for all experiments is described in Chapter 5.
Experimental Chapters 6 and 7 use a simple light detection task to investigate the
presence of interocular suppression (Chapter 6) in amblyopic individuals. The
contribution of the amblyopic eye to the habitual viewing condition is investigated and
also whether amblyopic individuals differ from visual normals (Chapter 7). These two
same questions are also addressed in all further experimental chapters. Experimental
Chapters 8, 9 and task investigate the performance of amblyopic individuals in visuomotor tasks i.e. adaptive gait (Chapter 8), prehension (Chapter 9) and fine motor skills
(Chapter 10). The studies investigated in chapters 8, 9 and 10 have been chosen as tasks
which are involved in everyday daily activities and to assess in differences in motor
strategies adopted by individuals with amblyopia compared with visually normal
individuals.
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CHAPTER 2
THE VISUAL SYSTEM AND ITS DEVELOPMENT

2.1 Introduction
This chapter provides a brief introduction of the anatomical and physiological processes
involved in normal vision and visual development. A full review of these topics is
beyond the scope of the chapter and therefore the reader is directed to other sources for
more detailed information (Zeki, 1993; Snell and Lemp, 1998; Daw, 2006; Mather,
2006).

2.1.1 Structure of the eye
The human adult eyeball is almost spherical in shape and can vary considerably in size.
The average diameter is 24mm, but can be as small as 20mm in long sighted individuals
(hypermetropes) and as large as 29mm in short sighted individuals (myopes) (Grierson,
2000). The shape of the eye is maintained by the pressure of the inside of the eye being
a few millimetres of mercury higher than the atmospheric pressure. This is maintained
by the circulation of the aqueous humour within the front chambers of the eye
(Grierson, 2000).

The eyeball consists of three layers of tissue. The first layer is the fibrous layer (sclera
and cornea), the second the vascular pigmented layer (choroid, iris and ciliary body) and
the third is the nervous layer (retina) (Snell and Lemp, 1998).

The outer layer of the eye is made up of an opaque fibrous coating known as the sclera;
most of this covers approximately five sixths of the eye. The tough fibrous structural
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properties of the sclera protect the intraocular contents from trauma and mechanical
displacement. The firmness and strength together with the intraocular pressure preserves
the shape of the eye and also provide a rigid insertion for the 6 extraocular muscles
(Snell and Lemp, 1998). The cornea forms the remaining (anterior) one sixth of the
eyeball’s outer layer and is comprised of five layers; (1) the epithelium (2) Bowman’s
layer (3) the sub stantia propria (4) Descemet’s membrane and (5) the endothelium. The
cornea is the most important refractive medium in the eye. The principle refractive
power occurs on the anterior surface of the cornea (Snell and Lemp, 1998).

The vascular pigmented layer or uveal tract consists of the choroid, the ciliary body and
the iris forming a continuous structure. The choroid is a thin, soft brown coat lining the
inner surface of the sclera. The many blood vessels found within the choroid provide the
nourishment for the outer layers of the retina. Excess light that penetrated the retina is
absorbed by the large number of pigment cells in the choroid. The ciliary body is
composed of the ciliary epithelium and the ciliary muscle. Aqueous humour is produced
by the ciliary epithelium and is essential in maintaining the pressure of the eye,
providing nutrition for avascular ocular tissues. The inner layer of the epithelium is
transparent and remains unpigmented until it reaches the iris, where it then becomes
pigmented. The outer pigmented layer is continuous with the retinal pigment epithelium
(Snell and Lemp, 1998).

Three different ciliary muscle/fibres exist. These are: the longitudinal, radial, and
circular muscles. They are located towards the front of the eye, above and below the
lens. These muscles are attached to the lens by connective tissue known as the zonule of
Zinn, and their main function is to adjust the lens to focus light onto the retina.
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The iris is a thin contractile, pigmented diaphragm with a central aperture known as the
pupil. It is suspended in the aqueous humour between the cornea and the lens, and the
periphery of the iris is attached to the anterior surface of the ciliary body and measures
approximately 12mm in diameter (Snell and Lemp, 1998). The colour of the iris can
vary in individuals and this colour is produced by the pigment in the melanocytes. The
sphincter pupillae muscle is located in the pupillary zone of the iris forming a ring of
smooth muscle fibers around the pupil. The sphincter pupillae constricts the pupil in
bright light and also during accommodation; this is known as miosis and is on response
to parasympathetic nerve activity. The opposite known as mydriasis occurs dilating the
pupil in dim light and during excitement or fear in response to sympathetic nerve
activity.

The neuronal layer consisting of the retina has been discussed in section 2.3.

2.1.2 Refractive elements of the eye
The total dioptric power of the human eye is approximately 58 dioptres (Snell and
Lemp, 1998). This is achieved by the refractive media of the eye consisting of the
cornea, aqueous humour, the lens and vitreous body. Both the cornea and aqueous
humour have been discussed earlier.

The lens is a transparent biconvex structure and is located behind the iris and the pupil
and in front of the vitreous body, and contributes approximately 15 dioptres of the total
power. The lens is able to change its dioptric power for near and distance fixation,
allowing images to be focused upon the retina. Dioptric power is found to reduce with
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age being approximately 8 dioptres at the age of 40 and 0 objectively at the age of 5560.
The vitreous humour is a colourless transparent gel consisting of 98% water. The
vitreous body fills the eyeball behind the lens and occupies four fifths of the eyeball
between the lens and retina. It has a similar refractive index to that of the aqueous
humour (1.33). The vitreous body transmits light and contributes slightly to the dioptric
power of the eye.
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2.2 Basic anatomical structure of the visual pathway
The visual pathway is made up of the following: the retina, the optic nerve, the optic
chiasm, the optic tracts, the lateral geniculate bodies, the optic radiations and the visual
cortical areas (figure 2.1).

Figure 2.1 The visual pathway (www.owlnet.rice.edu/~psyc351/imagelist, Accessed June 2010)
The initial processing of an image takes place in the retina, which then projects to four nuclei: the Lateral
Geniculate Nucleus (LGN) for the perception of objects: the superior colliculus for the control of eye
movements; the pretectum, for control of the pupil and the super-chiasmatic nucleus, for control of
diurnal rhythms and hormonal changes. Most of the signals from the eyes are projected onto layers of the
LGN before proceeding to the visual cortex.

2.3 The Retina
The main function of the retina is to covert information about brightness i.e. luminance
into information about contrast (Daw, 2006). The retina is made up of a number of
layers including the photoreceptor layer, outer plexiform layer, inner nuclear layer,
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inner plexiform layer and the ganglion cell layer (figure 2.2). The retina is a thin
transparent membrane, the thickness of which varies from ~0.56mm near the optic disc
to 0.1mm at the ora serrata. The central region of the retina is the macula
(approximately 5mm in diameter) which is responsible for distinct vision. The macula
has a central depression known as the fovea centralis measuring approximately 1.5 mm
in diameter. This depressed region is formed by the nerve cells and fibres of the outer
layers of the retina being displaced peripherally leaving the photoreceptors; rods and
cones. Rods are responsible for vision in dim light, while the cones are responsible for
the adaptation to bright light and resolving fine detail and colour. There are an estimated
125 million rods and 6 million cones with the density varying in different parts of the
retina (Martini, 2001). The rods are absent at the fovea and they increase in number in
the periphery whereas the cones are most dense at the fovea with numbers decreasing in
the periphery. The close packing of the cone receptors (approximately 147000 per
square mm) allows the ultimate limit visual (~6/3 in some individuals) acuity obtainable
by the retina (Snell and Lemp, 1998).

Post-natally, foveolar cone development is characterized by maturation, elongation and
an increased packing density. The combination of central migration and elongation
results an increase in cone density from 18cones/100 microns one week postnatally to
42 cones/100 microns in the adult (Yuodelis and Hendrickson, 1986).
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Figure 2.2 Layers of the retina (www.phys.ufl.edu accessed may 2010)

2.4 The Lateral Geniculate Nucleus (LGN)
The lateral geniculate body is a small swelling on the under surface of the pulvinar of
the thalamus. It receives signals from the retina and these are then transmitted to the
cortex without much additional processing (Daw, 2006). Macaque monkeys have
commonly been used to investigate the development and structure of the cortical visual
centres. The LGN is arranged in 6 layers: four dorsal layers with small cells called the
parvocellular layers (P) and two ventral layers with large cells called the magnocellular
layers (M) (Daw, 2006). Cells which are responsible for fine details project from the
retina to the P layers and those responsible for the processing of movement project onto
the M layers. The layers of cells are separated by white bands of optic nerve fibres.
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Figure 2.3 Layers of the LGN. (www.lifesci.sussex.ac.uk/lgnlayers.GIF, accessed February 2010)

Ipsilateral eye input is projected to layers 2, 3 and 5 and contralateral eye input
projected to layers 1, 4 and 6. The left LGN receives information from the right visual
field and the right LGN receives input from the left visual field. The LGN is identifiable
at an age that corresponds to 8 to 11 weeks in the human gestational age with the
ganglion cells reaching the LGN at 10 weeks gestation. Formation of ocular dominance
columns take place after 26 weeks gestation and a significant amount of cortical visual
development continues postnatally. Development of the LGN and striate cortex are both
incomplete at birth (Taylor and Hoyt, 2005).

In humans neurons of the parvocellular layers grow rapidly over the early post natal
months and reach adult size by 1 year, magnocellular cells reach adult levels at 2 years
of age (Boothe et al, 1985). The axons of the LGN cells on which the optic nerve fibres
terminate then travel in the optic radiation to terminate in the cortex situated in the
occipital lobe at the back of the brain (Zeki, 1993).
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2.5 The visual cortex
The primary visual cortex is usually referred to as V1 or the striate cortex due to the
prominent stripe of Gennari. It is located on the banks of the calcarine sulcus, a deep
horizontal fissure on the medial surface of the occipital lobe. The visual cortex is a
convulted sheet of neural tissue about 2mm thick consisting of six main layers
illustrated in figure 1.4. Layer 1 is the outer layer and layer 6 borders the inner white
matter (Howard and Rogers, 1995). The white matter is made up of bundles of axons
that project to and from cortical regions and sub cortical nuclei. Form, movement and
colour of an object is analysed in the visual cortex and is the first location in which
signals from the two eyes converge onto a single cell. The fibres entering the cortex
from the lateral geniculate body enter from the white matter and stem into layer 4C,
branching off and terminate by making synapses with the stellate cells. Axons
originating from the two ventral (magnocellular) geniculate layers end in the upper half
of 4C, called 4C alpha; those from the four dorsal (parvocellular) geniculate layers end
in the lower half of 4C (4C Beta).

Figure 2.4 Layers of the visual cortex (http://hubel.med.harvard.edu/b24.htm, accessed February 2010)
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All layers except layers 1 and 4A have neuronal connections outside the primary visual
cortex. Layers 1 and 2 analyse both form and colour, these both receive inputs from
layers 4Cα and 4Cβ and layer 2 projects to area V2 of the visual cortex.
Layer 4B, concerned with movement and stereopsis, receives inputs from layer 4Cα and
projects to Areas V2 and V5. Layer 4Cα (in the magnocellular pathway) projects to
layer 4A, and layer 4Cβ (in the parvocellular pathway) projects to layers 2 and 3 and
then to area V2. Layers 5 and 6 project to deep structures within the brain, layer 5 to the
superior colliculus and layer 6 projects back to the lateral geniculate nuclei (Howard
and Rogers, 1995; Zeki, 1993).

Hubel and Wiesel (1968) classified two types of cells which exist in the cortex
according to the complexity of their response: simple and complex cells.

2.5.1 Simple cells
Simple cells are cells which to obtain an optimal response from the activating stimulus
must be a line of the right orientation and must fall within the right excitatory part of the
cell’s receptive field. Although all simple cells respond to orientation they come in two
types some respond to lines brighter than the background (on centre receptive field)
whereas others respond to ones to lines that are darker than the background (off centre
receptive field).
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Figure 2.5 The left most column shows bar stimuli at different orientations and positions on a simple cell
receptive field. The trace adjacent to each stimulus shows neural activity as a function of time. Simple
cell receptive fields have elongated excitatory and inhibitory zones, producing the strongest response to a
line or edge at the optimal orientation and position. The + symbol corresponds to excitation (i.e. an
increased response) where as – indicates a reduced firing rate Figure take from Mather, (2006).

2.5.2 Complex cells
Again, these cells only respond to orientated stimuli however they are independent of
the contrast and they were found to respond to ‘variously shaped stationary or moving
forms’ (Hubel and Wiesel, 1962). Complex cells are said to have 2 main features: (1)
they have larger receptive fields. They do not have inhibitory and excitatory regions so
the type of response is consistent irrespective of where in the receptive field the
stimulus falls in the field (2) several simple cells can excite one complex cell (Zeki,
1993).
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Figure 2.6 The left most column shows bar stimuli at different orientations and positions on a complex
cell receptive field. The trace adjacent to each stimulus shows neural activity as a function of time.
Complex cells respond best at certain orientations however the receptive fields cannot be mapped into
certain excitatory and inhibitory regions. The response does not depend critically on stimulus position
Figure take from Mather, (2006).

Complex and simple cells are distributed in the different layers with the visual cortex.
The layers in which the different types of cells are found are summarised in figure 2.7.

Figure 2.7 Simple and complex cells in the visual cortex
(http://www.lifesci.sussex.ac.uk/home/George_Mather/Linked%20Pages/Physiol/Cortex.htmlaceesed
July 2010)
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2.5.3 Ocular dominance columns
Ocular dominance columns are collections of neurons in the striate cortex arranged
according to the degree to which they respond to right or left eye stimulation. Hubel and
Wiesel (1959) were the first to provide physiological evidence of convergence of cells
from the two eyes onto the same cortical cell (binocular cells). Studies in the monkey
have shown that a group of cells in layer 4C receive excitatory input from one eye and
then these inputs are relayed to cells in other layers in the same vertical column of
cortical tissue. Input is received in neighbouring cells in layer 4C from the other eye.
Cells which receive input from both eyes are known as binocular cells and these cells in
a given column respond most strongly to stimulation of a particular eye (Howard and
Rogers, 1995). In normal adult monkeys only a relatively small proportion of cells exist
which are equally driven by both eyes, most of which are situated outside layer 4C
(figure 2.8) (Zeki, 1993). These columns alternate with other columns receiving
excitatory inputs from the other eye. These alternating bands are known as ocular
dominance columns (Howard and Rogers, 1995).

Figure 2.8 Ocular dominance histogram, obtained by determining which eye activates the cells. Cells in
group 1 are activated exclusively by the contralateral eye, while those in group 7 are activated exclusively
by the ipsilateral eye. Cells in group 4 respond equally well to right or left eye stimulation. Figure taken
from Zeki (1993).
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Levay et al (1980) observed the anatomical development of ocular dominance columns
in monkeys and found that right and left afferents overlapped extensively at 1 week post
natally. At a post natal age of 3 weeks segregation is nearly complete although borders
were still found to overlap (LeVay et al, 1980). Full segregation of afferents occurred at
6 weeks post natally. From the point of view of relating the results of studies from
monkeys to the human equivalent a 4:1 ratio has been previously used, as it is known
that development is approx 4 times faster in monkey infants than human infants (Boothe
et al, 1985). Thus if this is applied to the development of ocular dominance columns,
this would equate to approx 6 months in humans.

2.6 The Extra Striate Cortex
The visual cortex contains many areas other than VI, these areas consist of V2, V3, V4
and V5 and comprises of Brodmann area 18 and Brodmann area 19.
The largest visual area of the prestriate cortex is area V2 with the smallest being V5
(figure 2.9).
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Figure 2.9 Illustrates and summarises the visual areas in the striate and extra striate cortex. LO Lateral
occipital cortex; LGN Lateral Geniculate Nucleus.
(http://www.colorado.edu/intphys/Class/IPHY3730/image/figure7-12.jpg, accessed July 2010)

Large numbers of visually responsive cortical areas have been identified using the
criteria of topographic organisation, anatomical connections and cell response properties
(Mather, 2006). Brain imaging techniques have been used to identify areas in the human
cortex (Tootell et al, 1998; Mather, 2006), however the functional significance of these
areas still remains unclear.
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Figure 2.10 Shows the percentage of cells in each of the five cortical areas selective for orientation,
motion direction, colour and binocular disparity. MT is used as an abbreviation for the middle temporal
area or visual area V5. Figure taken from Mather, (2006).

Figure 2.10, shows the percentage of cells in the visual cortical areas displaying
selectivity for orientation, motion, direction, colour and binocular disparity. Areas V1,
V2 and V3 were found to be broadly similar in terms of the percentage of cells
responding to each of the properties. Values in figure 2.10 exceed 100% as the cortical
cells have multiple stimulus specificities. Receptive field sizes are found to be
substantially larger in the extra striate cortex than the striate cortex (Lennie, 1998). The
cells in the extra striate cortex have also been shown to show a higher degree of
response properties. For example selective cells in V5 respond to more complex motion
than those in V1 (Mather, 2006).
Neuronal signals from V1 transmit information to the dorsal stream and the ventral
stream. The dorsal stream commences at V1 projecting through to V2 and then to V5 or
MT (middle temporal cortex). The dorsal stream is sometimes referred to as the “where”
pathway, and is associated with motion and the representation of object locations. The
ventral stream again starts with V1 goes through to V2 and then to V4. This pathway is
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often referred to as the “what” pathway and is often associated with recognition and
object representation.
The next section reviews the anatomy and physiology in a visually normal developing
visual system. Animal studies particularly in monkeys have given us an insight into how
the amblyopic visual system differs from visual normal. These have been reviewed in
chapter 4 section 4.2. The underlying neural basis for many of the tasks used in this
study is not well understood. Therefore it is not currently possible to relate these
behavioural deficits to the changes shown in anatomical and physiological processes of
the visual system in amblyopia.
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2.7 Visual function
2.7.1 Introduction
The development of visual capabilities over the first few months of life requires coordination of both the sensory and motor aspects. This section briefly describes the
development of visual acuity, contrast sensitivity and vernier acuity in a normal
functioning visual system. Visual functions in individuals with amblyopia have been
discussed in chapter 4 section 4.3.

2.7.2 Visual acuity
Visual acuity is the spatial resolving capacity of the eye (Westheimer, 1965). The
development of vision in human infants has been investigated with a number of vision
testing techniques including preferential looking (FPL), Teller acuity cards, optokinetic
nystagmus (OKN) and visual evoked potentials (VEP) (Simons, 1993). Figure 2.11
shows the marked improvement in Grating acuity in young infants (~1 c/degree) to 3
years of age (30c/degree) and gradually improving to adult levels up until the age of 5
(40 c/degree) (Mayer and Dobson, 1982; Birch et al, 1983). A similar trend has also
been demonstrated in normative visual acuity studies using Teller acuity cards as a
vision testing technique (Ciuffreda et al, 1991) demonstrating that the greatest
improvement is found between birth and 6 months of age.
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Figure 2.11 Mean acuity values obtained in several representative studies of the 11 to 5-yr-old age group.
Visual acuity is presented as cycles per degree. Figure taken from Birch et al (1983)

VEP studies have shown that acuities tend to be higher than FPL throughout infancy.
Teller (1997) has suggested that a combination of factors favour these higher findings
including: use of flickering stimuli, signal averaging, generous scoring and summation
of signals across the whole visual field. The increased VEP responses achieved suggest
that a higher level of recognition may be achievable at an earlier age than behavioural
studies might suggest (Norcia and Tyler, 1985).

Visual acuity is typically measured by the identification of letters. However naming
letters is often a problem area in young children. This can be overcome with the use of
preferential looking tests and also naming pictures. Even when letters are known by a
child there is uncertainty whether these should be displayed as single letters or
surrounded by letters. Crowded letters are known to be less distinguishable than single
letters as the neighbouring letters interfere with the visibility. This phenomenon is
known as crowding (Irvine, 1948; Stuart and Burian, 1962; Source von Noorden, 2002).
The effects of crowding in amblyopia have been discussed in chapter 4 section 4.3.1
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2.7.3 Contrast sensitivity
The function relating an observer’s contrast sensitivity to the spatial frequency of a
sinusoidal grating test target is the spatial contrast sensitivity function (CSF). This
function provides a measure of the spatial properties of contrast detecting elements in
the visual system (Campbell and Green, 1965b). The spatial frequency is dependant
upon the number of sinusoidal cycles per degree of visual angle and the contrast is
defined by modulating the brightness about an average level. Studies in human infants
have shown that as age increases the contrast that can be detected becomes lower for all
spatial frequencies. A shift of the peak of the curve to higher spatial frequencies is also
seen with an increase in age (figure 2.12). Norcia et al (1990) found improvement at all
spatial frequencies between birth and 10 weeks. (Norcia et al, 1990).

Adams and Courage (2002) suggested that contrast sensitivity for high spatial
frequencies is virtually adult-like with a very rapid development up until the age of 4.
Development at low spatial frequencies is slower with gradual improvement until the
age of 9 when contrast sensitivity is found to be fully mature (Adams and Courage,
2002).

Figure 2.12. Development of contrast sensitivity from early infancy to maturity (figure taken from
Adams and Courage, 2002). Contrast sensitivity is measured and displayed as cycles per degree.
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Figure 2.13 Relative development of contrast sensitivity at high (4.8 c/deg) and low (0.4 c/deg) spatial
frequencies. Note that during infancy, sensitivity at low SF is greater than that at high SF, but after 3 yr of
age, the trend reverses. Figure taken from Adams and Courage (2002).

Ciuffreda et al (1991) has suggested that the different processes that occur in the
development of contrast sensitivity can be attributed to different mechanisms. Overall
sensitivity increase is mainly due to the increase in the length of the photoreceptors.
Increased sensitivity at high spatial frequencies is due to the tighter packing of the
foveal cones as well as an increased number of photons caught.

2.7.4 Vernier acuity
Vernier acuity is the measure of sensitivity to the relative position of pattern element
and the ability to detect breaks in a line (Skoczenski and Norcia, 1999). It is known that
in the adult vernier acuity is approx 10 times greater than grating acuity. However in 2
and 3 month old infants it has been found that vernier acuity is in fact worse and the
developmental rate of vernier acuity is slower than that of grating acuity in the first halfyear of life (Shimojo and Held, 1987)

Skoczenki and Norcia (2002) studied the development of VEP vernier acuity and
grating acuity over a range of ages. In agreement with previous authors it was found that
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vernier acuity continues to develop after grating acuity had reached a steady level
(figure 2.14).

Figure 2.14 Grating acuity and vernier acuity thresholds as a function of age. Grating acuity is measured
in cycles per degree and vernier acuity is measured in minutes of arc. Figure taken from Daw (2006).

2.7.5 Convergence
In order for bifoveal fixation to occur for near targets the eyes must be able to
accurately converge appropriately. The question of whether convergence is present at
birth still remains unclear. Slater and Findlay (1975) investigated convergence in young
infants using a photographic technique. Twelve babies aged from one to eight days
demonstrated some evidence of convergence but only to a distance greater than
12.5cms. These findings were further investigated by Aslin (1977) using motion picture
photography, to evaluate convergence responses in infants aged 1-3 months, for viewing
distances of 10 – 50 cm. Binocular alignment was found to change in infants as young
as 1 month old as the target distance was varied; however, the greatest change was not
evident until the age of 3 months. Figure 2.15 illustrates the findings of these studies.
The dashed line indicates the vergence angle required to maintain bifoveal fixation.
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Figure 2.15 Estimated value of binocular alignment of newborns and 1-3month old infants to a visual
target over various viewing distances. The dashed line represents the vergence angle required to maintain
bifoveal fixation. (Figure taken from Simons, 1993)
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2.7.6 Development of stereopsis
A number of theories have been suggested with regards to the development of binocular
single vision (BSV); the nativistic and empirical theories are the two that are most
common (von Noorden, 2002). The ‘nativistic theory’ was proposed by Worth in 1903.
Worth suggested that BSV is present from birth and also proposed the presence of a
fusion faculty and a strabismus may occur as a defect of this faculty. The ‘empirical
theory’ was proposed by Chavasse in 1939 and he believed that BSV was a learned
process and that binocularity is acquired by use and experience.

Current theories suggest that stereopsis is absent in all infants less than 3 months old,
after which it rapidly develops to normal levels by the sixth month of life (von Noorden,
2002). The development of segregated cortical ocular dominance columns is thought to
play a major role in the onset of stereopsis (Ansons and Davis, 2001). Held (1983)
suggested that segregation of the ocular dominance columns in layer IV of the primary
visual cortex is responsible for the onset and development of stereoacuity.

Studies have commonly used forced choice preferential looking (FCPL), random dot
stereograms and visual evoked potentials to determine the age of onset of stereopsis in
the human infant. Figure 2.16 shows the onset of ages from several studies using these
techniques. A larger proportion of infants were found to show an abrupt onset of
stereopsis at 3-5 months, with the average infant attaining a stereoacuity measure of 60
seconds of arc or better by the age of 6 months (Birch et al, 1982). Females have been
found to demonstrate stereopsis slightly earlier than males (Gwiazda et al, 1989).
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Figure 2.16 Distribution of the onset of ages for stereopsis. Open circles represent data (Birch et al, 1983)
obtained using line stereogram’s and forced choice preferential looking techniques (FPL), open triangles
(Fox et al, 1980) represent data obtained from dynamic random dot stereograms and FPL and filled
circles (Petrig et al, 1981) using random dot stereograms and visual evoked potentials (VEP). Figure
taken from Simons (1993).

The development of stereopsis has also been investigated using visual cliff experiments.
A visual cliff consists of a clear perspex sheet over a table top with a checkerboard
pattern underneath. On one half of the table top the checkerboard pattern is directly
beneath the perspex sheet, on the remaining side there is a steep drop off underneath the
glass (e.g. 1 metre below), with the same checkerboard pattern displayed. It is then
observed to which side the infant crawls to i.e. the ‘shallow’ or ‘deep’ side. The test
uses the rationale that if the infant has depth perception he/she will not crawl to the
potentially dangerous side i.e. the side with the drop. Campos et al (1970) found that 2
month old infants were able to discriminate between the shallow and the deep side, as
indicated by heart rate as the virtual drop was approached.
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Figure 2.17 Illustration of visual cliff technique used to investigate presence of depth perception in
infants. (From www.software-in-motion.com/graphics.html, accessed May 2010)

It is important to understand the development of visual function in a visually normal
developing system in order to relate the deficits which arise in amblyopia, which is
often considered to be a developmental disorder of vision. Chavasse (1939) suggested
that amblyopia is arrested development due to amblyogenic factors e.g. strabismus.
However, as well as the arrested development there are deficits which arise that are not
consistent simply with interrupted development. This is discussed in chapter 4, sections
4.3, 4.4 and 4.5
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CHAPTER 3
BINOCULAR VISION

3.1 Introduction
Humans along with other mammals and species have two eyes. What is the advantage
conferred by having two eyes as opposed to one? At it simplest, having two eyes
provides us with an extra eye if one becomes damaged or diseased; for example if one
eye develops macular degeneration, its fellow can provide good visual acuity, thus
enabling normal or near normal visual functioning (Steinman et al, 2000; StewartBrown et al, 1985). However, as well as providing us with a spare eye, having two eyes
can, depending on the relative placement of the eyes, greatly expand the field of view.

Species such as frogs and snakes have laterally placed eyes which leads to no or
minimal overlap of the monocular visual fields but a massive increase in the extent of
the visual field. In humans, however, the field of the two eyes overlap indicating a
purpose which is of greater advantage than just a field increase. The anatomical
positioning of the eyes together with physiological features of the visual system allows
integration of the two visual inputs into one perception. Not only does this give rise to
superior resolution of the visual scene as compared to when the scene is viewed with
one eye alone (so called ‘binocular summation’, (Howard and Rogers, 1995)), properly
functioning binocular co-operation gives rise to stereopsis. Indeed, stereopsis is
considered to represent the ultimate in binocular cooperation (von Noorden, 2002) and
to “sit at the top of the food chain of vision” (Saladin, 2005, page 201). Stereopsis is
defined as the relative ordering of visual objects in depth (i.e. in third dimension) that is
derived solely from the disparate images falling on the retina of the right and left eyes
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(von Noorden, 2002). To achieve this degree of binocular co-operation, the following
requirements are essential (Simons, 1993):
1. Overlap of the monocular visual field
2. Partial decussation
3. Co-ordinated and conjugate eye movements

3.2 Requirements for binocular vision
3.2.1 Overlap of the monocular fields
Eye position varies greatly between different species, with some having a more frontal
position than others, resulting in an enormous inter-species variation in the total field of
view. An animal with laterally placed eyes (e.g. a frog) will have a larger field of view
and this would be clearly advantageous in early signalling of approaching danger.
However, while the laterally placed eyes of the frog provide an almost 360 degree field
(‘panoramic vision’), an obvious consequence is that there is no overlap of the
monocular fields. Higher evolved species such as humans have frontally positioned eyes
thus allowing a varying degree of overlap of the visual field of the two eyes. This
overlap of the visual field is thought to be the main advantage of having two eyes in the
frontal position, and obviously comes at the expense of a reduction in the overall extent
of the ‘seeing’ area. In humans, the binocular visual field is approximately 114 degrees
(Steinman et al, 2000). The nose and brow restrict the field with the nasal and superior
meridians being smaller than that of the temporal and inferior field in humans. Lateral
to the binocular field are crescent shaped monocular portions of the field seen by each
eye alone, and these are known as monocular crescents. These are each around 37
degrees, thus giving an overall field of view in humans of around 188 degrees (Howard
and Rogers, 1995) (figure 3.1)
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Figure 3.1 The monocular and binocular visual field of a human. The frontal eye position results in
considerable overlap of the visual fields with a binocular visual field of approximately 114 degrees
horizontally. The temporal crescents are approximately 37 degrees in extent. Figure taken from Steinman
et al (2000).

From an evolutionary stand-point, one could argue that the benefits conferred by
overlapping visual fields in the right and left eyes must have outweighed the loss of
visual field that results directly from this overlap. The benefits of binocular co-operation
made possible by overlapping visual fields in the right and left eyes are discussed in
later sections (section 3.5& 3.6).

3.2.2 Partial Decussation
Partial decussation allows the images formed in the eyes by an object on one side of the
straight ahead position to be received in the opposite visual cortex (Reading, 1983).
Decussation allows information to be combined into a single percept; moving from the
eyes backward through the remainder of the visual system, decussation is the first
feature that shows that the visual system is combining the percepts from the two eyes
rather than treating the eyes as independent seeing devices. Decussation indicates that
information from the two eyes is being shared and that the animal is less concerned with
the eye of origin (i.e. ‘which eye saw the stimulus?’) and more concerned with what is
actually seen.
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The word ‘decussate’ comes from the Latin word decussare meaning to divide in the
form of a cross. Axons from the temporal half of the left eye join decussated axons from
the nasal half of the right eye to form the left optic tract, and axons from the temporal
half of the right eye join decussated axons from the nasal half of the left eye to form the
right optic tract (Howard and Rogers, 1995). Nasal nerve fibres cross over at the optic
chiasm. Varying degrees of decussation are found in mammals. In humans, it is
estimated that 53- 57% of the nerve fibres cross over and therefore this process is also
known as hemidecussation (Steinman et al, 2000).

3.2.3 Co-ordinated and conjugate eye movements
It is essential that the eyes are aligned during both voluntary and reflex eye movements
so that the target of interest is imaged and then maintained upon the fovea of the two
eyes, i.e. on corresponding points (section 3.4.4). Therefore it is necessary for a
conjugate eye movement system to ensure the eyes to function as a single unit. There
are five main types of eye movement which, when properly functioning, will ensure that
this takes place. These include saccades, smooth pursuit, vergence, optokinetic and
vestibular movements. Each movement is controlled by a specific, supranuclear, eye
movement system (Ansons and Davis, 2001).

(i) Saccadic eye movement system: A saccade is a fast eye movement of 400-700°s-1.
Saccades occur to re-fixate an object or to change fixation voluntarily on command.
They also result from an involuntary response to sound and they make up the ‘fast’
phase of optokinetic nystagmus (Ansons and Davis, 2001).
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(ii) Smooth pursuit system: A pursuit movement is a slow, following movement
which does not usually exceed 40°s-1. The pursuit system maintains stable eye tracking
or combined eye/head tracking of slow moving objects. The normal stimulus for pursuit
movements is image movement in the parafoveal region (retinal slip) (Ansons and
Davis, 2001).

(iii) Reflex eye movement system: The purpose of this system is to maintain a stable
retinal image during head movements. The movements comprise a slow, following
movement and a rapid re-fixation movement to reposition the eyes back to the primary
position (Ansons and Davis, 2001). This system includes vestibular and optokinetic eye
movements. The vestibular ocular reflex (VOR) is induced by stimulation of the semicircular canals during whole body rotation, generating compensatory eye movements
after 16ms latency; the slow phase is in the opposite direction to the rotation and the fast
phase is in the direction of the rotation. As a constant rotational velocity is reached the
VOR declines and retinal image motion is stabilised via the optokinetic and smooth
pursuit systems. Both the optokinetic system and pursuit systems provide stable
tracking during head rotations and full field moving stimulation (Ansons and Davis,
2001). Optokinetic nystagmus (OKN) refers to the eye movements evoked by the
motion of an object. OKN is assumed to represent the eye movements made to stabilize
stationary movements rather than track smoothly moving objects (Kowler et al, 1990).
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3.3 Binocular vision in the human neonate
3.3.1 Overlapping of the visual fields
The horizontal extent of the binocular visual field does not appear to vary markedly
during the first 2 months of life. During the neonatal period the binocular field ranges
between 17 and 34 degrees and between 29 and 38 degrees at the age of 2 months. After
the age of 2 months the field increases monotonically up to the age of 12-24 months at
which the extent is thought to be similar to that of adults (90-100 degrees) (Simons,
1993).

Figure 3.2 Binocular hemi-field extent on the horizontal meridian as a function of age (newborn to
approx 13months, A represents adult data). Mean or median extents were taken from a number of studies
represented by the different symbols:
weeks;

0.55 x 19.3 degree line (static) (Lewis, 1978), newborn to 8

6 degree white sphere ( kinetic) (Schwartz, 1987), 5-53 weeks;

kinetic) (Mohn, 1986), 2-10 weeks;

6 degree white sphere (

6x5x2 degrees rectangle (kinetic) (Tronick, 1972), 2 and 7 weeks;

3 degrees light with 1.5 degrees square inset (flashing) (Harris, 1974), 2 and 5.5 weeks;
light with 1.5 degrees square inset (flashing) (Macfarlane, 1976), 1 and 2 months;
light (static) (Aslin, 1975), 2-5 months;

3 degrees

3.1 degree annular

8 degree coloured ball (moving) (De Schonen, 1978);

degree stripes (moving) (Finlay, 1982), 6.4 months (mean);

4x13

0.7 degree light (flashing) (Mayer, 1988) 6

months to 38 years (adult data ranged from 23 to 38 years). Variation is found between studies due to
different test conditions (e.g. background luminance, target size, contrast) and procedural factors. Figure
taken from Simons (1993)
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3.3.2 Partial decussation and binocular connections
Neonates do see at birth, but both behavioural and electrophysiological studies indicate
that the visual system is very immature at birth, most likely due to structural
immaturities (Boothe et al, 1985; Burkhalter et al, 1993). In humans, the chiasm appears
in the first few months of pre-natal life in the embryo. Retinal ganglion cells grow down
the optic stalks and enter the floor of the third ventricle where they decussate to form
the optic chiasm (Taylor and Hoyt, 2005).

Electrophysiological evidence from studies in the monkey demonstrate that binocular
cells are present in the visual cortex at birth and that the segregation i.e. formation of
layers, of these cells is complete by approximately 6 weeks of age (equivalent of 6
months in humans) (Levay et al, 1980). The development of binocular vision is
discussed in detail in section 2.7.6.

3.3.3 Co-ordinated eye movements
(i) Saccades
Examination of saccadic peak velocity and amplitude suggest that the basic structures
responsible for the initiation of saccades are functional in infants as young as 14 days
(Simons, 1993). Corneal reflection technology was used in such infants to measure the
saccades during free examination of different types of visual scene. Hainline et al
(1984) found saccades similar to that of adults when infants scanned complex stimuli.
However when viewing simpler stimuli, this resulted in a significantly lower peak
velocity and lower amplitude saccades (Hainline et al, 1984). An increased frequency of
poorly formed saccades and saccadic oscillations was also present under these simpler
stimulus conditions, suggesting that factors relating to arousal and a number of

61

cognitive factors can alter the saccades that are executed. A saccade consists of the eye
rapidly accelerating to a peak velocity that is proportional to the amplitude of the
saccade and then decelerating as the eye approaches the target (Simons, 1993). When
adults make a saccade to a peripheral target they commonly make an approximate
saccade that may be followed by a smaller corrective saccade if required (Simons,
1993). Roucoux et al (1983) and Salapatek et al (1980) reported that young infants
produce less accurate initial saccades for small, localised targets; the first saccade is
found to undershoot the target followed by shorter saccades as they approach the target.
The size of the step was found to be related to target eccentricity, with longer steps for
more distant targets and shorter steps for nearer targets. This step-size/eccentricity
pattern is found to diminish over the first few months of life (Salapatek et al, 1980;
Roucoux et al, 1983). However, these saccadic steps are not evident when looking at
visually rich stimuli and only present when looking at isolated targets (Hainline and
Abramov, 1985)

(ii) Fixation
Feedback regarding visual drift is regarded as the visual signal used to maintain stable
fixation; systemic drift in one direction can be compensated for by a drift or a microsaccade in the other direction to maintain fixation (Simons, 1993). If the drift velocity
or amplitude becomes too great the fixation may be terminated as the saccade brings the
eye to a different fixation point. Sensitivity to temporal change at the retina as an image
drifts across the retinal receptive fields in addition to spatial sensitivity can influence
how the visual system responds to fixational drift. If the response of cells is reduced,
feedback to control high drift rates during fixation may not occur. Larger receptive
fields may need the eye to drift an increased distance or at a higher rate before eye
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position can be corrected. In order to detect slower drifts or of a lesser amplitude
smaller receptive fields are needed. Previous studies (e.g. Hainline and Abramov, 1991,
source Simons, 1993), in infants have implied that the duration of a fixation is limited
by the tolerance of slippage from the retinal image of the stimulus; however, this is
dependant on the availability of contours to define the slippage (Simons, 1993). Scenes
which are rich in contours have better controlled fixations. Stimuli with a smaller
number of visual contours have longer fixations which are more poorly controlled. No
clear age trends were observed over the first year. These findings suggest the early
existence of a corrective feedback mechanism (Simons, 1993).

Accuracy of refixations
Hainline et al (1990) investigated the accuracy of fixations in infants. In highly-trained
adults, variation exists when adults are re-fixating the same target (standard deviation of
0.1 degree) (Snodderly, 1987; Simons, 1993). Hainline et al (1990) investigated the
accuracy of fixations in infants. Fixations were measured as infants viewed a 1.5 degree
target in several locations of the visual field. The standard deviations were found to be
constant over the first year with a mean of ~0.8 degree whilst the average for
uninstructed adults was approx 0.4 degrees (figure 3.3) (Hainline et al, 1990). It was
suggested that some of this scatter may have occurred as a result of subjects looking at
slightly different portions of the stimuli. Hainline et al (1990) concluded that even
though infants may lack high acuity during the early months they are able to maintain
reasonably accurate fixation.
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Figure 3.3 Scatter of the mean fixation positions for three adults and three infants. Each symbol
represents the position of the mean of one fixation when the target was in one of its four terminal
locations (7.5 degrees from centre, left right, up and down). Ellipses represent 1 standard error. Subject
9032 deliberately attempted to fixate a corner of the 1.5 degree square. Poor performance of subject 9002
was not given any specific instructions how to perform the task (Hainline et al, 1990).
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(iii) Smooth pursuit
It has been suggested that young infants whose foveae are immature may have poorly
developed smooth pursuits (Yuodelis and Hendrickson, 1986). Previous studies have
failed to find smooth pursuit in infants younger 2-3 months, when targets appeared to be
tracked by a series of saccades (Shea and Aslin, 1984). However, it has been suggested
that in some cases smooth pursuits may not have been observed due to the stimulus
chosen (Simons, 1993) or to attentional or sensory factors regarding target visibility
(Shea and Aslin, 1990, Simons, 1993). Studies have found that infants show episodes of
smooth pursuits in early life although these are towards relatively low target velocities
(Simons, 1993). Recent studies have shown the development of smooth pursuits in
infants reach similar values to that of adults as early as 10 weeks (Rosander and von
Hofsten, 2002, von Hofsten, 2004). Such rapid development strongly suggests that the
ability for predictive tracking is a result of new connections being established in the
central nervous system rather than something that the infant learns from experience (von
Hofsten, 2004)

(iv) Reflex eye movements: Vestibular-ocular Reflex (VOR) and the Optokinetic
reflex (OKR)
Head movements cause the visual field to move in the opposite direction to the direction
of the movement. Therefore, compensatory rotational eye movements opposite to those
of the movement of the head are required to stabilize the retinal image and thus avoid or
minimise any reduction vision in quality which may result as a consequence of head and
body movements. In order for VOR movements to occur, feedback via the semicircular
canals provides up to 60% of the eye velocity needed for retinal image stabilization in
adults, with the remainder of the stabilisation coming from the pursuit system (Simons,
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1993). In infants up to the age of 6 months, the VOR is fully responsible for retinal
image stabilisation (Simons, 1993).
The VOR and the OKR are known to be present and functional at birth (Kremenitzer,
1979) and provide the majority of image stabilization of the retinal image that neonates
possess (Simons, 1993). Boothe et al (1985) suggested that stabilization is particularly
important as retinal motion as a result of head rotation could interfere with the
development of vision in infants. The VOR and OKR compromise a slow phase in the
compensatory direction followed by a quick re setting phase in the opposite direction.

The VOR has found to be present in neonates and the underlying anatomical structures
responsible for the generation of the reflex is well developed at birth (Ornitz, 1983,
Ornitz et al, 1985). Infants show a reduced time constant, which describes the decay of
nystagmus when a constant velocity of rotation is maintained (Ornitz et al, 1979;
Weissman et al, 1989). One to four month old infants exhibit a perfect compensatory
response with a ratio of 1.0. The ratio indicates the gain of VOR i.e. the ratio of slow
phase eye velocity to head velocity. Adult values of approximately 0.6 are achieved
slowly throughout childhood as well as visual stimulus modification of the VOR
induced compensatory eye movements (Simons, 1993).
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3.4 Fundamentals of Binocular vision
3.4.1 The Horopter
The horopter is the locus of points in space which project images onto corresponding
points in each retina (Howard and Rogers, 1995). Corresponding retinal points are pairs
of points one from each eye, that, when stimulated simultaneously or rapidly in
succession, are perceived to lie in a single, common visual direction (Steinman et al,
2000). Any object which lies on the horopter or very near to the horopter will thus be
seen as a single object. Objects which fall significantly inside or outside the horopter
will not stimulate corresponding retinal points and will then be seen as double
(physiological diplopia).

3.4.2 The Veith-Muller Circle
The Veith Muller circle is a theoretically determined horopter that intersects the fixation
point and the entrance of the pupils of each eye. As the eyes converge to view the
fixation point each point along the circle is imaged onto corresponding points along the
horizontal meridian in the two eyes and is thus seen singally (Steinman et al, 2000)
(figure 3.4).

Figure 3.4 The Veith Muller circle is a theoretical
prediction of the location of objects in space that
stimulate corresponding points in the two eyes
(Steinman et al, 2000).
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Herring and Hillebrand (source; von Noorden, 2002) demonstrated experimentally that
the empirical horopter is in fact flatter than the theoretical Veith-Muller circle. This
meaning that the distribution of the elements that correspond to each other is not the
same in the nasal and temporal parts of the two retinas (von Noorden, 2002).

3.4.3 Panum’s fusional area
The area in front of, and behind, the horopter in which single vision is present is known
as Panum’s area of single binocular vision or Panum’s fusional area (figure 3.5). Not
only is single vision possible in Panum’s area but objects are seen stereoscopically, that
is in depth (von Noorden, 2002).

Panum’s Fusional
space (single vision)
Skoczenski and
Horopter

Figure 3.5 Schematic illustration of Panum’s fusional space and relative positions of the horopter.
www.apcthai.com/apc/page.php?id=22, (Accessed July 2008)

The horizontal extent of this area is small centrally approximately (6 to 10 minutes of
arc near the fovea) and increases towards the periphery to approximately 30-40 minutes
of arc at 12 degrees from the fovea (von Noorden, 2002).
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3.4.4 Normal retinal correspondence (NRC)
Retinal points which share a common visual direction are known as corresponding
retinal points. Thus the right nasal retina corresponds with the left temporal retina and
the right temporal retina corresponds with the left nasal retina. In a properly functioning
system, the fovea of one eye should correspond with the fovea in the other eye (figure
3.6A). Although we have two eyes, our percept is of a single object and this could result
from a single, hypothetical eye located midway between our eyes. This hypothetical eye
is often referred to as the ‘cyclopean eye’ (figure 3.6B) (Steinman et al, 2000).

Figure 3.6 A: Corresponding retinal points sharing a common visual direction.
B: Binocular visual direction as seen by a single cyclopean eye. Figure taken from Steinman et al (2000)

Von Noorden described single vision as the “hallmark of retinal correspondence” (von
Noorden, 2002, pg 11)
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3.4.5 Physiological diplopia
Although all objects lying on the horopter are seen as single objects, objects not lying
on the horopter (or within Panums area) are seen as double. This is known as
physiological diplopia. Physiological diplopia can be
•

Uncrossed or homonymous, occurring when a near object is viewed and
another object located behind it appears doubled.

•

Crossed or heteronymous, occurring when a more distant object is viewed and
any object located in front of this appears doubled.

Physiological diplopia is often suppressed. This is known as physiological suppression.

3.4.6 Fusion
Fusion is the process by which two images, one from each eye give rise to a unified
percept of single vision (Steinman et al, 2000). Worth (1921) (source von Noorden,
2002) classified binocular vision as having 3 levels of fusion: the first degree he referred
to as ‘sensory fusion’, the second as ‘motor fusion’ and the third being stereopsis.

(i) Sensory fusion
Sensory correspondence explains binocular single vision or sensory fusion. The term
can be defined as “the unification of visual excitations from corresponding retinal
images into a single visual percept, a single visual image” (von Noorden 2002, pg 10).
An object stimulating corresponding retinal points in the two eyes will be seen as one
image and diplopia will not occur. However, sensory fusion requires more than
stimulation of corresponding points. The images formed in the two eyes must be similar
in size, brightness and sharpness if fusion is to result (von Noorden, 2002) (see retinal
rivalry section below).
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(ii) Motor fusion
Motor fusion refers to the physical ability to move and align the eyes in manner which
enables sensory fusion to occur and be maintained. Stimulation for motor fusion comes
from retinal disparity outside Panum’s area (von Noorden, 2002). Retinal disparity
refers to the small difference of the projection angles from the two retinas viewing an
object, due to the horizontal separation of both ocular globes (Gonzalez et al, 1993).
The strength of motor fusion is represented by the fusion amplitudes, also known as
fusional reserves or vergence amplitudes. These are made up of horizontal vergence,
vertical vergence and cyclovergence (Ansons and Davis, 2001).

3.5 Binocular summation, Binocular Concordance, Binocular Rivalry
3.5.1 Introduction
Binocular summation is defined as an additivity of the information from each eye to
yield binocular visual performance that exceeds monocular performance (Steinman et
al, 2000). The performance of many visual tasks improves under binocular conditions,
whether or not depth information is provided (Sheedy et al, 1986).

The earliest investigations of binocular summation were carried out by Sherrington
(1904) using stimulation of each eye with square wave flicker (Sherrington, 1904).
Cavonius (1979) used a similar approach to Sherrington and demonstrated that humans
are much more sensitive to in phase flicker (i.e. identical flicker is presented to each
eye) binocularly than monocularly. Binocular out of phase flicker (i.e. the stimulus
presented to the fellow eye is 1800 out of phase) was found to be lower than monocular
values (figure 3.7).
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Figure 3.7 Results from Cavonius (1979) illustrating the results of temporal contrast sensitivity for
several temporal frequencies using sine wave flicker (Cavonius, 1979; figure taken from Steinman, 2000).

Figure 3.8 shows that the degree of binocular summation is dependant upon the
temporal frequency of the stimulus. Facilitation, in which the performance of both eyes
together is greater than the sum of the monocular performances, was evident at low
temporal frequencies.

Figure 3.8 The ratio of binocular (in phase) sensitivity to monocular sensitivity thresholds decrease as the
temporal frequency increases (Cavonius, 1979; figure taken from Steinman, 2000).

A ratio of 1 indicates that the binocular sensitivity matches the monocular sensitivities.
Ratios greater than 1 indicate binocular sensitivity is higher than monocular sensitivity
and ratios less than 1 indicate that monocular sensitivity is higher than the binocular
sensitivity i.e. indicating inhibition. At any given temporal frequency a degree of
summation was found, with no evidence of inhibition (Cavonius, 1979).
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Campbell and Green (1965a) investigated the binocular and monocular performance for
spatial contrast sensitivity. The binocular performance was found to be approximately
1.4 times higher than that of the monocular performance regardless of spatial frequency.
Campbell and Green (1965a) proposed that the output from both eyes when summed are
noisy i.e. contains spurious extra components not correlated in each channel. The
standard error of the sum of n independent measurements of a noisy process decreases
as √n. An observer using two eyes can obtain two measurements and therefore a √2
lower contrast will be detected (Campbell and Green, 1965a).

3.5.2 Probability summation
The independence theory of binocular summation predicts that even if the eyes are
totally independent of each other simply because we have two eyes, lower thresholds
would be expected than with one eye alone (Pirenne, 1943). Thus, in a simple light
detection task, having two eyes instead of one would increase the chances of detecting a
dim light because instead of having one detector we would have two. This is known as
probability summation. Pirenne (1943) suggested that the increase in binocular
performance maybe explained by the statistical advantage of having two detectors and
proposed the following formula:
Pb = ( Pl + Pr)- PlPr
where, Pb is the probability of detecting the stimulus with both eyes, and Pl and Pr are
the probability of detecting the stimulus, respectively, with either the left eye or right
eye alone.
This validity of this equation was established by determining thresholds for each eye
alone and then binocularly. Figure 3.9 shows curves for right (R) and left eye data (L).
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Using the equation the theoretical curve for B was generated. Good agreement was
found between the experimental (symbols) data and this theoretical curve for B.

Figure 3.9 Frequency of seeing curves for simple detection of a light for + (R) right , X (L) left and

(B)

both eyes conditions. Represents data for both eyes. (Figure taken from Pirenne, 1943).

3.5.3 Neural Summation
Probability summation does not require stimuli to be presented at the same time and at
corresponding points in each eye unlike genuine neural summation. Testing for neural
summation requires stimulation of both eyes when fusion is allowed and also when it is
inhibited. Where thresholds are lowered under fusion conditions, genuine neural
summation exists. Matin (1962) measured absolute light detection thresholds under
monocular and binocular conditions. The inter-stimulus interval (ISI) between the left
and the right eye was then varied between zero and 100ms. When both eyes viewed the
target at the same time (ISI=0), the binocular thresholds were found to be 80% lower
than monocular threshold. As the asynchrony of the presentations to each eye was
increased, the degree of improvement dropped, until at 100 ms only probability
summation was observed (Matin, 1962). This suggests that neural summation does
occur but only for similar stimuli imaged on corresponding points within a binocular
integration period of 100 ms. Harwerth et al (1980) repeated the experiment and using
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non-corresponding points (i.e. those that fall outside Panum’s area) and no neural
summation was evident.

3.5.4 Binocular Concordance
Jones and Lee (1981) suggested that binocular concordance may also contribute in
providing a binocular advantage to the observer. The optic flow field at each eye
contains detailed information regarding the environment and the observer’s movement
relative to it. The two flow fields received from either eye contain matched optical
information resulting in binocular concordance (Jones and Lee, 1981). According to
these authors the similar/identical nature of the optic flow pattern in the two eyes
provides the observer with powerful information about their surroundings.

3.5.5 Retinal Rivalry
Sensory fusion may not be possible when corresponding regions of the two eyes are
stimulated by different patterns, and perception of each image may alternate. This
alternation between non-fusible stimuli is known as retinal rivalry or binocular rivalry.
The dominant stimulus is the term given to the image which is seen at the given time;
the stimulus which cannot be seen is the suppressed stimulus. If stimuli are small in
size, only one image may be seen, though the image that is seen is likely to alternate as
a function of time. This is known as exclusive dominance (Howard and Rogers, 1995).
In cases of larger patterns, part of one image may be dominant in one area with part of
the image from the fellow eye dominant in another region. This is known as ‘mosaic’
dominance and again the areas of dominance may fluctuate over time as illustrated in
figure 3.10 (Howard and Rogers, 1995). Binocular rivalry is strongest when highly
dissimilar contours are presented to each eye, e.g. orthogonally oriented gratings.

75

Rivalry is more likely to occur in situations when the gratings are both of medium to
high contrast. In cases of low contrast, fusion may occur between the dissimilar stimuli
producing a percept of a plaid pattern (Liu et al, 1992, source; Steinman et al, 2000).

Figure 3.10 Example of binocular rivalry. In a large stimulus, regions from one eye’s percept dominate
over those from the fellow eye resulting in a mosaic appearance, which itself varies with time. Figure
taken from Steinman et al (2000).
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3.6 Stereopsis
3.6.1 Introduction
Stereoacuity is defined as the smallest depth difference that can be perceived and which
is based upon retinal image disparity cues, and is the resolving capacity of stereopsis
(Steinman et al, 2000).

As early as 1838, Wheatsone recognized that stereopsis occurs upon simultaneous
stimulation of corresponding retinal points using a stereoscope, resulting in a single
image perceived in depth, provided that the fused image lies within Panum’s area.
Stereopsis in a normal visual system is achieved pre-attentively without any effort
(Steinman, 1987) and the visual system is very sensitive to differences in depth that
result only from disparity cues. The Howard Dolman apparatus, or three rod test, is a
laboratory technique that can be used to measure stereo-thresholds. The subject views
the rods, one of which is movable while the other rods are stationary. The subject then
moves the adjustable rod until a difference in depth between the rods is just noticed.
The magnitude of the displacement needed to appreciate depth is the stereoacuity. The
angular stereo-threshold which is calculated using the following formula:

n=

2 a∆d
d2

n= angular stereoscopic disparity in radians
2a = interpupillary distance (PD)
d= fixation distance of the stationary reference rod from the observer
∆d

= depth interval (the difference between the fixation and test rod(s))
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Several factors influencing our detection of depth based upon disparity differences.
These include luminance, colour, exposure duration, retinal eccentricity and contrast.
Lower background luminance reduces our sensitivity to depth (Berry, 1950).
Pennington (1970) found that the colour of a stereoscopic stimulus can affect our
stereoacuity. Stereoacuity for targets which isolate blue cone function is poorer than for
targets that stimulate the red and green cone systems (Pennington, 1970). Grinberg and
Williams (1985) suggested that this may be explained by the lower resolution and lower
contrast sensitivity of the blue cone system (Grinberg and Williams, 1985).

When exposure time to stereoscopic targets increases our sensitivity to depth is also
found to increase, particularly for small disparities which take longer to detect than
coarse disparities. Finest stereoacuity is found at the fovea (Harris et al, 1997) as the
receptive cells have a high resolution ability, stereoacuity decreases rapidly as retinal
eccentricity increases (figure 3.11) (Steinman et al, 2000).

Figure 3.11 Stereoacuity and retinal eccentricity. The disparity threshold for discrimination of the relative
depth of two neighbouring points as a function of their horizontal distance from the fixation point. Mean
data from three subjects. Figure taken from Rawlings and Shipley (1969).

Stereo-thresholds are elevated at contrast threshold and it is difficult to appreciate
stereopsis at very low contrast (Steinman et al, 2000). A small increase in stimulus
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contrast markedly increases the ability to appreciate depth. When two images of
unequal contrast are presented to the eyes stereoacuity is also degraded (Westheimer
and McKee, 1980) and similarly monocular blur has found to have a much greater effect
on stereoacuity than binocular blur (Pardhan and Gilchrist, 1990).

Aside from the factors mentioned above, Fendick and Weistheimer (1983) claimed that
stereoacuity thresholds improve with learning. This was supported by Julesz (1960)
who found that learning also improved stereoacuity thresholds in more complex
stereoscopic tasks such as random dot stereograms (Fendick and Westheimer, 1983;
Julesz, 1960). In refined laboratory examinations and with highly trained subjects
stereo-threshold acuities as low as 2 to 7 seconds of arc have been found. A threshold of
15 to 30 seconds obtained in clinical tests maybe regarded as excellent (von Noorden,
2002). Stereopsis is relatively unchanged up to the age of 45 or 50 years (Steinman et
al, 2000). Beyond this point evidence suggests that there is a small decline in stereopsis.
Wright and Wormald (1992) investigated the prevalence of defective stereopsis in an
elderly population. Of 728 individuals over the age of 65 who attempted a Frisby
stereotest, only 27% had full stereopsis and 29% had no stereopsis. Norman et al,
(2008) found that stereoscopic vision in the older observer group is functionally
comparable to that of younger observers in many respects. For example, both age
groups exhibited a similar ability to discriminate depth and surface shape. The results
also showed, however, that age-related differences in stereopsis do exist, and they
become most noticeable when the older stereoscopic system is challenged by multiple
simultaneous factors.
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3.6.2 Local versus Global Stereopsis
Random dot stereograms consist of a dense array of dots. Selections of the dots are
displaced (usually laterally) by an equal but opposite amount equivalent amount in the
images presented to the two eyes. This displacement gives rise to disparity.
Monocularly, the pattern appears as random dots, however binocularly the disparate
area of the stereogram appears in depth in a different plane relative to background
(figure 3.12 (a)).

Figure 3.12 (a) Random dot stereogram.
www.cognitionresearch.org.uk (accessed
December 2008)

Figure 3.12 (b) Principle of generating a
random dot stereogram.
www.cognitionresearch.org.uk (accessed
December 2008)

Figure 3.12 (a) example of a random dot stereogram consisting of black and white dots and (b) the
principle of generating the random dot stereogram by a lateral displacement, producing a disparity.

A matching process of dot-by-dot or square-by square must occur between the right and
left stereogram in order to elicit stereopsis (figure 3.12 (b)). Julesz applied the term
local stereopsis to this correlation. For random-dot patterns to give rise to stereopsis, the
global neighbourhood of each matching pair of dots or lines that provide the stimulus
for stereopsis, and ultimately for form recognition, must be taken into account. This
mechanism was termed global stereopsis by Julesz (von Noorden, 2002).

80

3.6.3 Dynamic versus Static Stereopsis
Stereopsis can be measured either statically (static depth difference) or dynamically
(sometimes referred to as ‘motion in depth’ (Howard and Rogers, 1995). Static
stereoacuity relies upon the cues which arise from the difference of position between the
retinal images of a static object viewed by each eye. Motion disparity as well as the
changing of the size of the retinal image provides the cues for dynamic stereoacuity.
Dynamic stereoacuity has been found to be degraded when a target is oscillated in depth
i.e. towards and away from the viewing plane, if the oscillations are slower than 1Hz.
(Schor et al, 1984). Dynamic stereopsis can still be intact in cases where static
stereoacuity is absent (Kitaoji and Toyama, 1987; Rouse et al, 1989; Maeda et al, 1999;
Watanabe et al, 2008). Zinn and Solomon (1985) reported a poor correlation between
dynamic stereoacuity and static stereoacuity. Kitaoji and Toyama (1987) investigated
the presence of early strabismus on both static and dynamic stereoacuity. A loss of both
static and dynamic stereoacuity was found in the central regions when the angle of
strabismus was between 2 and 5 degrees. Larger angles (between 6 and 10 degrees)
were found to have absent static stereoscopic vision in both the central and peripheral
regions but dynamic stereoacuity remained intact in the peripheral field confirming
finding by Sireteanu et al (1981) that binocular co-operation remains intact in the
peripheral field of both strabismic and anisometropic amblyopes. This suggests that
clinical tests of stereoacuity (almost always static test) are likely to underestimate the
level of binocular cooperation.
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3.6.4 The role of stereopsis
Stereopsis is thought to be the major advantage of having two eyes with largely
overlapping visual fields. Although monocular cues also provide powerful information
about the relative depth of objects in our surroundings the only direct source of depth
information is provided by stereopsis (Moseley and Fielder, 2002). von Noorden (2002)
stated that ‘stereopsis is the highest form of binocular cooperation which adds a new
quality to vision‘.

There are several anecdotes and case reports in the literature relating to what it like to
function in the world never having had stereopsis or what it is like to lose it during life
due to disease or trauma. For example, George Godber (1981) lost the sight out of one
eye due to an accident at the age of 11. Some of the consequences were entirely
predictable; he reported that the loss of the visual field on the blind side resulted in him
having to make more compensatory head movements in situations such as crossing the
road and accepting objects from that particular side. However, he also reported
difficulties with judging distances and problems with hand eye co ordination. Clearly
frustrated by his putting abilities in golf he stated that ‘to the one eyed golfer all greens
are flat’ (Godber, 1981).

Susan R Barry (2009) has drawn upon her own personal experiences as she describes
the changes and the effect of stereopsis on her life as she went from being ‘stereoblind’
to having at least some stereovision; she describes powerfully what it was like moving
to a world that was no longer flat (Barry, 2009). As a child she was diagnosed as having
a constant alternating esotropia, and had surgery to re-align her eyes. Barry (2009) had
learned to judge distance and depth by other cues and never experienced true ‘solid
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vision’ or stereoscopy. With the use of these monocular cues she could still carry out
daily tasks i.e. driving a car, play softball. After almost 50 years of being stereoblind
she underwent vision therapy and gained (or regained) the ability to see in 3 dimensions
using stereoacuity. She describes different instances in which this ‘new vision surprised
and delighted her’.

“The snow was falling lazily around me in large, wet flakes. I could see the space
between each flake, and all the flakes together produced a three dimensional dance. In
the past, the snow would have appeared to fall in a flat sheet in one plane slightly
infront of me. I would have felt like I was looking in on the snowfall. But now, I felt
myself within the snowfall, among the snowflakes. As I watched, I was overcome with a
deep sense of joy. A snowfall can be quite a beautiful thing, especially when you it for
the first time”. Barry pg xiii (2009)

“I pay more attention to the pockets of space between the branches and trees than to the
tress themselves. I seek out particularly beautiful volumes of space and like to immerse
myself in their pockets”. Barry, pg 123 (2009)

“When my vision began to change, all I wanted was to be left alone to look and explore.
I spent hours simply looking at ordinary objects like straws sticking out of plastic drink
glasses, building pipes suspended from the ceiling and telephone poles in long straight
lines’’. Barry, pg 162 (2009)
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Both Godber (1981) and Barry (2009) share their experiences of the impact of either
losing the ability to see in 3 dimensional depth and/or gaining stereoacuity after a long
period, or perhaps even a lifetime, of stereo blindness.

The importance and functional consequences of binocular vision and stereopsis have
recently come under renewed research interest. The following question was recently
posted on a Colour Vision Network (an email discussion group) web page: What are the
consequences of having particularly good or particularly bad, stereoscopic vision?

This question received approximately 150 responses indicating that the role of
stereopsis is a topic which is of interest to many vision researchers, neurophysiologists,
psychologists and others with an interest in the area. The answers posted concerned
reports and summaries from published studies but personal experiences/encounters also
featured very prominently, such as those cited above from Barry (2009). The recurrent
themes which emerged were as a result of this discussion suggested that stereopsis
maybe useful for tasks such as reaching and grasping, object perception, fine motor
tasks such as threading a needle and other such hand-eye coordination tasks. Sports
such as cricket, squash tennis were also mentioned as being particularly affected by
poor or absent stereopsis. Gait, especially on uneven terrain, and driving in crowded,
low light conditions also featured prominently. The reader is directed to the original
posting for more specific tasks discussed and also for the many tasks/actions for which
stereopsis was not thought to be important by those who responded this can be found on
the website:
http://www.brill.nl/downloads/SV_21_6_suplementary_material_CVNetDiscussion_W
holeSynthesis.pdf
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Studies investigating the functional consequences of reduced/absent stereopsis in visual
normal individuals have typically occluded one eye or degraded stereopsis in by means
of unilateral defocus (Vale et al, 2008a). In order to determine the contribution or
establish whether stereopsis is useful, performance under the habitual viewing condition
is compared with performance under monocular viewing. Studies investigating the use
of vision to control limb movements during everyday movement tasks have indicated
binocular vision is of an advantage in situations requiring judgement of distance, spatial
awareness and control of movements such as prehension (Marotta et al, 1995; Patla et
al, 2002). Disruption to the habitual viewing condition (both eyes viewing) by occlusion
of either eye has shown the control of grasping appears to be dependent on binocular
vision, as grip formation and grip application performance changes were evident under
monocular conditions (Watt and Bradshaw, 2000; Loftus at al, 2004; Melmoth and
Grant, 2006). It has been suggested that vision is used in a feed forward manner in order
to plan limb placement (Patla and Vickers, 1997). Monocular occlusion in visual
normals had been shown to significantly affect gait parameters during obstacle and step
negotiation (Patla et al, 2002; Vale et al, 2008a, 2008b) highlighting the importance of
binocular vision. A failure to accurately judge the height of an obstacle or step may lead
to inaccurate foot placement rather than inaccurate limb elevation resulting in the
participant’s failure to avoid contact with the step or obstacle edge (Patla and Vickers,
1997). +2.00 DS of induced monocular blur in visual normals was found to significantly
cause a decline in stereoacuity. Under these conditions subjects were found to use a
safety strategy of increasing vertical lead limb clearance over the step of the raised
surface to reduce the risk of tripping, facilitated by an increase in maximum lead toe
elevation (Vale et al, 2008a)
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Recently O Connor et al (2010) investigated the functional significance of stereopsis in
96 visual normal individuals. It was found that in all motor tasks performance under
monocular conditions was reduced demonstrating that stereoacuity plays a significant
role in tasks which require motor skill function. These included a pegboard task, placing
a fixed number of large and small beads onto a needle and a pouring a fixed amount of
water into 5 measuring cylinders (O'Connor et al, 2010).

A major review of binocular summation by Blake and Fox (1973) concluded that two
eyes are better than one. However, the degree to which vision under binocular
conditions is superior to monocular vision is task-dependent (e.g. it is apparent in
simple task situations rather than complex situations) and when it does arise it is small.
According to Blake and Fox (1973), summation (section 3.5) was described as an
‘epiphenomenon’ and that stereopsis is the only important function of having
overlapping visual fields (Blake and Fox, 1973).
Jones and Lee (1981) investigated binocular and monocular performance for a range of
tasks. Viewing with two eyes was found to be advantageous, and contrary to Blake and
Fox (1973), not only for simple tasks. They suggested that this advantage was due to
binocular concordance (receiving largely matched monocular information) rather than
binocular disparity (stereopsis arising from mismatched monocular information). It is
thought that the benefit of having two eyes is due to probability summation and not the
binocular vision arising from slightly two dissimilar images (Jones and Lee, 1981).

Although evidence exists regarding the contribution of stereopsis in a number of tasks,
no distinction has really been made between this temporary, artificial/experimental loss
of stereopsis in normals and the stereo-deficiency that arises naturally and which is

86

long-standing. Such long-standing stereo deficiency could result from a developmental
disorder of vision in very early life (e.g. amblyopia) or it could result from disease or
pathology that strikes at any age. As these individuals often have absent/reduced
stereopsis they are still able to carry out a number of tasks similarly to individuals with
normal stereopsis therefore suggesting other cues must exist in order to estimate depth
or distance. Stereopsis can only arise in a normal functioning visual system when both
eyes are open. If we close one eye we are still able to estimate the relative position of
objects and our relationship to them in the visual scene. Stereopsis is not the only means
of obtaining depth information.

3.7 Depth Perception
3.7.1 Introduction
Perception of depth can occur under both binocular and monocular conditions.
Stereopsis is depth perception that results from retinal image disparity, and is only
useful up to a distance of 2 metres (McKee et al, 1990), however it is not the only
means an individual has for determining relative spatial positioning (Steinman et al,
2000; von Noorden, 2002). Monocular cues are important in the estimation of the
relative distance of visual objects and are active in monocular and binocular vision (von
Noorden, 2002). Although it is known that monocular cues are useful in determining the
position of objects and therefore an individual’s position to an object, studies
investigating the extent to which monocular cues are used in individuals with chronic
stereopsis loss or reduction in comparison to visual normals are absent. In order to
successfully execute different motor tasks it could be that those with reduced/absent
stereopsis rely more heavily on monocular cues compared to those with normal
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stereoacuity levels, and this in turn may mean that these individuals become more
sensitive to monocular cues as it is the only means of determining depth and distance.

3.7.2 Monocular Cues
Monocular cues are the result of experience and are equivocal. These include:
•

Size constancy: when the size of two objects is known it is possible to judge
their relative distance using this information: if an object known to be smaller
appears larger than another object it can be judged as being nearer.

•

Linear perspective: parallel lines appear to converge the further away they are;
for example, railway tracks appear to approach one another as they go into the
distance. This acts as a powerful distance cue.

Figure 3.13 Linear perspective; ahsmail.uwaterloo.ca/kin356/cues/mcues.htm (accessed July 2008)

•

Highlights and shadows: since sunlight comes from above, the position of
shadows can be helpful in determining elevations and depressions (von
Noorden, 2002) and in evaluation of relative object distances. Depending on the
position of the sun or an artificial light source, we can judge object position
relative to ourselves based upon the formation of shadows.

Figure 3.14 Highlights and shadows; ahsmail.uwaterloo.ca/kin356/cues/mcues.htm (accessed July 2008)
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•

Overlay of contours: the contour of objects can give an idea as to their relative
depth. A nearer image will produce a full and continuous image whereas an
object that appears partially occluded is deemed to be farther away.

•

Arial perspective: influence of the atmosphere on contrast conditions. Due to
light scattering, distant objects may appear to have a blue haze as in the figure
below (figure 3.15).

Figure 3.15 Ariel perspective; Http://cct.rncan.gc.ca/resource/tutor/stereo/chap2/chapter2_5_e.php
accessed July 2008

•

Motion parallax: Results from head movement of the observer. When observing
two objects one near and one distant, movement of either the head or the eyes in
a plane parallel to the plane of the objects, movement of the objects become
apparent (von Noorden, 2002). The farther object appears to make a larger
excursion than the near object.

3.8 Neurophysiologic theory of binocular vision and stereopsis
Neural signals from the retinal ganglion cells pass through the lateral geniculate nucleus
of the thalamus before reaching the visual cortex. Disparity selectivity seems to emerge
for the first time in the primary visual cortex, where signals from the two eyes converge
onto a single cell (Barlow et al, 1967).

The early work of Hubel and Wiesel (1962) has given us an insight how visual stimuli
from the retina to the visual cortex are processed. Studies of single cell responses in the
striate cortex of the cat have shown that approximately 80% of neurons can be driven by
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either eye. Only 25% of these binocularly driven cells are stimulated equally well from
either eye. The remaining 75% exhibit graded degrees of influence from the right and
left eye with 20% of cells are driven solely by the right eye or left eye. Cells driven by
stimulation of either eye (i.e. binocular cells) have receptive cells which are
approximately equal in size and are present in approximately corresponding positions of
the visual field (Hubel and Wiesel, 1962; Hubel and Wiesel, 1998). Neural input from
the LGN impinges onto cortical simple cells. These simple cells are orientation selective
and have receptive fields containing adjacent sub regions that alternately prefer either
dark or bright stimuli. The optimum stimulus for a cell in the primary visual cortex is a
slit or edge with a specific orientation and width, and in some cases a specific length
(figure 3.16) (Hubel and Wiesel, 1962).

Figure 3.16 Receptive fields dependency on preferred direction and orientation of a stimulus, Source:
von Noorden (2002).

Blakemore (1970) found that animals which have been subjected to viewing black and
white vertical stripes have an increased number of cells which respond to vertical line
orientations and a decrease in cells responding to other orientations (source von
Noorden, 2002).

Experimental studies in monkeys have also produced comparable data, showing that the
dominance in the distribution of cortical neurons is easily altered when animals are
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reared with experimental strabismus, anisometropia or stimulus deprivation by lid
suture (Crawford et al, 1975). Figure 3.17 (Top) demonstrates the dominance
distribution of striate neurons from four normally reared monkeys whereas the lower
panels show ocular dominance distributions from cortex layers V1 and V2 of 3 stereo
blind monkeys.

Figure 3.17 Eye dominance histograms for neurons of the visual cortices of the rhesus monkey. Control
monkeys (n=4) had a combined average of 81 % of binocular neurones in the visual cortex (striate cortex
(V1) and pre-striate cortex (V2). Stereo-blind monkeys (n=3) had a combined average of 22% of
binocular neurons in the visual cortex. The darkened bars represent the missing binocular neurones found
in the control monkeys. Source: von Noorden (2002).

Hubel and Wiesel (1962) found the presence of summation or inhibition is dependent
upon the alignment or misalignment of the stimulus and maximal summation occurred
when corresponding parts of the receptive field are stimulated (Hubel and Wiesel,
1962). Barlow et al (1967) first described binocular striate neurons in the cat which
were found to be sensitive to horizontal disparity and proposed that these cells may be
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responsible for stereopsis. Neurons in cortical areas 17 and 18 of the rhesus monkey
have been found to respond to dynamic random dot stereograms containing no depth
clues other than disparity (Poggio et al, 1985). Two different functional sets of
stereoscopic neurons were identified one of which was tuned excitatory and the other
inhibitory. These cells were found to respond differently depending on whether visual
objects were on, in front of, or behind the horopter (Poggio and Poggio, 1984).
Behavioural and electrophysiological experiments have shown that infant monkeys,
show evidence of a reduced binocular striate neuron population from induced
strabismus, become stereoblind, and this cannot be recovered even with extensive
binocular visual experience (Crawford et al, 1975).

Recent studies in cats and monkeys reared with mixed daily visual input consisting of
episodes of binocular exposure followed by monocular exposure, have been found to
develop both normal visual acuity and contrast sensitivity functions in both eyes if the
amount of binocular exposure exceeds a critical amount (Mitchell et al, 2003; Mitchell
et al, 2006, Wensveen et al, 2006). Further investigations of the responses of cells in the
primary visual cortex revealed that the proportions of cells that are phase selective (i.e.
orientation specific cells) were reduced from normal. The response of these phase
selective cells was found to be less reliable in cats with mixed daily visual experience
although the visual acuity and contrast sensitivity were found to be normal (Vorobyov
et al, 2007).

Although monkeys have shown evidence that experiencing brief periods of unrestricted
vision during monocular form deprivation led to more balanced ocular dominance
distributions this did not preserve all of the binocular interactions found in normal V1
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neurons. In monkeys that experienced continuous form deprivation, the sensitivity of
the V1 neurons to interocular spatial phase disparity, specified by the binocular
interaction index (BII) was found to be markedly reduced in both simple and complex
cells (figure 3.18).

Figure 3.18 Effects of the duration of unrestricted vision during early monocular form deprivation on
median (triangles) and mean (open circles) binocular interaction index (BII) of simple and complex cells
(Sakai et al, 2006).

One hour of unrestricted vision showed a small but significant increase in the phase
selectivity of both simple and complex neurons. Longer periods of unrestricted vision
had little or no additional effects on the phase selectivity. It has been shown that
reductions in facilitatory binocular interactions or increases in suppressive binocular
interactions are commonly observed in the visual cortices of monkeys that have
experienced strabismus in early life (Smith et al 1997a; Mori et al, 2002; Zhang et al,
2005). The results of Sakai et al (2006) highlight the extremely fragile nature of
developing cortical circuits soon after birth. A near normal ocular dominance
distribution could be maintained in form deprived monkeys with 4 hours of daily
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unrestricted vision, however this did not prevent the breakdown of the cortical circuits
necessary for disparity sensitivity or normal binocular facilitation (Sakai et al, 2006).

The reader is directed to chapter 4, section 4.3.2 and other sources for more detailed
analyses of the neurophysiological basis of binocular vision (Gonzalez and Perez, 1998;
Hubel and Wiesel, 1998; DeAngelis, 2000)
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CHAPTER 4
AMBLYOPIA

4.1 Introduction
“When the doctor sees nothing and patient very little!”
Graefe (1888; von Noorden, 2002)

The term amblyopia is derived from the Greek words ‘ambly’ dull” + ‘ops’ eye”, and
literally means “dullness of vision”. Amblyopia is considered to be a developmental
disorder of spatial vision. The condition has a long history and an extensive body of
literature exists on amblyopia and its treatment, and the conditions thought to cause it.
When entered as a search term into PubMed ‘amblyopia’ brings up a total number of
6,473 journal articles (as of May, 2010).

This chapter provides an overview of amblyopia and will include presumed causal
agents, information concerning prevalence, and discussion of the effects of amblyopia
on spatial vision and the binocular vision system. The functional effects of living with
long-standing stereo-deficiency caused by amblyopia and/or strabismus are the focus of
this thesis and are thus given extra prominence.

4.1.1 Definitions
Medical conditions are often defined by the presence of positive signs/symptoms (e.g.
diabetes is known to be caused by a lack of insulin production or insulin is not
effective). Amblyopia however is difficult to define because largely it is a condition that
is defined by exclusion. For example, it is a visual acuity deficit that is NOT caused by
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pathology or a structural defect. Any condition that is defined by exclusion is open to
debate about what precisely constitutes it. Thus loose definitions exists (e.g. reduced
VA, despite full refractive correction, no pathology/structural anomaly) and some very
detailed ones (like those quoted below). Ciuffreda’s definition is an example of a
detailed definition effectively saying that unless one of conditions listed are present then
it’s not amblyopia.

“A unilateral or bilateral decrease of visual acuity caused by form vision deprivation
and/or abnormal binocular interaction for which no organic causes can be detected by
the physical examination of the eye and which, In appropriate cases, is reversible by
therapeutic measures” (Burian, 1956).

Numerous attempts have been made by researchers to build upon the earliest definitions
of amblyopia a few of which are:

Low or reduced central vision not correctable by refractive means and not attributable
to obvious structural or pathological anomalies of the eye. The level of vision that
constitutes amblyopia maybe set by one of 2 criteria:
a) A difference in the level of vision in one eye compared to the other, ie a difference of
two lines of acuity or more
b) Clinically significant from the expected 6/6 visual acuity (Schapero 1971). There are
a number of commonly used visual acuity criteria; the reader is directed to Ciuffreda
(1991).
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The term amblyopia is generally used in a restricted sense to denote reduced vision in
an eye in the absence of any ophthalmoscopically detectable retinal anomaly or any
disorder of the afferent visual pathways that might cause the defect. In its widest sense,
the term may be used to include a defect of vision owing to the absence of adequate
symmetrical stimuli to the two eyes so that binocular reflexes can not be developed
(Duke Elder, 1973, source: Ciuffreda 1991).

Amblyopia refers to a reduction (generally unilateral) of visual acuity that cannot be
attributed to uncorrected refractive error, ocular or neurological disease, or obvious
structural abnormalities in the visual pathways (Ciuffreda, 1977, source: Ciuffreda
1991).

Amblyopia is defined as a decrease of visual acuity in one eye when caused by
abnormal binocular interaction or occurring in one or both eyes as a result of pattern
vision deprivation during visual immaturity, for which no cause can be detected during
the physical examination of the eye(s) and which in appropriate cases is reversible by
therapeutic measures (von Noorden, 2002).

Amblyopia can be defined as a unilateral (or infrequently bilateral) condition in which
the best corrected visual acuity is poorer than 20/20 in the absence of any obvious
structural or pathologic anomalies but with one or more of the following conditions
occurring before the age of 6 years (Ciuffreda et al, 1991):
1. Amblyogenic anisometropia
2. Constant unilateral strabismus
3. Amblyogenic bilateral isometropia
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4. Amblyogenic unilateral or bilateral astigmatism
5. Image degradation

There is general agreement between researchers that amblyopia is a visual deficit
that is associated with abnormal visual development during infancy, with the
following being characteristic in being able to diagnose amblyopia
•

a reduction in the visual acuity of the eye(s) which is not correctable by
refractive means

•

no obvious structural or pathological anomalies of the eye

However disagreement remains in the level of vision to which the diagnosis can be
applied. As with any definition, it is crucially important that there is general agreement
between authors and researchers. The prevalence of any condition depends on how it
has been defined. Successful treatment of the condition is also dependant on how it has
been originally defined it, as this will dictate who you treat and when treatment is
deemed to have been effective.
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4.1.2 Prevalence
The prevalence of amblyopia is difficult to specify as it necessarily depends critically
upon how amblyopia is defined and upon also the study population. Prevalence can be
defined as the number of cases of a disease in existence at a certain time in a designated
population. The populations used for prevalence of amblyopia studies fall into four
main categories:
1. Pre school and school age children
2. Ophthalmic patients
3. Military personnel
4. Older population

Brown et al (2000) and Attebo et al (1998) studied unselected adult populations and
found a prevalence of unilateral amblyopia of 4.06%- 4.2% when amblyopia was
defined as best-corrected visual acuity of 6/9 or worse. Table 4.1 lists the prevalence of
amblyopia in the above categories, along with the visual acuity criteria used to define
amblyopia.

The operational definition for amblyopia for this thesis will be a ≥2 line difference in
the logMAR visual acuity between the right and left eye, with at least 0.00 LogMAR
achievable in the fellow eye. A two line difference in visual acuity has been taken as a
widely accepted standard and has been used other authors (Ohlsson et al, 2002; Stifter et
al, 2005a; Webber et al, 2008; O'Connor et al, 2010) with the full correction of any
refractive error.
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Table 4.1 shows reported prevalence in selected populations as found by other authors. Taken and adapted from Webber and Wood (2005), von Noorden (2002) and
Ciuffreda (1991)
Population investigated

Prevalence

Criteria

Preschool and school aged children
McNeil (1955)
Fransden (1960)
DaCunha and Jenkins (1961)
Russel et al (1961)
Cholst et al (1962)
Flom and Neumaier (1966)
Woo (1968)
Vaughan et al (1960)
Gilman (1964)
Rantanen and Tommila (1971)
Newmann et al (1971)
Friedman et al (1978)
Thompson et al (1991)
ALSPAC early screening
ALSPAC late screening
Eibschitz-Tsimhoni et al, early screening
Eibschitz-Tsimhoni et al, late screening

2.70%
2.60%
1.70%
1.30%
4.70%
1.90%
3.85%
0.60%
0.20%
1.80%
0.55%
0.50%
3.00%
1.10%
2.00%
1.00%
2.60%

20/30 or less
20/30 or less and presence of squint
2 lines difference between the two eyes
2 lines difference between the two eyes or 20/40 or worse in either or both eyes
not stated
30/40 or less and more than one line difference between the two eyes
20/40 or less
2 or more lines difference between the two eyes
20/40 or less
20/33 or less
Constant unilateral squint
Constant unilateral squint and anisometropia
20/40 or less
20/30 or less
20/30 or less
Corrected visual acuity 20/40, or >1 line difference in corrected visual acuity between the two eyes
Corrected visual acuity 20/40, or >1 line difference in corrected visual acuity between the two eyes

Military Personnel
Glover and Brewster (1944)
Theodore et al (1944)
Downing (1945)
Irvine (1948)
Helveston (1965)

2.30%
4.04%
1.80%
4.00%
1.00%

20/70 or less
20/50 or less
20/40 or less
not stated
20/50 or less

Ophthalmic patients
da Roeth (1945)
Irvine (1948)
Cole (1959)
Flom and Neumaier (1966)
Abraham (1966)

4.50%
4.00%
5.30%
1.70%
5.64%

less than 20/40
not stated
20/50 or less and at least 2 lines difference between the two eyes
20/40 or less and more than one line difference between the two eyes
less than 20/25 in one or both eyes

Older population
Vinding et al (1991)
Brown et al (2000)
Attebo et al (1998)

2.90%
3.06%
3.20%

2 lines difference between the two eyes with at least 20/30 in the better seeing eye
20/30 or less
20/30 or less
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4.2 Types of amblyopia
“Functional amblyopia” is the term given when there is no observable pathology, bestcorrected visual acuity is poorer than 6/6 and is not correctable by refractive means.
Functional amblyopia is associated with anisometropia, significant isometropia and
unilateral strabismus. Amblyopia is typically classified by the aetiology of the abnormal
visual development although recent research has suggested that amblyopia may be more
correctly classified in terms of the visual and oculomotor anomalies (McKee et al,
1992). Von Noorden suggested that the classification of functional amblyopia to be
based upon the clinical causes i.e. the clinical conditions thought to be responsible for
the development of amblyopia and the fact that is reversible. The term functional is
usually used beside “organic amblyopia”. The term organic amblyopia is applicable to
those patients with loss of vision in one eye caused by retinal damage that is not
detectable with the ophthalmoscope (von Noorden, 2002).

4.2.1 Strabismic amblyopia
Individuals with strabismus who strongly favour one eye for fixation and have a
unilateral rather than an alternating fixation pattern are most likely to acquire strabismic
amblyopia (von Noorden, 2002). Strabismic amblyopia refers to amblyopia that is
associated with the presence of strabismus, and indeed the term usually implies a causal
relationship where the strabismus has caused the amblyopia. In a properly developing
visual system, misalignment of the visual axis leads to diplopia (double vision) and/or
confusion. Diplopia arises as a consequence of images falling on non corresponding
retinal points and therefore the object is perceived in two different visual directions.
Confusion arises as a consequence of the fovea of the deviated eye being stimulated by
some other target other than the object of interest. The images are then seen as being
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superimposed. The amblyopia that is found in those with a constant unilateral
strabismus is though to be the result of chronic suppression that arises to avoid
confusion and diplopia. This however is really only a hypothesis, and there is very little
longitudinal evidence in humans to support it (Birch and Stager, 1985). The hypotheses
gain a greater credence from the clinical finding that amblyopia rarely if ever, is found
in patients with alternating strabismus. Also there is a wealth of evidence from animal
studies that the artificial creation of a strabismus (using surgery or prisms) generates
visual deficits that resemble the deficits in human amblyopes (Lema and Blake, 1977;
Levi et al, 1979a; Smith et al, 1997b; Harwerth and Levi, 1983; Kiorpes et al, 1998).

Further evidence that strabismus may cause amblyopia comes from studies by Sireteanu
et al (1981) who found that the severity of amblyopia was correlated with the depth of
suppression. It was further found that amblyopia was found to be more pronounced in
the nasal retina of esotropes as compared to the temporal retina. (Sireteanu and Fronius,
1981; Sireteanu, 1982b). Further discussion and elaboration of Sireteanu et al’s results
are presented in section 4.6.4.

4.2.2 Anisometropic amblyopia
Like “strabismic amblyopia” the term anisometropic amblyopia implies a causal
relationship, and is generally used to imply that the amblyopia has been caused by the
significant difference in refractive errors between the right and left eye. In cases of
uncorrected anisometropia there is a difference in the retinal image clarity; depending
on the mode of optical correction, differences in image size (aniseikonia) may result
from corrected anisometropia. Abnormal binocular interaction produced by the
difference in image clarity between the two eyes is thought to be an amblyogenic factor
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in some patients with anisometropia. One eye tends to be the favoured eye and controls
the degree of accommodation because humans are not capable of exerting differential
levels of accommodation in their two eyes however the other has constant defocused
images in which spatial vision anomalies develop. Jampolsky et al (1955) found the
greater the degree of anisometropia present the greater the degree of amblyopia
development in the eye with greater hypermetropia. In cases of myopic anisometropia
or anisomyopia, an amount of approximately 5-6D or greater in necessary before the
image is sufficiently and continuously blurred in order for amblyopia to occur
(Jampolsky et al, 1955). This has been more recently supported by Rutstein and Corliss
(1999) in hyperopic individuals. In cases of unequal myopia, the eye with greater
myopia is often used for near work and the eye with less myopia for distance.
Amblyopia is less likely to develop, unless the myopia is of a high degree as both
retinas receive adequate stimulation (von Noorden, 2002).

4.2.3 Stimulus deprivation amblyopia
The term amblyopia ex anopsia is given to amblyopia in which the reduction in visual
acuity is due to physical obstacles such as corneal lens opacities and is often referred to
as stimulus deprivation amblyopia. Stimulus deprivation amblyopia is less common
than strabismic or anisometropic amblyopia and is due to the lack of adequate visual
stimulus in early life. This may be due to conditions such as ptosis, corneal
opacification, congenital cataract, hyphaema and vitreous opacity (Ansons and Davis,
2001).
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4.3 Neural basis of amblyopia
4.3.1 Introduction
The effects of visual experience on the development of visual system were first
investigated by Nobel Prize winners Hubel and Wiesel in the early 1960s.Their studies
focussed primarily on the number and distribution of binocularity of cells in the primary
visual cortex of cats and later monkeys, and the destructive effects of reduced or absent
visual input to one eye on binocular organization (Moseley and Fielder, 2002). It has
been shown that the early visual pathway in macaques is structurally and functionally
similar to those in humans (Moseley and Fielder, 2002). In animals, amblyopia has
commonly been induced by one of the following methods
•

Unilateral or bilateral lid suturing.

•

Unilateral strabismus induced by either surgery or prisms.

•

Defocusing of the image by optical means or by the use of drugs.

4.3.2 Animal Studies
The behavioural aspects of experimentally-induced amblyopia in animal models are
similar to amblyopia in humans in terms of severity, reversibility and limitation of onset
during infancy (von Noorden, 2002). In amblyopic monkeys correlates of abnormal
early visual experience have consistently been found in V1, which is where information
from the eyes is first combined (Kiorpes and McKeet, 1999). Amblyopia is not the only
result of strabismus; it may also lead to suppression (section 4.6.4), anomalous retinal
correspondence and a reduction/loss of binocular function.
Wiesel and Hubel (1965) reported a decrease in the number of binocularly driven cells
from extracellular recordings in unilaterally lid-sutured kittens. Furthermore, a decrease
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in the number of cells receiving input from the amblyopic eye was also found
(Crawford et al, 1975).

Normal

Strabismic

Figure 4.1 Ocular dominance of 223 cells recorded from normal cats (A) compared to ocular dominance
of 384 cells from strabismic cats (B) (Hubel and Wiesel, 1965)

When binocular vision is prevented (by lid suturing in early life), the proportion of
binocularly-driven cells drops from approximately 80% to ~10-20% (Wiesel and Hubel,
1965). Thus a very large proportion of cells that otherwise could have been driven by
either eye were found to be responsive only to stimulation via the non-deprived eye.
There was no change in the number of monocular driven cells responding to stimuli
from the deprived eye (Wiesel and Hubel, 1963).The decrease in cells responding to
stimulation of the amblyopic eye is highly specific to amblyopia, regardless of
aetiology, and correlates quantitatively with the decrease in visual acuity (von Noorden,
2002).

Fahle and Bachman (1996) found that only one week of experimentally produced
esotropia or monocular deprivation is sufficient to reduce the number of binocular
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neurons as well as those neurons connected to the amblyopic eye. A period of
‘treatment’ by suturing the lids of the previously non-deprived eye or early realignment
of the deviating eye resulted in a functional recovery of striate neurons connected to the
amblyopic eye (Fahle and Bachmann, 1996).

Marked shrinkage of cells receiving input from the amblyopic eye has been found in
histological studies of the lateral geniculate nucleus of monkeys with strabismic,
anisometropic and visual deprivation amblyopia (Headon and Powell, 1973; von
Noorden, 1973; von Noorden and Middleditch, 1975). Similar anatomical changes have
been found in human subjects from post-mortem examinations. In a patient with known
anisometropic amblyopia, shrinkage of the layers receiving input from the amblyopic
eye in the LGN was found (von Noorden, 1983, source; von Noorden, 2002). Table 4.2
shows cell size measurements from each layer of the right and left LGN from a left eye,
human strabismic amblyope. Cells size in layers 2, 3 and 5 of the left LGN, that
received input via the uncrossed fibres from the amblyopic eye were significantly
smaller than the respective layers connected with the normal right eye (von Noorden
and Crawford, 1992). Bilateral deprivation results an equal reduction in the number of
cells responding to stimulation from each eye (Crawford et al, 1975) and stereopsis is
also believed to reduce with the loss of binocularly driven cells (Crawford et al, 1984).
An equal number of cells driven from the right and left eye occur from alternating
strabismus but there are virtually no binocular driven cells (Crawford and von Noorden,
1979).
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Table 4.2 Comparisons of the means of the lateral geniculate nucleus (LGN) cell area sizes from a human
patient with strabismic amblyopia of the left eye. LE/RE: left eye/right eye, NS, not significant (Data
from von Noorden and Crawford, 1992 (source von Noorden 2002)

Layer
1
2
3
4
5
6

Left LGN (µm2) LE/RE (%) Right LGN (µm2)
258 ± 58
NS
278 ± 58
235 ± 54
18
286 ± 49
142 ± 33
18
171 ± 34
143 ± 32
NS
144 ± 33
126 ± 32
25
168 ± 35
121 ± 32
NS
142 ± 42

As little as one week of experimentally induced strabismus or lid closure (figure 4.2 and
4.3 ) produces a virtual elimination of binocularly controlled cells accompanied by a
severe reduction in the number cells driven by the deprived/ strabismic eye. Two weeks
of esotropia was sufficient enough to completely eliminate cortical neuronal responses
from the deviated eye (figure 4.2). In the LGN shrinkage of 6-8% occurred in the
parvocellular layers connected with the esotropic eye, the magnocellular layers showed
no changes.

Figure 4.2 Compare with figure 4.1. Cortical neuronal eye dominance histograms for young rhesus
monkeys. Left, monkeys subjected to surgical strabismus of various durations. The arrow indicates the
strabismus induced eye. ND, non driven neurons (Crawford and von Noorden, 1979).
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Figure 4.3 Compare with figure 4.1. Cortical neuronal eye dominance histograms for 3 young rhesus
monkeys, which had monocular lid closure for 1 week. The arrow indicates the eye with lid closure (von
Noorden and Crawford, 1978).

Brief periods of treatment by either suturing the fixating eye or alignment of the eyes
prior to normal binocular exposure resulted in a functional recovery of striate neurons
connected with the amblyopic eye however the number of binocularly responsive cells
remains reduced. No recovery of cell size was observed in the LGN (Crawford and von
Noorden, 1979)

Figure 4.4 Compare with figure 4.1. Cortical eye dominance histograms for two young monkeys. Left,
Effect of reverse eyelid suture following right esotropia which was allowed to persist for 18 days, and
then the left eyelid was sutured.. Right, Effect of a period of normal visual experience following
realignment of the visual axes. This monkey had an induced right esotropia which persisted for 2 weeks
(Crawford and von Noorden, 1979).
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Sakai et al (2006) analyzed the binocular and monocular response properties of
individual neurons in the primary visual cortex of macaque monkeys that received
intermittent unrestricted vision. Severely amblyopic monkeys reared with continuous
monocular form deprivation showed obvious ocular dominance shifts to the fellow,
non-deprived eye. Ocular dominance imbalance was quantified for each group by
calculating the interocular ratios of the summed ocular imbalance indices (OII). The OII
values range from 0.0 (no imbalance) to 1.00 (complete imbalance). One hour of
unrestricted vision led to a decrease in the imbalance with the ocular dominance
becoming relatively balanced with 2 or 4 hrs of unrestricted vision (Sakai et al, 2006).

Figure 4.5 Effects of the duration of unrestricted vision during early infancy form deprivation on the
ocular dominance distribution of V1 neurons. Normal monkeys (A), monocularly form deprived monkeys
with nil (B), 1hour (C), 2hours (D), 4hours (E) of unrestricted vision. ROII: interocular ratios of the sum
of the ocular balance indices (Sakai et al, 2006).

Form deprivation resulted in a high prevalence of suppression in monkeys. Suppression
was calculated by comparing the amplitudes of binocular and monocular responses of
individual units to determine the peak binocular over monocular response ratios and
also the percentage of units exhibiting interocular suppression (i.e. binocular response
amplitude < monocular amplitude). However even 1 hour of unrestricted vision was
found to dramatically reduce this suppression in both the simple and complex cells in
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the primary visual cortex (figure 4.6)

Figure 4.6 Effects of the duration of unrestricted vision during early monocular form deprivation. The
proportion of inter-ocularly suppressive units is shown for both simple and complex cells found in the
primary visual cortex (Sakai et al, 2006).

Studies of the retina in amblyopes have concluded that the retina appears normal
(Hendrickson et al, 1987; Delint et al, 1998). Ikeda and Wright, (1974, 1976), Ikeda and
Tremain (1977, 1979) and Ikeda et al (1978) recorded responses from individual retinal
ganglion cells (sustained and transient cells) to determine whether the site of amblyopia
was the retina. The results of their findings are shown in figure 4.7. A sizable deficit
amongst X-cells (Sustained cells) was evident especially those which were located at
the fovea (i.e. with the smaller receptive field). Y cells (transient cells) were not
affected. This finding was present only in animals with a unilateral strabismus (Ikeda
and Wright, 1974; Ikeda and Wright, 1976; Ikeda and Tremain, 1977; Ikeda et al, 1978;
Ikeda and Tremain, 1979).

110

Figure 4.7 Plot of the mean and SD of spatial frequency thresholds of squint (filled circle) and normal
(unfilled circles) eye against retinal eccentricity (Ikeda, 1976, Source Hess, 2001).

It was suggested that this deficit at the fovea affecting the cells with small receptive
fields that were thus ideally suited for processing fine-grain, spatial information was
responsible for the form deficit in amblyopia. However earlier work by Sherman and
Stone (1973) found that retinal cells including X cells were normal in lid sutured cats.
This was later confirmed by Kratz and colleagues (1979) using optic tract recordings.
Derrington and Hawken (1981) later criticised the work of Ikeda suggesting that the
surgical intervention must have produces a direct retinal effect that, for reasons
unknown, was selective of the X cells at the fovea. Further studies by Ikeda et al (1978)
found the same selective X cell deficit restricted at the fovea by inducing anisometropia
amblyopia with the use of atropine. This was supported by Arden and colleagues (1980)
using electroretinography (ERG); Arden and Woodings (1985) reported that human
amblyopes exhibited a reduced pattern ERG response in agreement with Ikeda that there
was a primary deficit as early as in the ganglion cell layer in the retina. Later studies by
Hess et al (1985) found no comparable deficits in ERG responses for both strabismic
and anisometropic amblyopes, particularly at high spatial frequencies.
111

The matter of whether amblyopia is of a retinal or cortical origin still remains
unresolved. Although retinal abnormalities may exist it is believed that these
abnormalities are unlikely to be of a primary nature, however this still remains to be a
controversial matter to researchers. A review by Hess (2001) concluded that the site of
amblyopia is not the retina and is of a cortical origin. However more recently results
have suggested that there is a need to re-evaluate the current models of amblyopia
which were based on the assumption of a purely cortical dysfunction (Hess et al,
2009a).

4.3.3 Neuroimaging studies
Recent studies have used brain imaging techniques to determine what cortical areas are
affected in amblyopia. Initial results from positron emission tomography (PET) argued
for normal striate function in human amblyopia as well as involvement of the extra
striate cortex (Imamura et al, 1997). Sireteanu et al (1998) further investigated deficits
of the extra striate cortex using functional magnetic resonance imaging (fMRI)
techniques arguing for a selective extra striate deficit with sparing of the striate cortex.
Barnes et al (2001) measured functional brain activation to subjects that were not visible
to their amblyopic eye, the idea being to verify what the striate cortex could respond to.
Functional brain activation was measured to stimuli which was not visible by the
amblyopic eye with the idea to verify if the striate cortex could respond to what the
extra striate cortex could see (Barnes et al, 2001; Hess, 2001). A circumferential grating
was presented alternately to the amblyopic and normal fellow eye of both strabismic
and anisometropic amblyopes. Functional activation upon viewing of this target was
measured in the calcarine sulcus. All amblyopes expect CT (figure 4.8) showed a
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marked reduction in activation for the amblyopic eye compared with the normal eye
activation.

Figure 4.8 Colour map t-statistic images for four subjects for fixing (left) and amblyopic eye (right)
stimulation. Each panel shows the posterior portion of a single functional slice along the calcarine sulcus;
typically the activity is located at the occipital pole consistent with the cortical representation of the
fovea. Figure taken from Barnes et al (2001).

Neuroimaging seems to suggest that striate cortex is the first area showing real
difference from normal. However, the view that there is retinal involvement has
stubbornly persisted and has even gained credence from studies by Lempert (2003,
2004) and others who have claimed that the retina in amblyopes show subtle defects
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4.4 The Critical period
The term critical period became widely used in visual system literature after the early
works of Wiesel and Hubel (1963) on monocular deprivation. They described the
changes in the ocular dominance of cells in the primary visual cortex of the cat resulting
from monocular deprivation that was instigated sometime following birth and for
various durations. The period during which this susceptibility exists was originally
termed the ‘critical period’ i.e. the period of time post-natally when the visual system is
vulnerable to insult.

Animal studies and technological improvements in infant testing have contributed to the
understanding of the development of naturally occurring amblyopia in humans. Such
studies provide evidence that there are in fact 3 periods in visual development; the
period of development of visual acuity, the period during which deprivation is effective
in causing amblyopia (from a few months to 7or 8 years of age), and the period during
which recovery from amblyopia can be obtained. These three periods overlap to some
extent. This supports the observation that the critical period for disruption, lasts longer
than the period of development, and the period during which recovery is possible lasts
even longer (Daw, 2006).

The critical period has been found to be dependent upon a number of factors. Harwerth
et al (1986, 1989) found that there are several overlapping critical periods and these are
dependant on the anatomical level of the system and the visual function being studied
(Harwerth et al, 1986; Harwerth et al, 1989; Daw, 1998). Figure 4.9 illustrates the
sequence of the visual areas once signals are produced by the retina. Cells in the higher
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levels of the system have a critical period which lasts longer than those at the lower
levels.

Figure 4.9 Sequence of visual areas as worked out in the brain of the macaque monkey. Signals from the
retina project to lateral geniculate nucleus, then primary visual cortex in the occipital cortex, then to
various intermediate areas of cortex, leading to temporal cortex. Areas V2, V3, V4, and V5 are defined
for the macaque monkey. The corresponding areas in the human cortex are still being located. The visual
properties dealt with in each area are partially known: the retina converts signals about brightness into
signals about contrast; information from the 2 eyes comes together in the primary visual cortex; cells in
the primary visual cortex analyze the orientation of edges and direction of movement; area V4 deals with
colour and form; area V5 deals with movement and depth; faces are analyzed in temporal cortex in the
macaque monkey and in humans in an area near the colour area (colour agnosia and prosopagnosia have
separate locations) (Daw, 1998).

The most noticeable effects of monocular deprivation occur in the primary visual
cortex. After long periods of deprivation cells are completely dominated by the fixating
seeing-eye and most cannot be driven at all by the visually deprived eye. These
differences between different levels of the visual system is evident from shrinkage in
cells within the striate cortex, which the critical period is over in layer IV (the input
layer) before other layers (layers II, III, V, VI; extragranular layers) after a period of
monocular deprivation (Shatz and Stryker, 1978). Deprivation late in the critical period

115

causes changes in the ocular dominance of cells in the extragranular layers where as the
ocular dominance for the input layer remains unchanged. The critical period for the
input layer ends earlier than the critical period for the output layers.

A few days of monocular deprivation has been known to be able to shift the ocular
dominance in all layers between 4 and 6 weeks of ages (Hubel and Wiesel, 1970;
Movshon and Dursteler, 1977; Olson and Freeman, 1980). The critical period for layer
IV is thought to be between 5 and 8 weeks of age, with layers II, III, V, VI between 8
and 12 months of age (Daw et al, 1992) in cats. Susceptibility of ocular dominance cells
is also dependant upon sensory obstacle present i.e. monocular deprivation, strabismus
or anisometropia. Form deprivation in the monkey show that shrinkage of cells in the
primary visual cortex begins at birth however Mori et al (2002) demonstrated that
induced strabismus affected these neurons not immediately after birth but after the onset
of stereopsis (Barrett et al, 2004).

Information on the critical period for patients with stimulus deprivation has been
studied by Vaegan and Taylor (1979). This critical period was found to last from a few
weeks after birth to 10 years of age. Susceptibility has been found to decline with age.
In figure 4.10 SH was monocularly deprived for one year starting at the age of 1 year,
leading to complete loss of vision in the deprived eye, where as patient LF had been
deprived for the same amount of time however this started at the age of 4-5 years, visual
acuity reduced to one tenth of normal. Patient AN was also deprived for the same length
of time at the age of 8-9 and visual acuity remained normal. Longer periods of
deprivation have also been shown to have greater effects. 6 months deprivation in
patient SD led to acuity of 1/20 of normal, whereas SR and AB who were deprived for 3
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years had acuity of 1/160 normal. Similar results have also been found by other authors
(von Noorden, 1981)

Figure 4.10 Cases of stimulus deprivation caused by cataract, in which both the beginning and end of
deprivation are defined. Distance visual acuity is presented in decimal format. Heavy horizontal bars
span the period of deprivation and are set at the level of the first visual acuity score obtained after
adequate correction after cataract extraction (Vaegen and Taylor (1979), source Daw, (2006))

The critical period for the disruption of acuity by anisometropia is less defined
(Hardman Lea et al, 1989). The onset is almost always under the age of 5 years and the
amblyopia does not develop unless the anisometropia persists for duration longer than 3
years (Abrahamsson et al, 1990).
It is the general belief from clinical experience that amblyopia from strabismus does not
develop after 6 to 8 years of age (von Noorden, 2002). Keech and Kutsche (1995)
investigated the age after which visual deprivation does not produce amblyopia. In a
total number of 82 patients; 17 with strabismus, 27 with corneal lacerations, 31 with
cataract and 7 others, none were found to have amblyopia if the visual deprivation
started after 73 months.
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Although visual acuity cannot be disrupted by stimulus deprivation, strabismus or
anisometropia after the age of 10, recovery is still possible after this age with the
appropriate therapy (section 4.9) (Daw, 2006). Birnbaum et al (1977) showed that a 4
line improvement in the visual acuity of the amblyopic eye in 50% of the participants in
the age groups of 7 to 10 years and 11 to 15 years. This dropped to 40% in the over 15
age group. Epelbaum et al (1993) assessed the sensitive period in 407 children with
strabismic amblyopia who ranged in age from 21 months to 12 years. The efficiency of
the occlusion depended on the age of the onset of the treatment. Recovery of acuity of
the amblyopic eye was maximum when the occlusion was initiated before 3 years of age
and decreased as a function of age and was found to be virtually ineffective when the
patient was 12 years of age in this study group (Keech and Kutschke, 1995).
Improvements at all ages are evident in anisometropic amblyopes with the full refractive
correction with added lenses/prisms to help improve the alignment of the visual axis,
and patching from 2-5hrs a day and active vision therapy. With a combination of all
these treatments the results in older patients were better than those with only refractive
correction and occlusion therapy alone (figure 4.11).
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Figure 4.11 Comparison of success in anisometropic amblyopes treated with occlusion only (Meyer et al,
1991) and those treated with full refractive correction, prisms or lenses to help improve visual axis
alignment and visual therapy (Wick et al, 1992). Success index is defined as initial acuity-final
acuity/initial acuity – test distance x 100. Open symbols represent one subject, diamonds represent two
subjects and the number in the symbol represents the number of the patients age (large squares). Figure
taken from Daw (2006).

4.5 Visual function
4.5.1 Visual acuity
Visual acuity (VA) is the spatial resolving capacity of the visual system and a reduction
in VA is the defining clinical feature of an individual with amblyopia (Westheimer,
1965). The development of visual acuity has been discussed in chapter 1. Although
visual acuity is the main way of characterising visual loss in amblyopia, it provides only
a sparse description of the visual system’s ability to process spatial information
(Moseley et al, 1998).
In order to detect amblyopia in young children it is essential to use the appropriate
vision test so that visual acuity can be accurately measured. These have been listed in
table 4.3 and only provide approximate ages for each test. Selection of tests depends on
the co operation and ability of the child.
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Table 4.3 Commonly available vision tests for infants and children with suggested appropriate age
ranges.

Vision test

Age of child

Forced choice preferential looking (FCPL)
Teller acuity cards
Keeler cards
Cardiff Acuity test
Sheridan-Gardiner test
Cambridge Crowding cards
LogMAR crowded test

Up to 18 m onths
Up to 18 m onths
Up to 18 m onths
1-3 years
3-4 years
3-6 years
From 4 years

A frequent characteristic of the amblyopic eye is the inability to discriminate optotypes
that are crowded closely together. Many patients with amblyopia are capable of
discriminating rather small visual acuity symbols when they are presented singly against
a uniform background, whereas when they are presented in a row as on visual acuity
charts, the symbols must be larger to recognize them with the amblyopic eye. This
finding has been termed the crowding phenomenon or separation difficulties (von
Noorden, 2002). Flom et al (1963) investigated the effect of contour interaction using
the Landot C (figure 4.12). Letter acuity in amblyopia was found to be impaired once
black bars or neighbouring letters approached 1 letter diameter away and maximally
affected when the bars were 0.4 of a letter diameter away. Contour interaction does not
begin at greater than one letter diameter separation (Ciuffreda et al, 1991).
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Figure 4.12 The effect of contour interaction on visual resolution determined by evaluating the influence
of the surrounding black bars on the visibility of the Landolt C. D =linear separation between Landolt C
and interacting bars (Flom et al, 1963; Ciuffreda et al, 1991).

For anisometropic amblyopes the most frequent acuities fall between 6/12 and 6/24,
with occurrence less than 6/48. Strabismic amblyopia is also associated with acuities
between 6/12 and 6/48; however strabismic amblyopes show a greater preponderance of
poorer Snellen acuities. Amblyopes with both anisometropia and strabismus also show
poor acuities (Ciuffreda et al, 1991).
Acuity can be measured with both gratings and letters. Figure 4.13 shows the grating
acuity of 12 amblyopes plotted against their Snellen acuities. A line with slope of 1 (as
shown) indicates that the 2 acuity measures are affected equally by the amblyopia.
Anisometropic amblyopes show a more balanced loss which is consistent with this;
however strabismic amblyopes show that Snellen acuity is affected to a greater degree
than grating acuity. This suggests that strabismic amblyope have an extra visual loss
that cannot be understood in terms of reduced VA alone (Levi and Klein, 1982a; Levi
and Klein, 1982b).
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Figure 4.13 Grating acuity versus Snellen acuity. Data for eyes with amblyopia due to anisometropia (A),
strabismus (S), and both strabismus and anisometropia (B) are shown Open circles show data for the non
amblyopic eye (Levi and Klein, 1982a; figure taken from Ciuffreda et al, 1991).

However, more recent findings indicate that this difference between strabismic and
anisometropic amblyopes is less than previously thought. It has been suggested that the
difference found as by Levi and Klein (1982b) between strabismic and anisometropic
observers reflects differences in binocular functioning. In this, newer approach to
understanding visual loss in amblyopes, a strabismic with residual binocular function
will have about the same grating/optotype acuity ratio as an anisometrope with residual
binocular function (McKee et al, 2003). This is shown in figure 4.14.

122

Figure 4.14. The graph shows optotype acuity plotted against grating acuity (minutes of arc). At any
given level of grating acuity, non-binocular observers generally show worse optotype acuity than
binocular observers (Figure taken from McKee et al, 2003).

4.5.2 Hyperacuity
The term hyperacuity was used by Westheimer to describe a variety of tasks that
involve sensing the direction or spatial offset of a line or point relative to a reference
(Westheimer, 1975). Vernier acuity represents the most widely studied of these tasks
and is a cortical function that is not disturbed by blur or retinal image motion (von
Noorden, 2002); the visual system is capable of making much finer spatial
discriminations than Snellen acuity. The relative position, size and orientation of an
object can be judged with an accuracy of 3-6 seconds of arc or better (von Noorden,
2002).

Skoczenski and Norcia (1999) showed in visual normals that vernier acuity had a
prolonged developmental sequence compared with grating acuity (figure 4.15), with the
development of mature vernier acuity extending beyond the first year of life. It was
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suggested that this was an explanation why vernier acuity is affected more than grating
acuity by developmental disorders such as amblyopia (Skoczenski and Norcia, 1999).
Carkeet et al (1997) found that vernier acuity threshold reached adult levels between the
ages of 5.7 to 8.7 years but between 1.4 and 2.2 years for resolution acuity in visual
normals.

Figure 4.15 Average data: Vernier acuity (filled circles), motion acuity (open circles), and grating acuity
(filled triangles) as a function of age. Infant data from Figure 3 are shown as averages, along with adult
data. The left axis indicates units (inverse minutes) for vernier acuity and motion acuity and the right axis
indicates units for grating acuity (cycles per degree). Although these units cannot be compared on
absolute terms, the axes extend the same number of octaves and have been aligned according to adult
performance (top), to show the maturity of each type of acuity (figure taken from Skoczenski and Norcia,
1999).

Levi and Klein (1982a) found that in strabismic amblyopes, the deficits in vernier acuity
were disproportionately greater, whereas in amblyopes with anisometropia, the deficits
were nearly proportional to one another (Levi & Klein 1982a, 1982b). This was later
supported by Birch and Swanson (2000) showing that, among moderate amblyopes, the
ratio of Vernier to grating acuity was significantly different between the anisometropes
and strabismic participants. However, this difference between anisometropes and
strabismics was not evident among the severe amblyopic participants in their study.
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Birch and Swanson (2000) suggested that functional distinctions between different
clinical groups might depend on the range of severity of the deficit in the population
studied. Further research by McKee et al (2003) suggests that the presence/absence of
binocular functioning (figure 4.16) differences between individuals is responsible for
this these differences which are exhibited rather than the presence/absence of
anisometropia or strabismus

Figure 4.16 Vernier acuity plotted against grating acuity. At any given level of grating acuity, nonbinocular observers generally show worse Vernier acuity than binocular observers. Figure taken from
McKee et al (2003).

4.5.3 Contrast sensitivity
Contrast sensitivity is often considered to offer a more complete evaluation of the
spatial performance of the visual system because and is gained by measuring contrast
thresholds for a wide range of object/target sizes (i.e. spatial frequencies). Once plotted
these values produce a graph of threshold contrast versus spatial frequency also known
as the contrast sensitivity function (Taylor and Hoyt, 2005).
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The stimulus most typically used is a sine wave grating. As well as being a suitable
target which is comparable between amblyopes and visually normal individuals it is
also an extended stimulus, therefore it is possible to ensure that the target remains
imaged on the fovea even in those individuals with eccentric fixation (Ciuffreda et al,
1991).

Figure 4.17 Contrast sensitivity function for amblyopes (A) anisometropia (B) strabismus (C) both.
Amblyopic eyes are shown by filled circles; fellow eyes are shown by open circles (taken from Ciuffreda,
1991). Contrast sensitivity is the reciprocal of the contrast at threshold, i.e., one divided by the lowest
contrast at which forms or lines can be recognized. Figure taken from Ciuffreda et al (1991).

There is general agreement that the majority of individuals with amblyopia typically
have reduced contrast sensitivity (CS) in the amblyopic eye, however this tends to be
more evident at high spatial frequencies. Contrast sensitivity losses have also been
found to be related to varying degrees of visual acuity in the amblyopic eye. Rogers et
al (1987) found a significant correlation between visual acuity and the contrast
sensitivity function (figure 4.18). As visual acuity decreased from 20/20 to 20/200 peak
contrast sensitivity was found to be shifted to lower spatial frequencies. Thomas (1978)
reported that if the acuity was less than 20/50 a loss was found only at higher spatial
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frequencies but when the acuity was between 20/100 and 20/300 the whole range of
frequencies were affected.

Figure 4.18 Contrast sensitivity functions of four amblyopic subjects with varying degrees of visual
acuity loss (Rogers et al, 1987).

4.5.4 Spatial Distortion and errors of localization
The fact that amblyopes report distortion of optotypes as well as changes in shape,
fragmentation of test letters, or increased spaces between the letters, was first reported
by Pugh (1958) who asked amblyopes to describe the appearance of high contrast
letters. Amblyopes perceived distortions when they viewed letter with their amblyopic
eye, their descriptions included abnormal spacing between letters, fragmenting of the
letter and changes in the shapes of letters. Similar distortions have also been reported by
Hess et al (1978) from amblyopes when viewing suprathreshold bar gratings. It has
been suggested that spatial uncertainty may be due to either undersampling (Levi and
Klein, 1986) or neural disarray (Hess et al, 1978). Undersampling occurs where cells in
the visual cortex receive projections from the correct part of the retina, however these
projections are either fewer than normal or spread more widely than normal, therefore
cells in the cortex are larger than normal. In this case the subject will often place the
object in the correct position however the errors will be larger than normal. Distorted
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sampling occurs when cells in the visual cortex receive projections from the wrong part
of the retina. In this case the subject will place the stimulus in the incorrect position
(Ciuffreda et al, 1991). Flom and Bedell (1985) examined monocular spatial vision of
strabismic amblyopes by measuring errors of relative directionalization (whether the
stimulus targets are in vertical alignment, figure 4.19A) and partitioning (equating left
and right field spaces, figure 4.19B).

Figure 4.19 (A) Stimulus used to evaluate relative directionalization. When fixating with the amblyopic
eye the subject is asked to line up the line between the points of the 2 triangles (B) spatial distortion in a
strabismic amblyope. The patient attempted to set the dots equidistant from the central cross (Flom and
Bedell, 1985)

Spatial uncertainty has been found to be worse in strabismic amblyopes than in
anisometropic amblyopes (Ciuffreda et al, 1991). The spatial uncertainty deficits in
anisometropic amblyopes have been suggested to be accounted for by their contrast
sensitivity losses (Hess and Holliday, 1992).

128

More recently Barrett et al (2003) investigated the prevalence of nonveridical visual
perception in a large sample of human amblyopes. Nonveridical visual perception was
revealed in ~67% amblyopes. The presence of distortions were found to be linked to the
depth of amblyopia, with both groups being affected (anisometropic and strabismic
groups). Errors in perception were found to be more severe at higher spatial frequencies
(figure 4.20) and the prevalence and severity were found to be dependant upon the
orientation, horizontal orientations were found to be less affected (Barrett et al, 2003).

Figure 4.20 Seven examples showing the increased tendency for subjects to misperceive gratings of
higher spatial frequency. The spatial frequency (in cycles per degree) and orientation (horizontal or
vertical) of the test grating are shown above each corresponding sketch (Barrett et al, 2003).
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4.6 Binocular vision adaptations
Adaptations to binocular vision may occur in those with amblyopia. These may include
suppression, eccentric fixation or abnormal retinal correspondence (ARC) (McKee et al,
2003; Bloch, 1991).

4.6.1 Eccentric fixation
Eccentric fixation occurs when a point other than the fovea may be used to determine
the principle visual direction. An extra foveal point is used to fixate objects such as
those in figure 4.21. Fixation maybe parafoveolar (adjacent to the foveolar reflex),
parafoveal (outside but close to the foveal wall) or peripherally eccentric (somewhere
between the edge of the fovea and the disk) (von Noorden, 2002). Eccentric fixation
may be defined as a monocular phenomenon in which the eye utilises a portion of the
retina other than the fovea for fixation (Malik et al, 1969).

Figure 4.21 Types of non foveolar fixation (von Noorden, 2002)
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Figure 4.22 Relationship between foveal eccentricity and visual acuity (Taken from Westheimer, 1979)

Visual acuity depends on the location of the retinal stimulus and decreases sharply with
an increase in distance of the image of an object from the centre of the fovea. It was
once suggested that the acuity of an amblyopic eye could be predicted from the position
of the eccentric fixation area (Lazich, 1948). The relationship between visual acuity and
retinal eccentricity is illustrated in figure 4.22. As well as the decrease in visual acuity,
fixation also becomes increasingly unsteady the farther away fixation is from the fovea
(Helveston and von Noorden, 1967).

Eccentric fixation has been found, by visuoscopy, to be present in approximately 44%
of all patients with amblyopia (von Noorden, 1969) and in 30% of patients with
strabismic amblyopia (Pasino and Maraini, 1964).

4.6.2 Microtropia
Microtropia is defined as a manifest deviation of less than 5° in which ARC (giving rise
to abnormal binocular single vision (ABSV)), normal motor fusion, and reduced or
absent stereoacuity are found. In addition, amblyopia, a foveal suppression scotoma,
and uniocular eccentric fixation are present and there typically a small amount of
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anisometropia (Houston et al, 1998). The term microtropia “with identity” is used to
describe no manifest movement on cover test, with the eccentric fixation point
coinciding with the angle of ARC. Microtropia “without identity” is used to describe a
manifest movement seen on the cover uncover test. Setayesh et al (1978) evaluated 48
cases of primary microtropia. Various degrees of were found. The fact that there was no
relationship between the amount of anisometropia and the amount of amblyopia
suggests that anisometropia is the cause rather than the consequence of microtropia.

4.6.3 Anomalous Retinal Correspondence (ARC)
Normal Retinal Correspondence (NRC) has been discussed in chapter 3, section 3.4.4.
One way in which the visual system adapts to diplopia is by the development of
anomalous retinal correspondence (ARC), that is, a shift in the relative local signs of
corresponding regions in the two retinas (Howard and Rogers, 1995). Under binocular
viewing conditions, ARC allows a non foveal area in the strabismic eye to correspond
directionally with the fovea of the fixating eye. Thus, ARC enables the heterotropic
patient to see with both eyes simultaneously without diplopia (Herzau, 1996). Gross
stereopsis has found to be evident in patients with ARC which is usually less than 120
minutes of arc (von Noorden, 2002). Anomalous correspondence adapts the sensory
visual system to the abnormal motor condition created by the deviation in an effort to
restore some binocular co-operation. It is thought that in some cases of strabismic
amblyopia ARC develops in the periphery allowing peripheral stereopsis to be
maintained whilst central areas are suppressed resulting in absent stereopsis.
Harmonious anomalous retinal correspondence occurs when the fovea of the fixating
eye acquires a common visual direction with the area of the retina of the deviated eye on
which the fixation point is imaged, the deviation is fully neutralised sensorially; that is,
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the shift in visual direction has fully offset the amount of deviation. Unharmonious
anomalous retinal correspondence occurs when the amount of shift in visual directions
does not fully compensate for the deviation possibly because the adaptation is not fully
complete (von Noorden, 2002). Grant and Berman (1991) found the presence of
strabismus to show induced modification of the lateral suprasylvian cortex. For angles
of anomaly over 10° severe loss of binocular cells occurred and the receptive fields of
remaining binocular cells did not alter their relative positions in the two eyes. Cats with
mild strabismus less than 10° had a normal number of binocular cells, however the
relative position in the two eyes shifted, that is a shift in the relative local signs of
corresponding regions in the two retinas (Howard and Rogers, 1995). Wong et al (2000)
proposed that the visual cortex adapts to strabismus by combining information from
paired ocular dominance columns of opposite ocularity that, because of the eye
misalignment, are nonadjacent and separated by abnormally long distances across the
striate cortex. The cortex appears to achieve the linkage by using chains of neurons that
have normal-length axons. The visual cortex is most successful stochastically at
achieving this linkage (i.e. at developing ARC) when the gap that must be bridged is no
greater than 4° to 5° (8-10 PD), or the retinotopic distance in the foveal visual field is
spanned by twoV1 neurons.
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4.6.4 Suppression
von Noorden (2002) suggested that suppression may be defined as “the active central
inhibition of disparate and confusing images originating from the retina of the deviated
eye” (von Noorden, 2002, page 215).
Strabismus or misalignment of the visual axis of the 2 eyes is a common visual disorder
in humans. Visually immature children who present with a strabismus appear to adapt to
their oculomotor status with diplopia rarely being reported. However adults with an
acquired strabismus readily report persistent diplopia. It is believed that the immature
visual system is able to suppress images from the deviating eye (or ARC might be
taking place in young children). Although suppression acts to avoid confusion or
diplopia (section 3.4.5), it is in fact a binocular phenomenon in the sense that is only
active when both eyes are open; it is ‘switched off’ during monocular viewing. It serves
as an anti diplopic and anti confusion mechanism, and is most likely to develop in those
individuals in whom the image from both the left and right eye cannot be fused into a
single percept due to misalignment of the visual axis (strabismus) or due to the
differences in the clarity or size of images as in anisometropia. von Noorden suggested
that the sensitive period during which suppression may develop is similar to that of
amblyopia development, in that it appears to extend up to the age of 8 or 9 (von
Noorden, 2002). The suppressed region exhibits reduced of sensitivity to visual stimuli
with an elevation of light detection thresholds with increased reaction times. Individuals
whom demonstrate central suppression have shown to have intact binocular vision in
the periphery. Thus confirming that suppression may be a regional phenomenon and not
affecting all extents of the visual field (Sireteanu and Fronius, 1990). Schor (1977)
suggested that suppression may take up to 75 to 150 ms to begin once diplopia and
confusion to arise (Schor, 1977).
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The presence and depth of suppression in amblyopes may be investigated by comparing
the performance of the deviated ‘suppressed eye’ under both monocular and habitual
conditions (i.e. binocular; both eyes open). In cases where suppression is present
performance of the non-dominant eye is better upon monocular testing compared to
habitual viewing when the fellow eye is also allowed to view the stimuli. A number of
authors have found a deficit to occur in visual acuity under habitual viewing conditions
compared to that when the amblyopic eye was viewing alone As well as adding to
reduction in visual performance under habitual viewing conditions it has also been
suggested that chronic unilateral suppression is also responsible for the development of
amblyopia. In this view, the suppression is seen as the cause of the amblyopia rather
than as a consequence of it. The relationship between suppression and amblyopia
(Jampolsky, 1955; Sireteanu and Fronius, 1981 de Belsunce and Sireteanu, 1991;
Freeman and Jolly, 1994; Freeman et al, 1996; Harrad et al, 1996, Kilwinger et al,
2002) has been researched in adult strabismic subjects. Sireteanu and Fronius (1981)
compared sensitivity of the amblyopic eye under fellow eye occluded conditions (fellow
eye was covered with a translucent occluder) and in turn derived the amount of
interocular suppression as an elevation of the detection threshold. Amblyopia was
measured as a loss of visual acuity of gratings. Figure 4.23 shows the correlation
between the regions of visual acuity loss and the interocularly suppressed areas for a
squint amblyope found in the study by Sireteanu and Fronius (1981). It was suggested
the areas of greatest interocular suppression correspond to the areas of greatest visual
acuity loss. Nasal temporal asymmetry was demonstrable, with acuity loss depending on
the direction and magnitude misalignment of the deviated eye. The deepest loss was
found to be in the nasal retina of the amblyopic eye in esotropic subjects. This however
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was found to be more consistent in the microstrabismic amblyopes rather than the large
angle squint amblyopes.

Figure 4.23 Correspondence between visual acuity loss and the interocular suppression that was found by
Sireteanu and Fronius (1981)

Anisometropic subjects showed a more symmetric loss across the visual field.
Binocular interaction was shown to be preserved for both strabismic and anisometropic
subjects in the periphery but not in the central region (Sireteanu et al, 1981). The
correspondence between suppression and visual acuity may also be exaggerated by
other factors. The determination of threshold values involved the observer wearing redgreen glasses which may have also increased the degree of suppression as dissimilar
stimuli was presented to each eye resulting in retinal rivalry or what is known as colour
rivalry.
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Contrary to these findings Holopigian et al (1988) found an inverse relationship
between the depth of suppression and degree of visual acuity loss from amblyopia.
Deep suppression was found in individuals with mild amblyopia, whereas those with a
high degree of amblyopia little or nil suppression was found.

Figure 4.24 Scatterplot demonstrating the relationship between the depth of suppression (in dB) and the
interocular acuity ratio (where a ratio of 1.0 indicates no difference between the eyes). The data shown
are for the nine clinical suppressors tested. Figure taken from Holopigian et al (1988)

Suppression is thought to be more of an advantage is small angle squints. Misalignment
of the visual axis would result in diplopia. Small angle squints would result in the
images being closer together and therefore be harder to ignore than large angle squints
in which the double image is further away and therefore may be easier to ignore for the
patient.

A variety of testing conditions have been implemented in order to assess the presence
and/or depth of suppression a few of these consisting of; red/green dissociation, cross
polarisation and various screen and mirror methods. The importance of testing
conditions has been raised by von Noorden (2002, page 220) who states that “all
information derived from the current or past literature about the presence, location, and
depth of retinal suppression scotomas is tainted by our inability to create testing
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conditions that are identical to causal conditions of seeing”. This has been discussed
further in experimental chapter 6.

4.6.5 Ocular Motor deficits
The unsteadiness in fixation present in normal eyes is vastly exaggerated in amblyopia
regardless of the amblyogenic factor. This unsteadiness has been recorded electrooculographically for both fixation and saccadic movements (Von Noorden and Burian,
1958). Photo-electric eye movement techniques have recorded an increased tendency of
the amblyopic eye to drift whilst fixating a stationary target (Ciuffreda et al, 1980)
Drift amplitude was found to increase (up to 4.5 degrees per second) and velocity (up to
3 degrees per second) during monocular fixation. Increased drift was found in 75% of
amblyopes without strabismus, 50% of amblyopes with constant strabismus but only
20% of individuals with intermittent strabismus.
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Figure 4.25 Presence of abnormal drift (per cent total fixation time of increased drift) amplitude and
velocity as a function of visual acuity in the non-dominant eye. Symbols for figures 5-7:
CSA(ET)=constant strabismus amblyopia (esotropia), CSA(XT)=constant strabismus amblyopia
(exotropia), AwoS=amblyopia without strabismus, IS=intermittent strabismus with visual acuity of 20/20
or better, ISwMA=intermittent strabismus with mild amblyopia (visual acuity worse than 20/20), and
N=maximum normal drift level during binocular fixation or monocular fixation with the dominant eye.

von Noorden and Mackenson (1962) investigated smooth pursuit movements following
a horizontally moving target at different velocities. The amblyopic eye was found to
make irregular jerky movements which increased at lower target velocities. The non
amblyopic eye was found to be less precise in tracking than those in the normal control
group (von Noorden and Mackenson, 1962).
The tracking ability of the fellow in amblyopic individuals has found to be less precise
when compared with visual normal observers and described as a centrally generated
nasal drift bias involving both eyes in amblyopia (von Noorden and Mackenson, 1962;
Bedell and Flom, 1985).
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4.7 Disability associated with amblyopia and strabismus
4.7.1 Introduction
Since the systematic review by Snowdon and Stewart Brown (1997b) the area regarding
the disability and effects of amblyopia on the quality of life has become of increased
interest to researchers. The extent to which there is disability associated with strabismus
and amblyopia is the subject of much work. Following this controversial yet influential
report of Snowden and Stewart Brown (1997b) authors often conclude that there is a
lack of research regarding the disability and the functional consequences associated
with amblyopia. The following statements are 2 examples taken from what seems to be
the general viewpoint of many authors:

‘Unfortunately we have little or no explicit data concerning the impact of amblyopia on
quality of life measures, such as limitations in an individual’s ability to complete
activities of daily living, the impact of amblyopia on career opportunities or choices’.
Hartmann et al (2000)

‘There is a lack of good quality research into the natural history of the target conditions
(amblyopia, refractive error and squint), the disabilities associated with them and the
efficacy of available treatments ……In the absence of sound evidence that the target
conditions sought in these programmes are disabling and that the interventions
available to correct do more good than harm, the ethical basis for such interventions is
very insecure’. (Snowdon and Stewart-Brown, 1997b)

In order to determine the impact of amblyopia and strabismus studies adopt one of three
broad approaches. Population based studies are aimed at understanding the impact of
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conditions on for example, education, employment and social aspects. Another
approach is to use questionnaires and interviews allowing assessment of any
psychosocial impact that maybe be exerted by the conditions, as well as the impact of
treatment such as occlusion and strabismus surgery. The third approach is to assess
individuals with these conditions on performance of everyday tasks such as reading,
reaching and grasping, tasks which require motor skills, driving and gait.

It is known that amblyopia is most commonly associated with strabismus and refractive
error. Therefore it may not be possible to isolate amblyopia as being the negative factor
in these questionnaire and interview studies, and population based studies as there may
be other factors present, e.g. the presence of strabismus, having to wear glasses.
Similarly, it could be the treatment that is the issue rather than the condition. Thus for
example bullying might be more associated with the treatment for amblyopia
(spectacles and patching) than with the condition itself, as in the case of some
amblyopes (non-strabismic amblyopia) the fact that amblyopia exists is not apparent to
those around us.

4.7.2 Population based studies, questionnaires and interviews
The consequences of amblyopia on education, occupation and long term vision loss
have been investigated in the Blue Mountains Eye study by Chua and Mitchell (2004).
It was reported that amblyopia did not affect lifetime occupational (p=0.50) but fewer
people obtained university degrees (p=0.05). Individuals with amblyopia had almost
three times the risk of visual impairment in their fellow eye with vision loss worse than
6/12 compared with 12.5% of those without amblyopia (Chua and Mitchell, 2004).
These findings support that of Rahi et al (2002) who found the minimum risk of
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permanent visual impairment by age 95 years to be 32·9 (95% CI 29·1–36·9) per
100 000 total population (Rahi et al, 2002). A prospective cohort study of 8861 births
from the year 1958 was conducted by Rahi et al (2006). In total 4.8% of the participants
had amblyopia, with 4.6% with mild amblyopia and 1.2% with moderate or severe
amblyopia. No functional or clinical significance existed between those with and
without amblyopia in the areas of: educational outcome, behavioural difficulties, social
activities, injuries, general or mental health and mortality, paid employment or
occupation based social class (Rahi et al, 2006). As 47% of these individuals with
amblyopia also had strabismus it is difficult to eliminate whether amblyopia was
isolated as a condition and other factors such as the presence of strabismus did not
influence the findings. Coats et al (2000) however found that women with normal
ocular alignment received greater hiring preference scores than those with strabismus.
No difference in hiring preference scores was noted between strabismic and nonstrabismic male applicants therefore suggesting that there is also a gender issue.

A study in which amblyopia is isolated without the presence of strabismus is a
questionnaire study by Packwood et al (1999). They found amblyopia to have an effect,
on the following: school (52%), lifestyle (50%), work (48%), sports (48%), job choice
(36%) in their sample size of 25 subjects. Snowdon and Stewart Brown (1997a)
conducted semi-structured interviews on parents of 11 children with amblyopia. It was
concluded that the parents did not find amblyopia to be a disabling condition for their
children. However when interviewing adult amblyopes they found amblyopia to be a
problem whilst driving particularly at night. Clinicians were also interviewed in the
study and the general viewpoint was that amblyopia does limit career choice and
therefore, it is important to maximise vision in each eye by treatment (Snowdon and
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Stewart-Brown 1997a). The overall conclusion was that the treatment was more
disabling than the condition itself although amblyopic individuals who did not receive
treatment generally agreed that they would have preferred to improve the level of visual
acuity had they been given the chance. This study was based on a very small sample of
amblyopic subjects and therefore does not give a true representation of the disability,
however it does appear to highlight the diversity of disabilities caused by amblyopia.

When the impact of strabismus is studied there seems to be a general consensus that it
exerts a negative impact on individuals. A study by Satterfield et al (1993) showed that
strabismus had a negative impact on individuals self image, securing employment,
interpersonal relationships, school work and sports (Satterfield et al, 1993). The
difficulties experienced by the individuals in the study seemed to increase into their
teenage and adult years with higher levels of stress compared to aged-matched normals.
Securing employment was also found to be a factor in other studies (Olitsky et al, 1999;
Coats et al, 2000). Mojon-Azzi et al (2008) used validated questionnaires to determine
whether strabismus has any impact on the ability to find a partner. Of the 40 dating
agents, 92.5% judged that strabismic subjects have more difficulty finding a partner.
Such was associated as being greater in exotropic than in esotropic individuals. Among
the seven facial disfigurements, strabismus was believed to have the third largest
negative impact on finding a partner, after strong acne and a visible missing tooth
(Mojon-Azzi et al, 2008).
The cosmetic appearance of a strabismus has also found to have a negative effect on
mothers when forming a bond with their child (Akay et al, 2005). The emphasis of this
study was on the presence of a strabismus and not on the amblyopia, although 80% of
the participants also had amblyopia. It was also concluded that as well as having a
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negative effect on the relationship with the mother the individual also had issues with
self confidence. The mean age of the children was 6 years, with a mean age of 31 years
for the mothers. This confirms results of an earlier study by Tolchin and Lederman
(1977) who suggested that ocular misalignment is one barrier to the eye contact
necessary for a proper relationship to be formed.

Treatment of amblyopia has been discussed in section 4.9 and mainly consists of
correction of refractive error and/or occlusion therapy. Therefore it is importance to
recognise the issues/consequences that arise due to this treatment. It has been found that
children with a history of patching are 37% more likely to be bullied Horwood et al
(2005). Peer victimization has also been found by Koklanis et al (2006) in relation to
the amblyopia treatment (Koklanis et al, 2006). The feelings of rejection alongside that
of stigmatization consequently had a negative impact for some children’s self
evaluation. However Choong et al (2004) compared children who were under going
occlusion (n=31) and those who were not (n=28). Those who were undergoing
occlusion did not seem to have an associated emotional impact and carers didn’t report
any significant change in behaviour following the onset of occlusion. Within the
occluded group carers felt more negative following the onset of glasses but became
significantly positive when occlusion was introduced (Choong et al, 2004).

4.7.3 Functional disability
The difference in visual acuity between the two eyes may result in a lesser degree of
binocular summation (chapter 3, section 3.5) taking place as the signals entering each
eye are different and therefore not optimal in order for binocular summation to take
place. However the binocular visual acuity will be similar between amblyopes and
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visually normal controls as the dominant eye in the amblyopes will have a visual acuity
similar to that of the visual normal’s. The main difference between the groups will be
the presence and level of measurable stereoacuity. The contribution and significance of
binocular vision has commonly been investigated in studies by comparing the
performance under binocular viewing to the performance under monocular viewing in
visual normal’s. This only mimic’s the stereoacuity loss appreciated by those
individuals with a long standing reduction or absence in stereopsis and therefore may
not be a fair representation as stereoacuity is only acutely affected. In addition to the
uniocular reduction in the best corrected visual acuity, individuals with amblyopia
exhibit abnormal binocularity with grossly reduced or absent stereopsis (McKee et al,
2003). Recently published studies have investigating the functional aspects of
amblyopia include reading, fine motor skills, prehension and adaptive gait within the
amblyopic population (Buckley et al, 2010; Grant et al, 2007; O'Connor et al, 2010;
Stifter et al, 2005a; Webber et al, 2008).

Stifter et al (2005a) investigated the presence of any functionally relevant deficits in
reading performance in children with microstrabismic amblyopia. The binocular
maximum reading speed was found to be lower in individuals with amblyopia (172.9
words per minute ± 11) when compared with visually normal controls (200.4 words per
minute ± 44.9). No significant differences were found in the binocular logMAR visual
acuity and reading acuity between the two groups. These studies however contained a
relatively small number of participants and were all microstrabismic (section 4.6.2)
amblyopes. Thus we don’t really know the extent to which reading is or isn’t affected in
amblyopes.
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Fine motor skills were found to be reduced in children with amblyopia, particularly
those with strabismus compared with control subjects (Webber et al, 2008). These
deficits were greatest on tasks requiring speed and dexterity rather than tasks that
required accuracy and control. A lack of association of motor skills with the presence of
amblyopia was found by O’Connor et al (2010). It was found that the performance was
actually related to the associated reduced stereoacuity, a clinical measurement which is
associated with amblyopia rather than the amblyopia itself. However the amblyopes
were found to perform slower at tasks than the controls. Motor skills of amblyopic
adults have been investigated in the present study for a threading a needle task requiring
a fine level of motor skills (chapter 10).

A range of prehension deficits have been found to occur under both binocular and non
dominant eye viewing conditions in adults with amblyopia, particularly evident in the
approach to an object and when closing and applying the grasp. The differences
between the amblyopes and controls included prolonged execution times, increased
errors and differences in the grip posture and hand pre-shaping i.e. in the final part of
the movement. O’Connor et al (2010) suggested these findings by Grant et al (2007)
may explain the relative increase in the time taken when task difficulty is increased. The
results of our study (chapter 9) discusses differences between visually normal
individuals and amblyopic participants in which objects are placed either side of the
object to be grasped contributing to data which is currently available.

Individuals with amblyopia have been found to act in a similar manner to those with
reduced stereoacuity during obstacle negotiation tasks. The findings of this study have
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been discussed in chapter 8. Buckley et al (2010) found that minimal differences existed
in the parameters investigated between the two groups, suggesting in agreement with
O’Connor et al that it is the reduction in stereoacuity rather than the visual acuity deficit
is the contributing factor (Buckley et al, 2010).

Although this topic is one that is becoming of research interest, still a limited number of
studies exist further data is required to establish the deficit attributable to amblyopia and
the extent of the disability.

4.8 Cost effectiveness of amblyopia screening and treatment
The cost effectiveness of amblyopia screening and treatment is determined by several
factors; screening accuracy and participation, compliance with treatment, efficacy at
long term follow up and the functional significance of amblyopia at any given level of
visual acuity (Simons, 2005). Differences in test conditions, skills of examiners, test
types and referral criteria results in a tremendous variation in referrals from primary
screening of between 1% and 22% of children seen. There has been much speculation
over who should carry out preschool vision screening as to be cost effective the
screening programme must be sensitive and specific with minimum costs involved.
Maclellan and Harker (1979) found that of the 4544 pre-school children referred by
health visitors and doctors 69% of these referrals no defect was detected, and only 11%
of the children referred went on to undergo further treatment. Screening by orthoptists
decreased the number of inappropriate referrals by up to 25% (MacLellan and Harker,
1979). Bolger et al (1991) compared the detection rates for both amblyopia and
strabismus between orthoptists and health visitors. Orthoptic screening was found to
have a detection rate of approx 2.4 times higher than the health visitors; orthoptists have
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higher detection rates but they also reduced false positives rates when operating a pre
school vision screening programme (Bolger et al, 1991).
Konig and Barry (2004) performed a cost utility analysis to estimate the long term
effectiveness of treatment for amblyopia. They concluded that treatment for amblyopia
is likely to be much more cost effective as the visual acuity is gained at a very young
age and therefore used throughout the individual life span. These conclusions were also
in agreement with Membreno et al (2002). Uncertainties in the model used by Konig
and Barry (2004) came from the uncertainty regarding the effect of amblyopia on the
quality of life and the author’s suggest that this is an area which needs to be investigated
further (Konig and Barry, 2004). Rahi et al (2006) and Chua & Mitchell (2004) both
concluded that amblyopia treatment is probably justifiable solely on the basis that if you
are amblyopic you have a 2-3 times higher risk of ending up on the blind register. Rahi
et al (2006) in fact concluded that amblyopia treatment in early life is thus like a kind of
insurance policy for later. This demonstrates how difficult it is to cost up the efficicacy
of amblyopia screening treatment since much of the financial burden associated with
amblyopia may come decades later that the time at which screening (and thus treatment)
may have been abandoned.

4.9 Treatment of amblyopia
The most common employed treatments of amblyopia include correction of refractive
error, patching of the fellow and penalisation of the fellow eye with atropine, or optical
penalisation (Simons, 2005). In deprivation amblyopia the cause of the deprivation
should be eliminated such as removal of congenital cataract and correction of ptosis.
Correction of any underlying refractive error is essential in the treatment of amblyopia.
A progressive improvement in visual acuity has been noted in some patients after
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correction of refractive error alone. This is known as refractive adaptation and it
typically lasts up to 18 weeks (Moseley et al, 2002; Stewart et al, 2004). It is not
something that occurs only in anisometropic amblyopes but occurs also in strabismic
amblyopes. Beck (1998) treated a group of amblyopic children with refractive error
alone until the visual acuity stopped improving and a quarter of the children reached
equal visual acuity with refractive correction alone (Beck, 1998). For anisometropic
amblyopia constant wear of corrective spectacles alone can improve visual acuity in
many cases of moderate (visual acuity ranging from 6/12 to 6/30) amblyopia (Cotter,
2006). These studies have led to the conclusion that refractive adaptation is a necessary
contribution of amblyopic treatment (Beck, 1998; Moseley et al, 2002; Stewart et al,
2004). As well as or in addition to correction of refractive error the most common
treatment involves covering the fellow eye for a number of hours a day so that only the
amblyopic eye is the viewing eye. The patient undergoing the treatment is often advised
to try and undertake tasks which require visual stimulation in order to further stimulate
the amblyopic eye. The number of hours of prescribed is often at discretion of the
clinician ranging from half an hour to majority of the day. The pediatric eye disease
investigator group (PEDIG) is based largely in the USA and is a large multi-centre
group who have studied amblyopia treatment success from a range of perspectives.
They found that for patients with moderate amblyopia (defined as visual acuity ranging
from 6/12 to 6/30), 2 hours of patching was found to be as effective 6 hours of daily
patching. In those with severe amblyopia (defined as VA ranging from 6/30 to 6/120) 6
hours of daily patching has a similar effect as full time patching (Holmes, 2003).
Stewart et al (2004) found that when occlusion is objectively monitored, overall
compliance with prescribed patching treatment was found to be 48% however there was
considerable variation within and between patients. When 6 hours of patching a day was
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prescribed, the actual average of actual occlusion performed was 2.8 hours. Only 14 %
of patients performed the amount of patching prescribed to an amount within 30
minutes. Skin irritation is the most common adverse reaction from patching, so in these
cases a fabric patch is often given to place over the lens for those wearing glasses. .

Penalization consists of selective fogging of one eye by means of glasses and/or drugs
and is commonly used in individuals in whom occlusion therapy is not tolerated or
compliance is poor. Atropine is the most commonly used drug used for penalization to
dilate the pupil of the good eye. Atropine paralyses the accommodation therefore
resulting in blurred vision for near thus encouraging use of the amblyopic eye. Atropine
penalization has been found to be just as effective as occlusion therapy as an effective
treatment for moderate amblyopia in children aged three to seven years (PEDIG, 2002).
The PEDIG (2004) found instilling atropine at the weekends only, to be as effective as
instilling atropine daily in the visual acuity outcomes in treating moderate amblyopia in
children three to seven years old. Atropine has found to be well tolerated and cost
effective, although atropine use is associated with a greater incidence of light
sensitivity, irritation, flushing of the skin and headaches (PEDIG, 2002). Optical
penalization involves fogging the lens in front of the fellow eye and again the patient is
instructed to engage in tasks which require visual stimulation. The efficacy of
penalization has been found to be similar to that of occlusion (Repka and Ray, 1993).
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CHAPTER 5
CLINICAL ASSESSMENT

5.1 Participant recruitment
Participants were recruited from the staff and student population at the University of
Bradford and from the surrounding local area. Informed consent was obtained from all
participants prior to their participation and given, the non invasive nature; the
experiments were covered by the Bradford School of Optometry & Vision Science’s
generic ethics approval. All participants underwent a full visual examination consisting
of a subjective refraction performed by an optometrist and a binocular vision
assessment by the author, a registered orthoptist. This took approximately 1 hour and 30
minutes. During this time participants were given the opportunity to ask any questions
and learn more about the purpose of the study and what their participation would consist
of, provided they wished to take part. Medical and ophthalmic history was also obtained
and was self reported.
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5.1.1 Participant categories
Participants fell into 3 different categories for the experiments. In some experiments
only amblyopes and visual normals participated (e.g. reaching and grasping, chapter 9),
whereas in other studies 3 groups took part. The groups were made up from individuals
with the following visual characteristics:

1. Amblyopic individuals
2. Non-amblyopic individuals with strabismus or substantial anisometropia.
Like group 1 participants, these individuals have either no, or greatly
reduced stereoacuity.
3. Visually normal, control participants

5.2 Exclusion criteria
5.2.1 Amblyopic participants
Participants were diagnosed with amblyopia if a ≥2 line difference existed between the
logMAR visual acuity of the right and left eye, with at least 0.00 LogMAR achievable
in the fellow eye. A two line difference in visual acuity has been taken as a widely
accepted standard and is typical of most studies of the type that are presented here
(Stifter et al, 2005a; Ohlsson et al, 2002; Webber et al, 2008; O'Connor et al, 2010).
Previous ocular history was self reported including any history of squint, surgery or
patching treatment as a child. Amblyopic individuals were excluded if they reported any
history of neurogenic, musculoskeletal or cardiovascular disorders, or any other ocular
pathology or abnormality other than strabismus, amblyopia or anisometropia.
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5.2.2 Non-Amblyopic Stereo-Defective individuals
Ocular history was self reported and included questions about a history of squint,
surgery or wearing glasses from a young age. Once again, participants were excluded if
they reported any history of neurogenic, musculoskeletal or cardiovascular disorders or
any other ocular pathology or abnormality (including amblyopia) other than strabismus
or anisometropia. Exclusion also included any history of amblyopia; thus participants in
this group were not successfully treated amblyopes. Anisometropia was defined as a

≥1.00 D difference in the mean spherical refractive error and/ or ≥1.50 D between the
eyes in the cylindrical refractive error. This criterion was also used by Webber et al
(2008) to define anisometropia. Best corrected visual acuity was 0.00 logMAR (6/6
Snellen equivalent) or better in either eye and clinically tested stereoacuity was either
absent or reduced as measured with the Frisby stereotest (defined as less than 60
seconds of arc) (section 5.5.3).

5.2.3 Visually Normal Control participants
Visually normal individuals were excluded if they reported any history of neurological,
musculoskeletal or cardiovascular disorders, or if they reported a history of ocular
pathology (including strabismus) or amblyopia, or treatment for strabismus or
amblyopia. Participants in this group were also excluded if best corrected visual acuity
was worse than 0.00 logMAR (6/6 Snellen equivalent) in either eye or if they failed to
achieve at least 60 seconds of arc on the Frisby stereoacuity test. Mean stereoacuity for
visually normal adults has been found to be 20-30 seconds of arc when testing with the
Frisby stereotest (Davis et al, 2004).
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5.3 Vision assessment
5.3.1 Refractive error
All participants underwent a subjective refraction by a qualified optometrist prior to
participation. The refractive error was noted as well the participant’s current/habitual
refractive correction. This was noted as in a number of the amblyopic participants a
partial correction was worn before the amblyopic eye, if indeed a refractive error was
worn. Subjective refraction also made it possible to identify the full extent of
anisometropia that may have been present, and the best level of visual acuity that could
be revealed with the amblyopic eye since this may not have been achieved when a
partial correction was worn. Ocular health/history was self reported by the participant.

5.3.2 Visual Acuity
Visual acuity was assessed using the test-chart 2000, a PC based visual acuity chart
system (www.thomson-software-solutions.com). Measurements were taken using the
logMAR (logarithm of the minimum angle of resolution) chart design (fig 5.1), both in
the habitual viewing condition and with the full refractive error in place determined
from the subjective refraction. The logMAR chart was the preferred method due to the
progression in target size and the uniformity of each line consisting of 5 Sloan letters
(Bailey and Lovie-Kitchin, 1976). Sloan letters were originally chosen so that each line
consisted of letters of approximate difficulty; the letters used include C, D, H, K, N, O,
R, S, V and Z. The space between the letters is equivalent to the width of one letter and
the spacing between the lines is equal in height to the letters of the next lower line. Each
letter is given the value of 0.02 logMAR units, with each line scoring 0.1 logMAR
units. The best level of visual acuity was determined by a letter using a letter scoring
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system where each incorrect letter adds +0.02 log units to the logMAR VA score and
each extra letter adds -0.02 to the score.

Figure 5.1 logMAR chart design

5.4 Binocular Vision Assessment
A full binocular vision assessment was undertaken by the author, a registered orthoptist.
All binocular vision tests were undertaken in the participant’s habitual status. For
example if no glasses were worn then all binocular vision tests were done without
glasses, if glasses were worn then the test were carried out with the participants own
refractive correction.

5.4.1 Cover test
A cover test was performed on all participants for both near and distance fixation with
and without any refractive correction (both habitual i.e. participants own refractive
correction and optimal i.e. refractive correction from the results of the subjective
refraction). The cover test is an objective test relying on the critical observation of the
examiner, and is the only way to determine between a strabismus and a heterophoria. A
cover/uncover test is used to identify the presence of strabismus. If no strabismus was
present then a heterophoria was examined for.
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5.4.2 Prism cover test
The prism cover test is mainly used as an objective test to measure both horizontal and
vertical deviations. As with the cover test, the prism cover test was performed at both
near and distance fixation, and with and without refractive error, if any was worn (both
habitual and optimal). An accommodative target was used again, and the size was
similar/identical to the target used for the cover test. The prism cover test is accurate to
2^ and provides complete dissociation; thus it provides a measure of the maximum
angle of deviation (Steinman et al, 2000). Once the deviation was elicited by the above
cover test method the prism was then placed in front of the deviating eye in cases of
strabismus depending on the direction of the deviation (e.g. base out for esotropia, base
down for hypertropia etc). An alternate cover test was performed adjusting the prism
until there was no moment of the eye under the prism when the fellow eye was covered.
The angle of the deviation is then recorded in prism dioptres.

5.4.3 Frisby stereotest
Stereoacuity was measured with the participant’s habitual refractive correction if any
was worn and without if nil correction was worn. The Frisby stereotest is a real depth
test consisting of random shapes printed on three clear plastic plates of varying
thickness (6, 3, 1.5mm). Each plate comprises of four squares of random dot patterns
printed on one side. One square contains a small central circular area which appears in
depth and is printed on the opposite surface of the plate compared to the remainder of
the printed material The different thickness of each plate along with the test distance
provides different disparities and therefore require different stereoacuity in order to be
able to identify the ‘odd one out’. The test measures stereoacuity ranging from 600”
(thickest plate at 30 cm) to 20” (thinnest plate at 20 cm). Table 5.1 shows stereo-
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thresholds for different combinations of plates and viewing distance, assuming of
course that this represented the limit of the patient’s ability.

Figure 5.2 The Frisby test, consisting of 3 perspex plates each a different thickness and the target to be
detected printed on the opposite side of the plate (www.frisbystereotest.co.uk, accessed February 2010)

Table 5.1 Stereoacuity values (seconds of arc) for a range of viewing distances dependant upon thickness
of plate used.
Viewing distance (cm )
30
40
50
60
70
80

Plate thickness
6mm
3mm
1.5mm
600
300
150
340
170
85
215
110
55
150
75
40
110
55
30
85
40
20

Participants were instructed to minimise head movements during the test so that no
monocular cues were present. The plate was placed parallel to the plane of the
participants face to minimise monocular cues. The 6mm plate was first presented at a
distance of 40cm and if a correct response was given the 3mm plate was then presented,
and then the 1.5mm plate. If the participant was able to recognize the circle successfully
the distance was increased until the participant could no longer successfully identify the
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circle on 3 out of 4 presentations. The Frisby stereotest (near version) has been found to
have the least susceptibility to monocular cues when compared with other commonly
used near stereotests (Holmes and Leske, 1999). Cooper et al (1979) found that one
subject out of 34 tested individuals could produce a positive result under monocular
conditions; this individual may have used uncontrolled monocular cues such as parallax
and perspective (Cooper et al, 1979). The Frisby test has also been shown to have the
best repeatability in young adults (Situ and Elliott, 2000).

5.4.4 TNO Stereotest
Stereoacuity was measured with the participant’s habitual refractive correction if any
was worn and without if nil correction was worn. The TNO stereo test is based on the
use of random dot stereograms. The random dots are printed as red/green anaglyphs and
complementary red/green goggles are worn. The test plates when viewed binocularly
with red/green spectacles by a visually normal subject will elicit perception of an image
in depth (von Noorden, 2002). The first three test plates demonstrate gross stereopsis
and contain at least one image which is visible without stereopsis. These are followed
by a test plate for suppression and 3 grading plates ranging from 15 to 480 seconds of
arc. Stereo-acuities measured with the grading plates are 480, 240, 120, 60, and 30 and
15 seconds of arc, each grading plates consists of a pair of stereograms for each
stereoacuity level. The participant was asked to identify in which direction (up, down,
left or right) a 60º sector of the circle was missing. In order to pass each level both
stereograms of that particular disparity had to be identified correctly (i.e. the correct
orientation of the missing segment). As with the Frisby stereotest the TNO stereotest
was carried out with the participant’s habitual refractive correction if worn.
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Figure 5.3 The TNO stereotest, consisting of random dot stereograms. Red/green spectacles are worn by
the participant in order to perceive the image in depth, From http://www.ophthalworld.de/cosmoshop
accessed December 2010.

As well as the tests described above the near point of convergence, ocular motility,
presence of binocular single vision (BSV) and fusional reserves were measured on each
participant as part of the binocular vision assessment in the participants habitual status.

5.4.5 Near point of Convergence (NPC)
The NPC was performed on all participants in the participants habitual refractive status
(i.e with refractive correction if worn or without refractive correction).The NPC was
determined using the line and the dot fixation target on the RAF rule. Use of the RAF
rule to measure the NPC has been found to show more receded NPC points when
compared to using other fixation targets such as the tip of a pencil, fingertip, penlight
and an N5 sized letter (Adler et al, 2007). The NPC was recorded as the distance in cm
from the participants eyes when the participant first reported diplopia (subjective, break
point) or objectively when either eye was first seen to diverge i.e. no longer maintaining
convergence.
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5.4.6 Ocular motility
An ocular motility assessment was performed by the author, a registered orthoptist. This
was performed to identify any ocular motility deficits and/or any longstanding muscle
weakness/palsies. Participants were asked to follow a pen light which was directed into
different gaze positions and report if they experienced diplopia or pain/discomfort in
any of the gaze positions. An alternating cover test was also performed in each gaze
position to identify and muscle under/overactions. The star technique was adopted to
assess ocular motility.

5.4.7 Normal Binocular Single Vision
The binocular status of all participants was determined using the Bagolini glasses test.
This was performed at both near and distance fixation (40cm and 6m) and was
measured with the participant’s habitual refractive correction if any was worn and
without if nil correction was worn. Participants viewed a spotlight whilst the striated
lenses were placed in front of each eye. For example a lens was placed infront of the
right eye with striations at an angle of 45º and a lens was placed infront of the left eye at
an angle of 135º. From the results of the test it could be determined whether the
participant could appreciate normal binocular vision, suppression of either the left or
right eye or diplopia.

A

B

C

Figure 5.4 Results for the Bagolini glasses, normal binocular single vision (A), a gap in the line indicates
central suppression (B), 2 lines indicate diplopia and one line indicates suppression (C).
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5.4.8 Fusional Reserves
This test assesses motor fusion and was performed on participants with their habitual
refractive error (if any was worn). Motor fusion is the ability to maintain sensory fusion
(as demonstrated by the use of Bagolini glasses) through a range of vergence
movements and represents the strength of binocular single vision which is present. A
target similar to that used for the cover test was used and prisms were introduced in
front of one eye using a prism bar. The participant was asked to report when he/she saw
2 images (i.e. diplopia, break point) and then when a single image was seen (recovery
point). The test was performed for near and distance fixation for both positive (base out)
and negative (base in) vergence movements.

5.4.9 Kay Pictures dominant eye test box
Ocular dominance was determined using the Kay Pictures dominant eye test box
(www.kaypictures.co.uk/dominant) in the participant’s habitual refractive correction if
worn or without if nil was worn. The box was held at arm's length and the participant
was asked to align the star, printed on the inner side of the box looking through the
circle (figure 5.3).

Figure 5.5 Kay Pictures dominant eye test box
http://www.kaypictures.co.uk/dominant (accessed February 2010)
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Each eye was then covered in turn and the dominant eye was determined when the star
could still be seen when the other eye is covered. The test was repeated 3 times for each
participant and the dominant eye was taken as the eye used for sighting 3 out of 3 times
or in cases of inconsistent responses, 2 out of 3 presentations. Inconsistent responses
(i.e. a weak pattern of ocular dominance) occurred in 2 out of the 25 of the visual
normals tested across the studies in this thesis.

5.4.10 Eccentric fixation
Eccentric fixation in amblyopic participants was measured for the initial data collection
stages for chapters 6 and 7. This was done using the after image transfer method (Evans,
2002). The results which were obtained did not appear to be accurate as they were not
comparable with the level of visual acuity achieved by these participants. The other
alternative was to use visuoscopy, however this was deemed to have insufficient
precision being more qualitative in nature. We stopped examining eccentric fixation
during early stages of data collection.

5.5 Clinical measurements
For all participants the following information was gathered
•

Previous ocular history and general health (self reported)

•

Visual acuity with and without glasses (right, left and both eyes open )

•

Details of current refractive correction if worn

•

Subjective refraction results

•

Presence of strabismus or heterophoria

•

Near point of convergence, ocular motility, presence of BSV assessed using the
Bagolini test, fusional reserves and measure of stereoacuity
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•

Ocular dominance

An example of a table providing this clinical data for participants is provided in table
6.1, chapter 6.

Data were collected under habitual conditions i.e. in the participant’s habitual refractive
status for experimental chapters 8, 9 and 10. The optimal refractive correction was worn
for the experimental study in chapters 6 and 7. Details of the optimal refractive error
and optimal VA have been displayed on the demographic table in each of the
experimental chapters.
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CHAPTER 6
IS SUPPRESSION A FEATURE OF CENTRAL VISION IN
AMBLYOPIA?
The work presented in this chapter was presented at the following conferences:
Barrett BT, Panesar GK, Pacey I, Scally AJ (2008) Suppression in the Central Visual
Field Is Not a Common Feature in Amblyopia Association for Research in Vision and
Ophthalmology, May, Fort Lauderdale, Florida (published in Investigative
Ophthalmology & Visual Science 49: E-Abstract 2591).

6.1 Introduction and Aim
Amblyopia is a developmental disorder of spatial vision that is believed to be caused by
an impediment to visual development early in life. Such impediments most commonly
consist of strabismus, anisometropia, or more rarely form deprivation. Amblyopia and
its associated deficits of both spatial vision and binocular vision have been discussed in
depth in chapter 4.

Binocular abnormalities in individuals with amblyopia and/or strabismus are generally
considered under the headings of binocular summation and interocular inhibition, also
known as suppression. In relation to binocular summation, amblyopes are generally
believed to show either no or substantially reduced binocular summation (Chapter 3,
section 3.5) so that the sensitivity in habitual viewing is similar, and crucially no better
than the sensitivity of the fellow eye alone. Recently, however, Baker et al (2007a)
demonstrated that binocular summation of contrast is actually intact is strabismic
amblyopes, when the contrast of the amblyopic eye was adjusted so that contrast
sensitivity is normalised across the two eyes. To normalise the contrasts in the binocular
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stimulus the contrast presented to the amblyopic eye was adjusted by the factor
sensitivity of the good eye/ sensitivity of the amblyopic eye.

von Noorden (2002, page 215) has defined suppression as ‘the active central inhibition
of disparate and confusing images originating from the retina of the deviated eye’.
Suppression is thought of as a binocular phenomenon that serves as both an antidiplopic and anti confusion device that most likely develops in individuals in whom the
images from the right and left eye cannot be fused to form a single percept. The
relationship between amblyopia and suppression remains unclear with uncertainty
existing as to whether amblyopia arises as a result of chronic suppression; an alternative
explanation is that suppression is needed because there is an inability to fuse the clear
and blurred images from the two eyes. In the case of the latter, the suppression is needed
to deal with the consequences of amblyopia but plays no part in generating the
amblyopia.

Sireteanu and Fronius (1981, also see chapter 4, section 4.6.4) investigated the extent
and depth of suppression in amblyopic individuals. As well as recording suppression,
they recorded acuity of the same retinal regions under conditions where the eye not
being tested was occluded. Sireteanu and Fronius (1981) found that the portions of the
visual field in the amblyopic eye that exhibited deeper interocular suppression were
those with greatest visual acuity deficits. Similarly areas which had a small degree of
visual acuity loss exhibited lesser interocular suppression. This is evidence in favour of
the view that the suppression caused the amblyopia since more suppression was
associated with more acuity loss and vice versa.
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Sireteanu and Fronius’s view cannot be entirely correct, however, as individuals with
alternating strabismus exhibit complete central suppression but have equal visual acuity
in the two eyes. Holopigian et al (1988) found that clinical suppressors with no
amblyopia exhibit deep suppression, while observers with amblyopia exhibited weaker
or nil suppression. In this view, there is an inverse relationship between the acuity
deficit and the depth and extent of suppression.

Although an upper age limit for the development of suppression is yet to be precisely
established, there is evidence that such a limit exists (von Noorden, 2002). Adults
acquiring a strabismus in the later stages of life readily report constant diplopia whereas
visually immature children with a strabismus appear to adapt to their abnormal motor
status, with diplopia very rarely being reported. It is thought that the sensitive period
during which suppression may develop is similar to that for amblyopia (von Noorden
2002, chapter 4, section 4.4). Alternatively it may simply be that the sensitive period for
all elements of visual development overlap to such an extent that the similarity between
the sensitive period for amblyopia development and suppression may be purely
coincidental.

In amblyopic individuals, the presence and depth of amblyopia is typically investigated
by comparing the performance of the affected eye under monocular and binocular
conditions. Suppression is revealed when the performance of the amblyopic eye is
reduced with the sound eye open, relative to when it is occluded. In order to assess the
performance of the amblyopic eye it is necessary to prevent the fellow eye from being
able to see the target that needs to be viewed, detected or resolved. von Noorden (2002,
page 220) stated “ all information from the current or past literature about the presence,
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location and depth of retinal suppression scotomas is tainted by our inability to create
testing conditions that are identical to casual conditions of seeing”. von Noorden is
making the point that optimum conditions for the investigation of suppression are those
that clearly mimic habitual viewing conditions.

In the clinical setting, Bagolini lenses represent visual conditions that are close to
normal viewing conditions whereas the Worth 4 dot test uses red green dissociation
methods. A vast amount of literature exists revealing great degrees of variability in
assessing the presence and extent of suppression occurring in individuals with
amblyopia ( Pugh, 1954; Awaya and von Noorden, 1972; Schor et al, 1976; Blake and
Lema, 1978; Sireteanu, 1982a, 1982b; Pratt-Johnson and Tillson, 1984; Holopigian et
al, 1988; de Belsunce and Sireteanu, 1991; Freeman and Jolly; 1994). Taking von
Noorden’s view into account, it is highly likely that this variability is due to the
different methods employed to dissociate the eyes. The methods used to dissociate the
eyes so that each eye’s sensitivity can be separately assessed include red/green
dissociation ( Sireteanu and Fronius, 1981; Sireteanu, 1982b), cross polarisation
methods (Blake and Lema, 1978) and dichoptic/haploscopic arrangements (Sengpiel
and Vorobyov, 2005). During the interpretation of studies investigating suppression it is
important to recognise the testing technique employed. For example red/green
dissociation introduces conditions different from those that prevail when the eyes are
used under casual conditions, whereas Polaroid dissociation or dissociation produced by
a haploscope produce more natural conditions of seeing.

Given the continued uncertainty about the nature and extent of suppression in
amblyopic individuals, and the importance of the issue to the understanding of the
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aetiology of visual loss in amblyopia, it is vital that a clear picture emerges about the
extent to which suppression is a feature of amblyopic vision. The Short Wavelength
Automated Perimetry (SWAP) paradigm on the Humphrey Field Analyser (HFA)
enables us to assess the sensitivity to a flash of blue light presented on a yellow
background under minimal rivalrous conditions, mimicking conditions which are very
close to the casual viewing condition. The use of blue and yellow is believed to be a
suitable testing technique in both visual normals and amblyopic participants as nil
evidence of a deficit using this paradigm exists.

In the present study, the nature and extent of suppression in amblyopic subjects is
examined for a simple light detection task using a test format and methodology that
involves minimal dissociation. As well as directly bearing upon the question of the
extent of suppression in amblyopia, the results have an indirect bearing upon the central
question of whether the amblyopic eye contributes usefully in habitual viewing because
the amblyopic eye obviously cannot contribute if it is suppressed.

6.2 Methodology
6.2.1 Participants
A total of 27 participants took part in the study. This group consisted of 14 amblyopic
individuals and 3 non-amblyopic individuals with defective stereopsis individuals and
10 visually normal participants. Prior to their participation all subjects underwent a
subjective refraction carried out by a qualified optometrist and a binocular vision
assessment carried out by the author, a registered orthoptist, to determine their visual
status and then classified into the groups as described in chapter 5. Ocular dominance
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was determined using the Kays sighting dominance test as described in chapter 5
section 5.4.4. Clinical details of the study’s participants are presented in table 6.1.

The results of the optimal refractive correction were entered into the HVFA’s software.
From this the perimeter calculates the appropriate trial lens power needed according to
the patients age, from the date of birth which was entered. This correction was used for
all the data which were collected in this current chapter and in chapter 7. Full aperture
lenses were placed into a trial frame and these were worn throughout the testing.
Clinical details of participants are displayed in table 6.1. The results of the subjective
refraction are displayed as well as the optimal visual acuities.
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Table 6.1 Clinical details of amblyopic and non amblyopic participants. Monocular visual acuity (VA, logMAR) under both habitual are presented for left (L) and right eye
(R) eyes and optimal refractive conditions for the amblyopic eye (AE) and fellow eye (FE).The habitual refractive correction worn has also been stated . Oculomotor status
and measurements at near viewing are presented and stereoacuity is given in seconds of arc (negative indicates worse than 600”) on the Frisby stereo acuity test
Abbreviations XOT=Exotropia, SOT= Esotropia, XOP=Exophoria, SOP= Esophoria, R/L = R hyperphoria, L/R= L hyperphoria.
Age

Hab
RVA

Hab
LVA

Dom
eye

Optimal
RE Rx

Optimal
LE Rx

Oculomotor
Status

Near
angle

Bagolini

Stereoacuity

21
20
26
41

0.30
-0.10
-0.02
-0.20

-0.10
0.48
0.50
0.20

L
R
R
R

+1.00/ -0.75 x 15
Plano
+5.75/ -1.75 x 110
+2.00

+1.00
+4.50
+6.00/ -2.00 x 68
+3.75/ -0.25 x 65

0.30
0.40
0.50
0.18

-0.10
-0.10
-0.02
-0.20

RSOT
LXOT
LSOT
LSOT

6^SOT
6^XOT
10^SOT
4^SOT

R Sup
L Sup
L Sup
BSV

300"
600"
Negative
600"

54

-0.10

0.58

R

+1.25/ -0.25 x 91

+4.75/ -0.25 x 80

0.54

-0.10

LSOT

14^SOT

L Sup

Negative

23
30
46

0.20
-0.06
-0.10

-0.10
0.86
0.40

L
R
R

+6.00/ -3.25 x 85
+1.25
+1.00/ -0.25 x 61

+4.00/ -2.00 x 76
+6.25/ -2.50 x 55
+3.75/ -1.00 x 40

0.20
0.66
0.40

-0.10
-0.06
-0.10

RXOT
XOP
XOP

4^XOT
4^XOP
4^XOP

BSV
L Sup
BSV

300"
Negative
300"

56
46
28

0.80
0.30
0.84

0.18
0.00
0.00

L
L
L

+2.00
+3.00
+4.25/ -3.50x 170

+3.50/ -3.00 x 45
+2.75
+1.50/ -1.25 x 175

0.80
0.30
0.80

0.18
0.00
0.00

RXOT
RSOT
RXOT

10^XOT
10^SOT
45^XOT

R Sup
R Sup
R Sup

Negative
Negative
Negative

46
36

0.50
0.42

0.00
0.00

L
L

+0.50/ -5.50 x 18
+1.75/ -0.50 x 5

+0.25/ -0.25 x 180
-0.50/ -0.25 x 10

0.20
0.38

-0.04
-0.06

Optimal
Nil Worn
Optimal
RE Rx +2.00
LE Rx +2.00
RE Rx +0.50
LE Rx +4.00
Optimal
Nil worn
RE +1.00/-0.25 x 61
LE +1.00
Optimal
Optimal
RE +2.75/-3.50 x170
LE Plano/ -1.25 x 175
Nil Worn
Nil Worn

XOP
RSOT

4^XOP
10^SOT

BSV
R Sup

85"
Negative

55
41
48

0.00
-0.10
-0.04

0.00
0.00
-0.10

R
R
L

-0.25/ -1.00 x 85
-2.25/ -0.25 x 46
+4.25/ -0.50 x 85

-0.50/ -0.50 x 121
-2.25/ -0.25 x 51
+1.50/ -0.75 x 85

0.00
0.00
-0.04

0.00
0.00
-0.10

Optimal
Optimal
Optimal

R/L
LSOT
L/R

2^R/L
25^SOT
1^L/R

BSV
L Sup
BSV

600"
Negative
170"

57

-0.10

0.20

R

+1.75/ -0.50 X 21

+2.25/ -0.50 x 160

0.20

-0.10

Optimal

SOP

4^SOP

BSV

55"

170

6.2.2 Protocol
Using the Humphrey Visual Field Analyzer (HFVA, II, 745, Carl Zeiss Group), we
assessed sensitivity to a blue light stimulus with a peak wavelength of 440nm (size III
target, 0.43 degrees) presented on a yellow background, containing all visible
wavelengths greater than approximately 530 nm (100 candela/m2) with stimulus
duration of 200msec. Sensitivity was assessed in the straight ahead position, and at two
degree intervals from 1 to 25 degrees along a horizontal meridian on either side of the
straight ahead position. The small diamond HFVA fixation stimulus was present
throughout. This was used as opposed to the standard orange fixation stimulus so that
fixation was steadier when the amblyopic eye was the fixing eye. Participants received
standard perimetric instructions regarding the procedure to be followed using the
HVFA. Specifically, they were asked to maintain fixation upon the central stimulus
throughout and to press the button on the hand-held unit when a blue light was detected.
A maximum of 6 thresholds estimations were taken at any one given location. All
participants undertook trial runs prior to data collection to ensure that the instructions
were understood and that the participant was able to perform the task. The data from the
trial runs were kept in the form of a hard copy but were not included in the data
analysis. Experimental data for both this study (chapter 6) and the chapter which
follows chapter 7) were collected by the author together over 3 visits. For each
participant data collection took approximately 1 hour and 15 minutes per visit, so
therefore in total took approximately 3 hours and 45 minutes. For each participant the
order of visual conditions were randomised in order to minimise the order effects of
viewing condition as shown in table 6.2.
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Table 6.2 Table showing randomised test order, Habitual – both eyes open; Yellow filter AE/ND –
yellow filter over amblyopic/ non dominant eye; Yellow filter FE/D- Yellow filter over fellow/ dominant
eye; Trans occ AE/ND- Translucent occluder over amblyopic/non dominant eye; Trans Occ FE/DTranslucent occluder over fellow eye/dominant eye.
1
Participant 1
Participant 2
Participant 3
Participant 4
Participant 5
Participant 6

Habitual
Yellow Filter AE/ND
Yellow Filter FE/D
Trans Occ AE/ND
Trans Occ FE/D
Total Occ FE/D

2
Yellow Filter AE/ND
Yellow Filter FE/D
Trans Occ AE/ND
Trans Occ FE/D
Total Occ FE/D
Habitual

Test Order
3
4
Yellow Filter FE/D
Trans Occ AE/ND
Trans Occ AE/ND
Trans Occ FE/D
Trans Occ FE/D
Total Occ FE/D
Total Occ FE/D
Habitual
Habitual
Yellow Filter AE/ND
Yellow Filter AE/ND Yellow Filter FE/D

5
Trans Occ FE/D
Total Occ FE/D
Habitual
Yellow Filter AE/ND
Yellow Filter FE/D
Trans Occ AE/ND

6
Total Occ FE/D
Habitual
Yellow Filter AE/ND
Yellow Filter FE/D
Trans Occ AE/ND
Trans Occ FE/D

The blind spot monitoring paradigm was not used as fixation was monitored manually
by the clinician; participants were reminded throughout the trial to fixate on the fixation
target straight ahead. The HVFA measures any given threshold point by a bracketing or
staircase process. The stimulus presented initially is at an intensity that is slightly higher
than the subjects expected threshold. Once the subject responds that the stimulus has
been detected by pressing the button on the handheld unit, the HVFA decreases the
intensity in 4dB steps until it can no longer be seen. The intensity is then increased in 2
dB steps until the stimulus is again reported as ‘seen’. The final threshold sensitivity for
any given point was not always based upon the same number of estimates but was based
upon a positive response that the blue light stimulus was visible at the highest particular
threshold. Each run consisted of a maximum number of 53 thresholds (straight ahead
and 13 locations either side of the straight ahead position) being estimated and lasted for
approximately 9 minutes.

For the purpose of the data analysed in this study the sensitivity of the
amblyopia/strabismic eye was assessed under three conditions in which its fellow was
prevented from viewing the blue light stimulus for all amblyopic participants. The
sensitivity of the NDom eye, under conditions 1 and 3 were assessed for visually normal
participants.
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1. Yellow filter over the fellow eye which prevented this eye from seeing the
blue stimulus thus allowing the sensitivity of the amblyopic eye to be
determined with fellow eye open and able to detect all other form (more
details below).
2. Full total occlusion of the fellow eye; the fellow eye was taped closed, and a
opaque patch was placed over the eye. This occlusion method abolishes all
form vision and virtually all light entering the eye.
3. Translucent occluder placed in front of the fellow eye. Although this
abolished all form vision it still allowed light to enter the eye because the
eye was open behind the occluder. This can be thought of as occlusion but
not the total occlusion described in 2 above.

In the first viewing condition, participants wore a yellow filter over the fellow eye, (010
medium yellow, Lee filters) with the following spectrum:

Figure 6.1. Spectrum of the yellow filter used which was placed infront of the fellow eye in order to
assess the sensitivity of the amblyopic eye. Viewing through the yellow filter allowed the same
background etc to be viewed as the amblyopic eye, but did not allow the blue light stimulus to be seen.
Accessed at http://www.leefilters.com/lighting/products/finder/act:colourdetails/colourRef:
C4630710C3E644/
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This permitted the fellow eye to view inside the bowl of the HVFA with both eyes open
as normal, but the absorption characteristics of the filter ensured that the blue stimulus
was invisible to the fellow eye when the filter was worn. The advantage offered by this
arrangement is that both eyes view a yellow background; the amblyopic eye views the
yellow background of the HVFA bowl set in blue-on-yellow mode whereas the fellow
eye views the same background through the yellow filter. The principal benefit of using
this minimal dissociation method is that the sensitivity of the amblyopic eye can be
assessed under conditions that closely resemble habitual viewing conditions; there is
very little in the way of retinal rivalry and sensitivity is assessed with the deviating eye
in its anomalous motor position if a strabismus is present.

Each participant completed a total of 3 runs for the yellow-filter viewing conditions, 3
runs under full, total light occlusion and 3 runs in which the translucent occluder was
placed over the fellow eye. The results for the translucent occlusion conditions in both
the amblyopic and non amblyopic participants are only presented in a selected number
of participants (see results section 6.3.6),

6.2.3 Data Analysis
For each viewing condition and location tested, the mean sensitivity and standard
deviation were determined based upon a minimum of 3 sensitivity estimates for that
location, and a maximum of 6 estimates. In order to establish whether the sensitivity of
the strabismic eye was affected by the occlusion status of its fellow, we compared
amblyopic/non dominant (NDom) eye sensitivity under full total occlusion (FTO)
conditions with the sensitivity exhibited when the yellow filter (YF) was worn over the
fellow eye. Thus, evidence for suppression would emerge if sensitivity was reduced for
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YF condition relative to the FTO condition. Of course, the position taken up by
strabismic eye in the FTO condition is different relative to the habitual/deviated position
in the YF condition. Thus, YF and FTO sensitivities can only be compared when this
change in motor status is taken into account. This was achieved by shifting the FTO
data using the anatomical landmark of the blind spot where sensitivity should be zero.

As agreed/recommended by our statistician, instead of comparing YF and shifted-FTO
sensitivities at each individual location, we compared sensitivities in six distinct visual
field ranges. The data were grouped into six distinct ranges in order to reduce the effect
of measurement variability arising from the repeated measurements whilst maintaining a
degree of spatial localisation representing the mean sensitivity variation along the
horizontal meridian. This was accomplished by assigning a region definition (A-G) to
each individual sensitivity in the main database used for statistical analysis as defined
below:
(A) -20 to -25 degrees from the straight ahead position
(B) -10 to -19.99 degrees from the straight ahead position
(C) -1 to -9.99 degrees from the straight ahead position
(D) -0.99 to 0.99 degrees from the straight ahead position
(E) 1 to 9.99 degrees from the straight ahead position
(F) 10 to 19.99 degrees from the straight ahead position
(G) 20 to 25 degrees from the straight ahead position

In the case of each participant, the author compared YF and shifted-TO sensitivities for
these 6 ranges using a simple linear regression model (Stata version 9, 1997) as
recommended by our statistician. For each of the regions (A-G), the sensitivity under
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the FTO condition was compared with the sensitivity under the YF condition. The
criterion for statistical significance was set at p<0.005. Any of the three following
outcomes could be found:

(i) YF sensitivity (represented by the yellow line in the figures) may be statistically
lower than the FTO conditions (represented by the light blue line in the figures). This
would indicate suppression as the sensitivity is better under ‘monocular conditions’
since opening the fellow eye leads to a decrease in sensitivity relative to when it is
closed

(ii) YF sensitivity (represented by the yellow line in the figures) may be statistically
higher than the FTO conditions (represented by the light blue line in the figures). This is
the opposite of what would be found suppression occurred. Here the sensitivity under
monocular conditions is in fact lower than the sensitivity obtained under YF conditions.
One obvious explanation for this would be rivalry. Under FTO conditions the eyes are
both competing for the dominant percept and therefore conflicting images are seen. This
will reduce the sensitivity of the AE as it is trying to rival the fellow eye. Under YF
conditions the testing technique allows minimal rivalrous conditions and is therefore an
accurate assessment of the sensitivity.

(iii) Thirdly both the YF and FTO condition could have no statistically significant
difference between them indicating neither suppression nor rivalry.

In cases where the second is found i.e. rivalrous conditions, the third occlusion method
using the translucent occluder will also be analysed (sensitivities are represented by the
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dark blue line in the figures). Again this condition will be compared with that of the
sensitivities obtained under the YF condition and again one of the above 3 results may
be found in each region. From this it is possible to suggest what effect the occlusion
status has upon the amblyopic eye.

6.3 Results
6.3.1 Format of Results
As described in the previous section, the amblyopic eye is believed to be suppressed
when its sensitivity is worse when the fellow eye views through the yellow filter
compared to when the fellow eye is closed and fully-occluded.

The format of figures 6.2 to 6.5, figure 6.8 and figure 6.9 is that the sensitivity of the
amblyopic eye across the central 50 degrees of the visual field when the fellow eye is
open is compared to when the fellow eye is fully closed and without light. The results of
this comparison yielded a heterogeneous mixture which can be grouped and considered
under the following four headings:
•

Evidence of suppression

•

Evidence of rivalry

•

Limited evidence of suppression/Combination of suppression and rivalry

•

Neither suppression nor rivalry

Results in this section will be discussed for individuals with amblyopia. Results for the
one individual with a difference in visual acuity between the two eyes however no
amblyogenic factors present and the three subjects with equal visual acuity and
absent/reduced stereoacuity due to constant strabismus are discussed in section 6.3.8.
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Comparisons between amblyopic eye sensitivity under the fellow eye open and closed
conditions were made at only 5 of the 7 regions. Sensitivities were not compared at the
blind spot region (region B or F, depending upon whether the amblyopic eye was the
left (L) or right (R) eye, respectively). Similarly, in this main analysis, sensitivities were
not compared for the straight ahead position (region D). This was not because of foveal
tritanopia since the blue target was large enough to ensure that it was visible when
directly viewed but because shifting the two data sets to account for the different motor
position of the eye in the two different conditions (fellow eye open versus closed) made
direct comparison of zones containing only one point problematic (other regions
generally had at least three threshold estimates for each of the two conditions). The
results for the straight-ahead region (region D) are presented in a later section (section
6.3.10).

6.3.2 Clear evidence for suppression (23.1% of participants)
Clear evidence for suppression was only evident in 3 out of the 13 amblyopes (21.4%).
The results for these subjects (CM, LP, & RC) are displayed in figures 6.2 ABC. When
suppression was found, it manifested itself as a relative reduction (typically less than
5dB) in sensitivity rather than as large scale loss of sensitivity.
Suppression was found to occur in four out of the five visual field regions either side of
the straight ahead position for subject CM (figure 6.2A). Participants RC and LP
exhibited 3 regions of suppression.
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D

p<0.001
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F
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Sensitivity (dB)
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0
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Eccentricity (deg)
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E

F

G
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p=0.881

p=0.004

Sensitivity (dB)
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p=0.730
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5

0

-30

-20

-10

0
Eccentricity (deg)
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Figure 6.2 ABC. Results for the 3 individuals who demonstrated suppression. The yellow line indicates
the sensitivity of the amblyopic eye when a yellow filter was placed in front of the fellow eye; with this in
place the fellow eye could not see the blue light but could still view the bowl of the HVFA (habitual
sensitivity). The light blue line indicates the sensitivity of the amblyopic eye when the fellow eye is
closed with an opaque occluder in front (total occlusion). Suppression is apparent when the fellow-eye
closed data (blue curve) is higher than when the fellow eye is open (yellow curve). P-values are quoted in
each region to show the results of statistical comparison between the two testing conditions, and p-values
of less than 0.05 indicate that sensitivities under the two different conditions of testing are statistically
different. Where a strabismus was present (~77% of the 13 amblyopes), the results for FTO condition are
shifted to account for the different motor position of the eye in the two testing conditions. In cases where
no p- value is stated, there were insufficient points for comparison arising from this shift. Sensitivities are
based upon a minimum of 3 estimates and error bars represent ± 1 SD.
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6.3.3 Clear evidence of rivalry (30.8% of participants)
The opposite of what has been described above as suppression was found to exist in 4
participants (CH, DF, GH, and MH). In other words, amblyopic eye sensitivity was
greater when the fellow eye was open and ‘occluded’ with the yellow filter compared to
when the fellow eye was physically closed and receiving no light stimulation. One
interpretation of this result is that, despite total occlusion, the fellow eye is rivalling the
amblyopic eye and in so doing is reducing the sensitivity of the amblyopic eye.
Participant CH (figure 6.3A) was found to have a ‘rivalry’ response across all regions
(after exclusion of region B for the blind spot and D for the straight ahead position).
Similar results occurred for subjects DF and MH (figures 6.3 B&D) where 4 of the 5
regions showed examples of this rivalrous response. Three regions of rivalry were
evident in participant GH; figure 6.3C.
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Figure 6.3 ABCD. Results for those individuals showing clear evidence of a rivalrous response because
sensitivity of the amblyopic eye is better when the fellow eye is open and viewing (yellow curve)
compared to when it is occluded (blue curve).Data has been presented in the same format as figure 6.2. In
some cases the blind spot region has not been clearly identified as it was found to fall in between 2
regions, participants DF, GH and SS.

6.3.4 Limited evidence of suppression/Combination of suppression and rivalry
(30.8% of participants)
Participants in this group showed little evidence for suppression or a mixture of
suppression in some areas and rivalry in others. Once again, when suppression was
found, it was small in magnitude and limited in extent. For example, participant AM
(figure 6.4A) showed some evidence for suppression in region A and borderline
suppression in region C. In the other 3 regions, there was either rivalry (region E and G)
or no difference (region B).
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Subject JT (figure 6.4B) shows suppression in region (region F) and borderline
suppression in another, neighbouring region (region E). Other regions show no
statistically significant difference between the amblyopic eye sensitivity under the two
forms of fellow eye occlusion.

Subject GR (figure 6.4C) shows some suppression in region A but a pattern of results
that is consistent with rivalry in regions C and E. Subject SP (figure 6.4D) shows rivalry
in one region (region A) and no statistically significant difference in any of the other
four regions.
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Figure 6.4 ABCD. Results for those individuals in whom there was limited evidence of suppression
and/or a combination of suppression and rivalry. Data has been presented in the same format as previous
figures. The blind spot region for participant JT falls between region B and C and therefore has not been
shown on the figures.

6.3.5 Neither suppression nor rivalry (15.4% of amblyopes)
This group is really an extension of the previous group because whereas the previous
group showed extremely little evidence for suppression or rivalry, these two subjects
(JC and OL; figures 6.5A&B) showed no evidence of amblyopic eye sensitivity being
affected by mode of occlusion of the fellow eye. Participant OL only had 3 regions in
which the sensitivity could be compared as data had to be shifted by a large amount to
account for the large angle of the strabismus.
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Figure 6.5 A&B. Results for those individuals in whom neither suppression nor rivalry was present.

Before proceeding to consider other aspects of these results and additional data it is
worth highlighting the overall pattern obtained so far. Only ~23% of amblyopes
demonstrated suppression and even then it was partial and limited in depth. A pattern of
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results consistent with rivalry was apparent in a greater proportion (30.1%) of subjects.
The remaining ~47% (i.e. close to half) of participants showed amblyopic eye
sensitivity that was wholly or very nearly unaffected by the mode of occlusion of the
fellow eye.

Neither
Suppression/Rivalry
Suppression

Limited evidence for
Suppression/Rivalry
Rivalry

Figure 6.6 Summary of the results showing evidence of suppression in amblyopic participants

6.3.6 The effects of the occlusion method on the amblyopic eye
In those individuals demonstrating rivalry (figure 6.10), sensitivity of the amblyopic eye
was also measured when a translucent occluder was placed over the fellow eye. This
differed from the total light exclusion method of occlusion in the sense that the eye was
open behind the occluder and because light could still enter the eye, however no form
was visible through the occluder. The sensitivity of the amblyopic eye when the fellow
eye was occluded using this method is shown in the figures (below) by the dark blue
line. In a sense this could be described as the intermediate form of occlusion between
the two other methods described earlier.
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In subject CH in which full occlusion resulted in a reduction in the sensitivity across all
regions (figure 6.8A), occlusion of the fellow eye with a translucent occluder led to
much better sensitivity of the amblyopic eye and thus a result which much more closely
resembled the sensitivity when the fellow eye was open (yellow filter condition). This
enhancement of amblyopic eye sensitivity when the fellow eye is open and receiving
light is consistent with the interpretation that total (closed eye) occlusion produces
rivalry because when the light input to the two eyes is more similar, the extent of the
rivalry is reduced (only 2 (CH and GH) now show a rivalrous results pattern).

In participants DF and MH who had each shown four regions where rivalry occurred
(refer to earlier figures 6.3 B & D); this pattern completely disappeared when
translucent occlusion was used for the fellow eye. In other words, no difference existed
in sensitivity of the amblyopic eye when the fellow was open compared to when it was
occluded using a translucent occluder (figure 6.8 B&C). Similarly, in cases of rivalry in
regions E and G in participant AM (figure 6.8D) under total occlusion conditions, use of
the translucent occluder resulted in sensitivity of the amblyopic eye becoming similar to
that of the amblyopic eye under habitual conditions. In regions A and B in which a nil
significant difference existed between the 2 earlier conditions, the introduction of a
translucent occluder in front of the fellow eye resulted in decrease in sensitivity (i.e.
rivalrous response)

The results for GH (figure 6.8E) are difficult to interpret because the large angle
strabismus means that the data sets were substantially shifted in order to be compared.
Also the data exhibit considerable variability as evidence by the large error bars.
Nevertheless, the data for this subject do conform to the pattern whereby better
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amblyopic eye sensitivity is evident when the fellow eye is open and receiving light
through a translucent occluder compared to when it closed and all light is excluded.
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Figure 6.7 ABCDE Results for individual subjects showing evidence of a rivalrous response. Data has
been presented in the same format as previous figures. The only main difference is the addition of the
sensitivity of the amblyopic eye when a translucent occluder was used to occlude the fellow eye (dark
blue line). The p-values shown are for comparisons of the sensitivity of the amblyopic eye across the
various regions under conditions where the fellow eye was open (yellow data/curve) versus when it was
occluded using the translucent occluder (dark blue data curve). Again the blind spot region for
participants DF, MH, and GH has not been identified on the figures as it was found to fall between two
regions.

6.3.7 Depth of amblyopia and Suppression
It is of interest to ask whether there is a relationship between the depth of amblyopia
and the amount of suppression. As indicated the suppression that was uncovered in this
study was not very deep (less than 5dB in all cases). Thus rather than plotting
amblyopia depth against depth of suppression, the amblyopia depth is plotted against
the extent of suppression as quantified by the number of the 5 zones in which
suppression was present. The results of this analysis are shown in figure 6.8. The depth
of amblyopia is not related to the extent of suppression (p=0.662)
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Figure 6.8 Scatter plot, showing the optimal acuity of the amblyopic eye against the number of regions of
suppression found (p= 0.662). The x axis represents the acuity of the amblyopic eye and the y axis
represents the number of regions that were found to show suppression.

6.3.8 Non amblyopic individuals
The presence or absence of suppression was also examined in three non-amblyopic
individuals and in one further subject who did exhibit reduced acuity but none of the
amblyogenic factors (e.g. strabismus or anisometropia) that would enable a definitive
diagnosis of amblyopia to be made. The non-amblyopic individuals were found to have
either reduced (n=2) or absent (n=1) stereoacuity. Using a similar results classification
system as above, none of the three showed clear evidence of suppression or had a
combination of suppression and rivalry. Participant HK (figure 6.9B) was found to
have 3 regions in which a ‘rivalry’ response occurred.

For two individuals (AT and SO; figure 6.9 A&C) with clinically measurable, though
reduced stereoacuity only participant SO showed evidence of suppression and this was
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in only 1 outer region (region G). In all other regions in the subjects, the mode of
occlusion of the fellow eye did not influence amblyopic eye sensitivity.

Participant SS (figure 6.9D) was found to show clear evidence for rivalry when the
fellow eye was fully occluded (form and light exclusion). However when a translucent
occluder was introduced in front of the fellow eye, evidence of suppression was shown
across the field excluding region B in which the blind spot regions falls but is difficult
to define as the blind spot region appears to merge into region C.
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Figure 6.9 ABCD. Results for non-amblyopic individuals with reduced stereoacuity (ABC) and the
further one individual with reduced visual acuity but no amblyogenic factors (D). Data has been presented
in the same format as figure 6.7. (C) The results for participant HK who was found to show a rivalrous
response in 3 regions and therefore the data for the extra occlusion condition has been added (translucent
occluder before the fellow eye). The p values represent comparison of yellow (YF) versus dark blue
(translucent occluder) for participant HK.

6.3.9 Effect of Refractive error
Participants wore the full optimal refractive error obtained from the subjective
refraction which was carried out by a fully qualified optometrist. However in their
habitual state some of these participants do not wear their full refractive error (GH, OL)
and either have a reduced prescription, a balance lens infront of the amblyopic eye (DF,
JT) or do not wear their refractive error at all during their everyday lives (CH, JC, RC
and SP). When looking at the general pattern of results for these individuals compared
to those individuals that do wear their full refractive correction there does not tend to be
a specific pattern of results i.e. those that did not wear their full refractive correction did
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not appear to all show the same pattern of results. This is summarised in figure 6.10
below.
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Figure 6.10 Bar chart to show the general pattern of results for those who wore their optimal refractive
correction prior to taking part in the study (grey bars) and those who did not wear any refractive
correction or the optimal refraction (blue bars).

6.3.10 Visually Normal participants
Neither suppression nor rivalry
9 out of 10 of the participants showed a majority ‘neither suppression nor rivalry’
response. In 3 of these participants (figure 6.11 A,B&H, participants AB, AV and SB
respectively) there was no difference in the sensitivity of the NDom eye when a yellow
or translucent occluder was placed infront of the fellow eye. In the remaining 6
individuals only one region showed suppression (CCh region C (figure 6.11C), DC
region E (figure 6.11D), KP region G (figure 6.11E), NR region A (figure 6.11G), and
SD region C (figure 6.11J)) or 2 regions with a rivalrous response participant RJ (region
F and G (figure 6.11H)).
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Figure 6.11 ABCDEFGHIJ Results for visually normal participants in whom a majority of neither
suppression nor rivalry was present. Data has been presented in the same format as previous figures.
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Combination of suppression and rivalry
Only one visually normal participant (MS, figure 6.11I) showed a combination of
suppression (C and E) and rivalry (regions A, C and G).

6.3.11 Suppression and the degree of stereoacuity
The level of stereoacuity measured clinically can be compared with the number of
suppressed regions in table 6.3 for both amblyopic and non amblyopic individuals
(excluding visual normals). There is no clear pattern between the level of stereoacuity
and the extent of suppression. (Spearmans Rank correlation analysis, rho= 0.15, df =15,
p=0.56)

Table 6.3 Data for the number of regions found showing suppression in this study and the degree of
stereoacuity defined as ‘good’ (≤60’’ (seconds of arc)), ‘reduced’ (≤300’’), ‘gross’ (600’’) or ‘absent’
(non measureable on the Frisby stereoacuity test).
Subjects AT, HK and SO are the non amblyopic individuals with reduced stereoacuity. All other
participants are individuals with amblyopia, or presumed amblyopia (SS)

Initials
CM
LP
RC
JT
AM
GR
CH
DF
GH
JC
MH
OL
SP

Number of regions showing suppression
4
3
3
2
1
1
0
0
0
0
0
0
0

Stereoacuity
Absent
Absent
Reduced
Reduced
Reduced
Reduced
Gross
Gross
Absent
Absent
Absent
Absent
Absent

SS

0

Good

SO
HK
AT

1
1
0

Reduced
Absent
Reduced
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6.3.12 Central region (region D)
Thus far, comparisons have been made between the depth of amblyopia or level of
stereoacuity and the number of suppressed zones either side of the straight ahead
position. However, acuity and stereopsis reflect strictly central visual processing and it
is therefore more informative to make comparisons between amblyopia
depth/stereoacuity level and depth of any suppression that might exist in the straight
ahead position. Using the same approach as above, region D (straight ahead position)
was examined to determine the presence/absence of suppression for straight ahead
viewing. Again sensitivity measures for habitual sensitivity of the amblyopic eye
(fellow eye open) were compared to those obtained when the fellow eye was fully
occluded. The horizontal extent of this region spanned -0.99º to +0.99º. As indicated
earlier to compare amblyopic eye sensitivity under the two fellow eye occlusion
conditions, the data in strabismic individuals were shifted to account for the tropia size.
Depending upon the precise size of the shift there may not have been a data point for the
fully-occluded data set in the -0.99º to + 0.99 º region. In such cases, the region was
assessed to determine whether the yellow line (yellow filter condition) was consistently
below the light blue (total occlusion condition) as this could indicate the presence of
central suppression. Figure 6.12 summarises the results for the sensitivity of the
amblyopic eye when a filter is placed in front of the fellow eye for the central region.

Central suppression in amblyopia
Only three out of the thirteen (23.1%) amblyopes were found to demonstrate
suppression in this central region. The subjects in question are JT (p=0.028, figure 6.4B)
and subjects LP and SP (figure 6.2 B and 6.4 D, respectively) whose suppression is
diagnosed by observation only for the reasons discussed above.
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Two of the amblyopic subjects (15.4%) demonstrated a response which was consistent
with rivalry (MH and GH; figures 6.8 C & E). Again the results for GH were by
observation only. Sensitivity in the straight ahead position showed no dependence on
mode of fellow eye occlusion in the remaining 8 (61.5%) of amblyopes. This is evident
in figure 6.13 which shows that the sensitivity of the amblyopic eye is reduced further
for the total occlusion condition
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Figure 6.12 Scatter plot, showing the optimal acuity of the amblyopic eye against the sensitivity of the
amblyopic eye. The x axis represents the acuity of the amblyopic eye and the y axis represents the
sensitivity of the amblyopic eye (in decibels (dB)) obtained when the yellow filter is placed infront of the
FE.
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Figure 6.13 Scatter plot, showing the optimal acuity of the amblyopic eye against the sensitivity of the
amblyopic eye for the two occlusion conditions; yellow filter FE represented by the yellow diamonds and
full-occlusion FE represented by blue squares. The x axis represents the acuity of the amblyopic eye and
the y axis represents the sensitivity of the amblyopic eye in decibels (dB) Note that for participant OL the
sensitivity under both viewing conditions was the same.

6.3.13 Non amblyopic Individuals
Of the three individuals without amblyopia but reduced stereoacuity, only one
participant was found to have a rivalrous response HK. The other two participants
exhibited no difference between conditions where the fellow eye was occluded with a
filter or via total occlusion.

6.3.14 Visually normal individuals
Surprisingly there was one visual normal (KP figure 6.11E) in whom a suppression
response was found in the central region.

206

6.3.15 Presence of suppression
Figure 6.14 shows the number of participants (excluding visual normals) with central
suppression as found in this study compared to that showing suppression with the
Bagolini clinical test for both amblyopic and non amblyopic participants. For example
the number of participants in whom central suppression was found to occur (n=3) and
the number of these participants who were found to show suppression on the Bagolini
test (n=2).
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Figure 6.14 Shows the number of participants showing suppression in this study in the central position
and the results of the Bagolini test: a test of clinical suppression. CSup/SupB; Central suppression and
suppression on Bagolini test, CSup/NSupB; Central suppression and a nil suppression result on the
Bagolini test, NCSup/SupB; nil central suppression and suppression on the Bagolini, NCSup/NSupB; nil
central suppression and nil suppression result on Bagolini test.

To summarise, only small amounts of suppression were found in this simple light
detection task and these arose in only a small proportion of amblyopic participants.
There does not appear to be a clear link between the depth or extent of suppression and
the depth of amblyopia or the level of stereoacuity that may be present. The
implications and possible origins of the finding that suppression is not pervasive in the
central field of amblyopes (at least for this task) are discussed in the next section.

207

6.4 Discussion
Only a small proportion (23.1%) of amblyopic participants demonstrated evidence of
suppression in this simple light detection task. Furthermore in cases where there was
evidence of suppression the magnitude of this suppression was small (<5dB).

6.4.1 Influence of the testing technique and design on the results obtained
The importance of testing conditions in the investigation of suppression was highlighted
by von Noorden (2002). Different studies have adopted different techniques to enable
each eye’s sensitivity to be separately assessed under conditions where both eyes are
open. The use of SWAP allowed the creation of testing conditions in which rivalry was
minimal in the monocular testing conditions in order to determine the sensitivity of the
amblyopic eye, thus providing conditions which are very similar to the casual
conditions of seeing. Von Noorden (2002) has stressed the importance that testing
conditions are minimally dissociated and this is what the HFVA method provides in its
SWAP mode. Although this technique allowed minimal dissociation of the eyes, only
very small degrees of suppression were found and this was apparent in only 23.1% of
amblyopes in the central region. The question then becomes one of whether our
conditions of testing and set up contributed to the near ‘nil’ result. The lack of
suppression found in this task may be attributable to the fact that this was a chromatic
task; however other authors have found a degree of suppression which exists with the
use of red/green dissociation (Sireteanu and Fronius, 1981) and therefore other
limitations of the present set up must be considered. Spectral-sensitivity functions for
increment thresholds have three peaks at approximately 440, 540, and 600 nm when a
large stimulus is presented for a long duration on a relatively high-intensity white
background (Uchikawa and Sato, 1995). Smith et al (1982) showed that increment-
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threshold spectral sensitivities altered markedly during the suppression phase of
binocular rivalry. The spectral-sensitivity function exhibited a single peak near 555 nm
rather than the three peaks, which was similar to the relative photopic spectral
sensitivity function. These results indicate that chromatic response was suppressed to a
greater extent than the luminance response in visually normal observers (Smith et al,
1982). According to Freeman and Jolly (1994) these results suggest the possibility that
suppression may also be specific in its effects on spatial vision since, at least for the
early stages of signal processing, chromatic channels are associated with higher spatial
resolution tasks and luminance channels with lower resolution tasks. The stimulus used
in this present study was a spot of light and therefore testing of specifically low or high
resolution mechanisms are not isolated. This blue-on-yellow detection task contained
both chromatic and luminance information, and thus the task was neither isoluminant
nor isochromatic.

As well as the resolution of the stimulus, the duration of the stimulus presentation is
believed to play an important role in the initiation of suppression. Wolfe (1983) found
that in order for suppression to occur the stimulus duration needed to be greater than
150ms. This was found by measuring the ‘rise time’ of suppression which leads to
rivalrous perception in a group of visually normals. This was supported by De Belsunce
and Sireteanu (1991), who also found that this period of time was sufficient for
suppression to occur in both visual normals and amblyopic individuals. Superimposition
of the two monocular images occurred for stimulus durations less than 150msec
whereas suppression was found to occur for longer lasting stimuli i.e. greater than
150msec (Wolfe, 1983). The stimulus presentation duration in this study was 200msec
which is probably sufficient for suppression take place. However a more recent study by
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Joose (2000) found that stimulus duration of 400 ms is the most effective to elicit
suppression in small angle convergent strabismic individuals using stimuli with a
gradual increment and decrement, like triangular or half sinusoidal stimuli (Joose,
2000). Suppression was found to occur in five out of the ten strabismic individuals with
threshold sensitivities ranging between 3 and 33 dB.
A decrease in the sensitivity was evident in the central region, for all participants under
all viewing conditions. A possible explanation for this could be due to foveal tritanopia.
Foveal tritanopia arises due to the absence of short wavelength or ‘blue’ cones. It is
known that at threshold a short-wavelength spot of the correct diameter projected to the
fovea is colourless (Wald, 1967). The diameter of the target size used in this study was
2.3mm, the fovea is known to have a diameter of 1.5mm, and therefore the target size
should have been large enough not to display the effects of foveal tritanopia. No other
possible suggestions to why this would occur are known to the author.

It is unknown whether the same pattern of results would have been present in those
individuals whom previously did not wear their optimal refractive error. This may have
also been a contributory factor into the variability of these results as they had not
adapted to the refractive correction. The HVFA also calculated the necessary reading
addition from the distance refractive correction and the patient’s age for the viewing
distance of the task. This is also an additional factor which may have contributed to the
variability of task including for those individuals whom wore their optimal refractive
error prior to taking part in the study. Wearing the habitual refractive correction (if
worn) may in some cases have meant that the stimulus and fixation target would have
been perceived as being blurred which in turn may have resulted in a decrease in
sensitivity.
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Although the task was a simple light detection task, there appeared to be variability
within the data set for each participant and between participants. Participants were
asked to maintain fixation upon the fixation target presented by the HVFA, it may be
possible that in some cases fixation was unsteady or poor, however fixation was
monitored manually and participants were reminded throughout. If fixation was poor or
unsteady at some points this would have led to variability in the results.

Data in cases where the sensitivity of the amblyopic eye was assessed with total
occlusion or occlusion with a translucent occluder infront of the fellow were shifted in
accordance with the anatomical landmark of the blind spot region in order to make a
comparison between the sensitivities when the eye was in its habitual motor position.
This method of shifting the data assumed that the there was angle stability for this
particular task. Although the measurement for any deviation present on all participants
was measured the fixation target used in the HVFA was a non accommodative target
and therefore this may have resulted in difference of angle size particularly for
accommodative strabismus. A prism cover test method was used at 33cm to obtain the
near angle measurement and this was to an accommodative target. The distance of the
fixation target in the bowl of the HVFA was approximately 45cm. Both of these factors
may have resulted in a slight difference in the angle obtained, so therefore using the
anatomical landmark of the blind spot to shift the data was thought to be the best
method, although this method assumes angle stability.
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6.4.2 Evidence of suppression
Holpogian et al (1988) challenged the extent to which suppression is a feature in
amblyopia. They found an inverse relationship between the depth of suppression and the
degree of amblyopic visual loss; deep suppression was found in individuals with mild
amblyopia, whereas little or no suppression was exhibited by individuals with deeper
levels of amblyopia. These results led them speculate that when an eye is amblyopic
there is no need for the suppression mechanism to come into play, and conversely that
suppression may be more relevant in cases when there is only a mild degree of visual
loss. Freeman et al (1996) quantified the three different components which contributed
to the visual acuity loss in the deviated eye in strabismic amblyopes. The first
component of the acuity loss was the amblyopia itself which is present under both
binocular and monocular viewing conditions. The second is due to the strabismic
deviation itself in which the image is shifted to a peripheral area of the retina which
possesses a lower resolution limit. The third component of the visual loss has been
described by Freeman et al (1996) as interocular suppression and masking. It was found
that this suppression and masking was only responsible for approximately 20% of the
visual loss under binocular viewing conditions. In two of their nine, participants, in their
study no suppression whatsoever was evident, whereas the amblyopia and the
strabismus accounted for median acuity losses of ~34% and ~44% respectively
(Freeman et al, 1996). Thus, in agreement with the results of this present study, both
Holopogian et al (1988) and Freeman et al (1996), the present results suggest a lesser
prevalence and role for suppression than might have been previously thought.

Contrary to the above there are many studies which have found evidence for large scale
suppression in their studies when comparing the visual acuity of the deviated eye
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with/without amblyopia under monocular and binocular conditions (Pugh, 1954; von
Noorden and Leffler, 1966; Leonards and Sireteanu, 1993; Freeman and Jolly, 1994).
There is a general agreement between authors that the visual acuity of the deviated eye
is lower when the fellow eye is open and improves during monocular viewing (i.e. the
fellow eye is permitted from viewing). However the differences in the reduction of the
acuity under binocular viewing conditions appear to vary greatly between studies and
individuals. von Noorden and Leffler (1966) tested visual acuity under both monocular
and binocular conditions. Visual acuity was found to improve in 8 of the 41 subjects
when the sound eye was occluded. This supported the finding by Pugh (1954) who
found that the vision of the amblyopic eye was lower when the fellow eye was open and
higher when occluded. The monocular level of the amblyopic eye could be restored
when the luminance of the fellow eye was reduced with the use of neutral density filters.
It has even been suggested that suppression plays a casual role in generating the
amblyopic visual loss. Sireteanu et al (1981) used red green dissociation to measure the
depth of suppression along the horizontal meridian. They found that areas of the visual
field showing the deepest levels of suppression matched the areas that exhibited greater
amounts of amblyopia. Esotropic individuals were found to exhibit greater degrees of
both suppression and visual acuity loss in the nasal retina relative to the temporal
retinal. This is what would be expected if suppression and amblyopia were casually
linked. These results provided a framework for understanding how amblyopia may arise
as a consequence of strabismus or in other instances in which images from the two eyes
cannot be fused (e.g. anisometropia). The present study found no relationship between
the visual acuity of the amblyopic eye and the presence of suppression. Only 3
individuals were found to show evidence of very small amounts of suppression and this
has been summarised in figure 6.13.
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The relationship between suppression in strabismic individuals and binocular rivalry in
normal observers remains the subject of considerable research interest. Binocular rivalry
(chapter 3, section 3.5.5) in visually normal observers occurs when corresponding
points in the two eyes view images that are so dissimilar that they cannot be fused (e.g.
when presented with orthogonally orientated gratings). The observer experiences
periods of alternating dominance, so that the horizontal grating is seen followed by the
vertical grating or in some cases a mosaic (figure 3.10) consisting of both horizontally
and vertically orientated gratings. It has been suggested that different mechanisms
underpin binocular rivalry in visual normals and suppression in strabismics. Smith et al
(1985) found that visual normals exhibit a wavelength specific loss of sensitivity during
the suppression phase of binocular rivalry whereas the loss of sensitivity attributable to
suppression in esotropic observers was found to be independent of the wavelength.
Differences have also been found in the time course of suppression in strabismic
individuals compared to binocular rivalry in normal observers, also contributing to the
notion that binocular rivalry and suppression may be mediated by different mechanisms.
However fewer differences have been found by other authors (Wolfe, 1983; Wolfe,
1986; Leonards and Sireteanu, 1993). Leonards and Sireteanu (1993) showed the
attenuation of the retinal illuminance in the dominant eye of amblyopic observers
resulted in rise times for suppression that were similar to the time course exhibited by
visual normals under rivalrous conditions. Adequate stimuli for binocular rivalry are
orthogonal patterns whereas strabismic suppression is elicited and occurs more readily
with stimuli of similar orientations (de Belsunce and Sireteanu, 1991). It still remains to
be established if as suggested by Burian (source von Noorden, 2002) if suppression “is
merely an exaggeration of the same processes involved in blocking out certain parts of
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the image seen by each eye in binocular rivalry” (von Noorden, 2002) or as suggested
by Smith et al (1985) additional neural mechanisms are required to explain it.

Similar right and left eye targets have been found to be the most effective stimuli for
strabismic suppression. In cases where dissimilar targets are presented to normal
observes binocular rivalry occurs; corresponding points in the two eyes view images
that are so dissimilar that they cannot be fused. The observer experiences periods of
alternating dominance and suppression of the monocular images (Harrad et al, 1996).
Suppression in strabismic individuals has been founder to exist to a greater degree than
the rivalry suppression observed in normal observers (Holopigian et al, 1988). When
visual stimuli that leads to binocular rivalry e.g. gratings of different orientations were
presented to amblyopes this was found to produce similar results to that of visual
normals i.e. rivalry with alternation rather than suppression (Jampolsky, 1955; Schor,
1977). Continuous flash suppression (CFS) is a series of different contour rich patterns
which is continuously flashed to one eye at a steady rate, and has recently been used to
investigate the depth of interocular suppression, compared to that generated by other
methods; binocular rivalry and single flash suppression. As this complex dynamic
stimulus is presented to one eye a highly salient image presented to the other eye may
be reliably suppressed (Tsuchiya et al, 2006). Stronger suppression was found to occur
compared to rivalry and/or single flash suppression using CFS and this was not due to
the summation between binocular rivalry and flash suppression, but caused by the
accumulation of the suppression due to multiple flashes.
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6.4.3 Neurophysiological studies
Until recently, very little evidence existed regarding both the site and nature of
strabismic suppression. Evidence from psychophysical (Hess, 1991) and
electrophysiological (Blake and Lehmkuhle, 1976) studies have enable the site and
nature regarding suppression to be investigated in more detail. Blake and Lehmkule
(1976) found contrast thresholds to be elevated after a period of 30 seconds of
adaptation, even though the stimulus viewed was being suppressed. These results
suggest a cortical origin as the findings indicate that strabismic suppression occurs
within the visual system after the site of the after effect, which is thought to cortical in
origin. This viewpoint is a general consensus between researchers (Blake and
Lehmkuhle, 1976; Sengpiel and Vorobyov, 2005; Sengpiel et al, 2006).
Neurophysiological studies in cats and monkeys also support a cortical locus for
strabismic suppression. These studies have stimulated the deviating and non deviating
eye in order to characterize field properties of neurons particularly in the visual cortex
(V1) and there is a general agreement that there is a reduction in the proportion of
neurons in V1 that are excitable through either eye ( Hubel and Wiesel, 1965;
Blakemore, 1976; Crawford et al, 1984; Sengpiel et al, 1994; Sengpiel et al, 2006).
Neurons in area 17 of the cat and the V1 of the monkey showed non specific interocular
suppression in the majority of cells i.e. stimulation of the non dominant eye with a
grating of any orientation depressed the response to an optimal grating being presented
to the dominant eye (Sengpiel and Blakemore, 1994; Sengpiel et al, 1994; Sengpiel and
Blakemore, 1996). Initial studies have suggested that responses of the primary visual
cortex neurons to an optimal stimulus are suppressed selectively by masking stimuli of
orthogonal orientation. The use of a wide range of orientations of orthogonal gratings
can cause suppression, both within and outside the receptive field, with suppression
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being strongest at the optimal orientation of the cell (DeAngelis et al, 1992; Sengpiel et
al, 1997). Sengpiel et al (2006) suggested that strabismus leads to a selective loss of
excitatory but not inhibitory connections between dominance columns, and it is these
remaining inhibitory connections which are responsible for strabismic suppression
(Sengpiel and Blakemore, 1996; Smith et al, 1997). Both structural and metabolic
differences have been found in the striate cortex in surgically induced strabismus in
macaques when compared to visual normals in the investigation of suppression. The
presence of suppression in these adult monkeys is only inferred as the authors did not
test for suppression psychophysically or electro-physiologically (Horton et al, 1999).
Freeman et al (2002) found signals mediating suppression might originate in the
thalamus rather than the cortex, suggesting a sub cortical mechanism. Thalamic neurons
were found to exhibit suppression and it is thought that additional suppression may arise
from depression at the thalamocortical synapses. Although the findings from these
studies support what is evident in patients with strabismus, it is still unclear the process
adopted by the visual system to switch on and off selected information that reaches the
cortex from the retina of either eye so quickly and effectively. It is still unclear whether
the findings from these studies are applicable to suppression in humans as the
development of suppression is limited to childhood (von Noorden, 2002)

6.5 Summary
The results of this study show very limited evidence for suppression even in cases
where suppression had been clinically demonstrated. This suggests that clinical tests
such as the Bagolini lens test which was used in this study (and is less dissociative than
other commonly available tests for suppression, e.g. the Worth 4 dot test) may
underestimate the degree of binocular co-operation in amblyopic individuals
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with/without strabismus and in those with strabismus without amblyopia. In cases of
strabismic individuals the deviated eye was found to be suppressed when clinically
tested however in this simple light detection task either no or very small degrees of
suppression were found. As the strabismic eye was found not to be suppressed under
binocular viewing conditions these results suggest that the strabismic eye is not
‘switched off’ and therefore binocular interactions must occur in order for the visual
system to process the information to determine whether the suppression mechanism is
required. The lack of suppression suggests that some form of binocular co operation
must occur between the two eyes as it has been established that interactions must still be
present. The fact that the relationship between residual binocular interaction and
amblyopia is unclear has been emphasised by Kiorpes and Mckeet (1999).
The next chapter investigates the contribution of the amblyopic eye to the binocular
viewing condition and determining the extent of any contribution that it may make, i.e.
determining whether there is a level of binocular co operation and the degree to which
this exists in individuals with amblyopia and/or individuals with strabismus.
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CHAPTER 7
CONTRIBUTION OF THE AMBLYOPIC EYE IN A SIMPLE
LIGHT DETECTION TASK

The work presented in this chapter was presented at the following conferences:
Pacey I Barrett BT, Panesar GK, Scally AJ(2008) The Amblyopic Eye Contributes to
Habitual Viewing Performance Association for Research in Vision and Ophthalmology,
May, Fort Lauderdale, Florida (published in Investigative Ophthalmology & Visual
Science 49: E-Abstract 2593).

Orthoptic Northern Branch Meeting: Royal Halamshire Hospital, Sheffield November
2007; Presentation titled: ‘Research introductory talk: is the amblyopic useless?’
Presented by Eve Panesar

In service training days;
Bradford Royal Infirmary, Bradford, May 2008
Queen Marys Hospital, Sidcup, London, May 2008

7.1 Introduction
In the previous chapter only small amounts of suppression, in terms of prevalence,
depth and extent, were found in this simple light detection task and it is debateable
whether the suppression that was found is clinically significant. Only 23.1% of
participants showed clear evidence for suppression and even in these individuals
suppression was found in only certain regions of the visual field.
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Despite the results of the previous study (Chapter 6), suppression is believed to be a
major feature of amblyopic vision and in the vision of individuals with strabismus that
is present from early childhood. The results from the earlier study suggests that,
although suppression may indeed be an extant feature of vision for many tasks in
amblyopic and/or strabismic individuals, there may be little suppression for simple tasks
such as straight-forward light detection tasks. If this is the case, then there could even be
a form of binocular co-operation for such tasks. The present study is designed to test
whether there is evidence for co-operation between the eyes in amblyopes and/or
strabismics using an identical task to that for which no suppression was found in the
same individuals. To what extent the amblyopic eye contributes to a binocular or
habitual percept (i.e. both eyes viewing) is not yet known.

Hubel and Wiesel (1965) were the first to demonstrate that surgically inducing
strabismus in both cats and monkeys, early in life develops a visual cortex which
contains fewer binocular cells. Strabismus in the infant monkey is found to disrupt the
normal segregation of ocular dominance columns and also decreases the number of
binocularly driven neurons (Crawford and von Noorden, 1979, Crawford and von
Noorden, 1980). Form deprivation in early life has been found to produce dramatic
changes creating an imbalance of the individual neurons of the two eyes (Baker et al,
1974; Crawford et al, 1975; Levay et al, 1980).

Studies in human observers have been found to have absent/reduced binocular
summation of contrast signals particularly at high spatial frequencies (Levi et al, 1997b;
Levi et al, 1980). The binocular summation ratio in normal observers is generally
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considered to be approximately 1.4 or even higher (Georgeson et al, 2005; Meese et al,
2006; Baker et al, 2007a).

Strabismic amblyopes are commonly found to be stereo-blind to static disparities when
clinically tested, therefore suggesting that binocular cells are absent in the cortex.
However Cynader et al (1984) found that binocular cells responding to motion in depth
(dynamic stereo) were still present in surgically induced strabismic cats in early life.
The fact that dynamic stereo remains intact have been supported further in human
observers with strabismic amblyopia who were found to be blind to static clinical tests,
but could detect disparities in motion in depth stimuli (Kitaoji and Toyama, 1987;
Rouse et al, 1989).

The idea that strabismic amblyopes possess some binocular interactions has also been
supported by recent literature. Recently, Baker et al (2007b) showed that normal
binocular contrast summation occurs in observers with strabismic amblyopia when the
signal to the fellow eye is attenuated. This finding suggests that the lack of binocular
function occurring in amblyopia is most likely due to the imbalance of inputs entering
either eye under the binocular viewing condition. Mansouri et al (2008) used this
approach of balancing the input to either eye to measure the extent to which the
information presented to each eye needs to be different in order for binocular interaction
to occur. The results demonstrated that under natural viewing, information from the two
eyes of an amblyope interacts anomalously, and this could be changed by altering the
relative information seen by each eye. By reducing either the contrast or the number of
elements seen by the fellow eye the higher intrinsic gain associated with the suppressive
drive could be counteracted and therefore adequately balance the left and right inputs to
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the final stage of binocular summation (Mansouri et al, 2008). The presence of
interocular suppression is believed to be the reason why binocular combination/cooperation of the two eyes does not occur. Reducing this interocular suppression reveals
normal levels of co operation. Similarly using this principle Hess et al (2009b)
investigated the residual stereo function in a group of strabismic amblyopes using
motion in depth stimuli. The use of a neutral density filter in front of the fixing eye to
reduce the degree of interocular suppression was found to enhance motion in depth
performance

Recent evidence exists that binocular interactions remain intact in motion in depth
stimuli (Hess et al, 2009b), motion and spatial tasks (Mansouri et al, 2008) and contrast
sensitivity (Baker et al, 2007a). In this present study the presence and, if any, the extent
of the contribution of the amblyopic eye will be examined in a simple light detection
task. In addition to this we will also investigate whether amblyopic individuals differ
from visual normals in habitual viewing.

Amblyopic individuals are often told that their amblyopic/ weaker eye is not really
useful as it is often ignored by the brain and is only useful for the detection of peripheral
objects. However, there has been little/no examination of the contribution the
amblyopic eye since this can only be determined by comparing the habitual
performance with the fellow eye performance. Until recently, most studies have taken
the approach of examining and comparing amblyopic eye performance with fellow eye
performance. However this approach does not tell us how the amblyopic eye contributes
if at all in habitual viewing. The present study is designed to examine the contribution
of the amblyopic eye for the task that was employed in the previous chapter.
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7.2 Methodology
7.2.1 Participants
A total of thirty two participants took part in the study. This total consisted of 10 visual
normals, 15 amblyopes and 5 non-amblyopic individuals with reduced/absent
stereopsis. Prior to their participation, all subjects underwent a subjective refraction by a
qualified optometrist and a binocular vision assessment to determine their visual status
as described in chapter 5. Ocular dominance was determined using the Kays sighting
dominance test as described in chapter 5 section 5.4.4. The optimal refractive error was
used for this study, and all clinical tests displayed in tables 7.1 and 7.2 were performed
with the optimal correction in place. Clinical details of amblyopic participants are
displayed in table 7.1 and 7.2.

7.2.2 Protocol
The same equipment and testing technique was used as described in chapter 6 section
6.2.2. Briefly, sensitivity for detecting a blue stimulus on a yellow background was
assessed across the central retina using the Humphrey Visual Field Analyser (HVFA).

Sensitivity across the central fifty degrees was measured in the following three viewing
conditions:
1. The habitual viewing condition i.e. when both eyes open and viewing.
2. Habitual sensitivity of the amblyopic (AE) (or non dominant eye,
NDom). This was achieved by placing a yellow filter over the fellow eye
(FE).
3. Habitual sensitivity of the fellow eye (FE). The yellow filter was placed
over the AE (or non-dominant eye)
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Data for both this study and the previous study (chapter 6) were collected over 3 visits
by the author. Trials were randomised in order to minimise the effects of viewing
condition. Details of the randomisation of the test order and how this was carried out
has been described in section 6.2.2.

As in the previous study (Chapter 6) the absorption characteristics of the yellow filter
ensured that the blue stimulus was invisible to the eye viewing through it. The
advantage offered by this arrangement is that both eyes view a yellow background and
therefore that rivalry is minimal under conditions where the sensitivity of one eye in
assessed. The principal benefit of using this minimal dissociation method is that the
sensitivity of the amblyopic eye can be assessed under conditions that closely resemble
habitual viewing conditions; there is thus very little in the way of retinal rivalry and
sensitivity is assessed with the deviating eye in its anomalous motor position if a
strabismus is present.

The results of the distance subjective refraction were entered into the HVFA’s software.
From this the perimeter calculates the appropriate trial lens power needed according to
the patients age, from the date of birth which was entered. This correction was used for
all the data which were collected in this current chapter and in chapter 7. Full aperture
lenses were placed into a trial frame and these were worn throughout the testing.
Clinical details of participants are displayed in table 7.1 and 7.2. The results of the
subjective refraction are displayed as well as the best corrected visual acuities.
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Each participant completed a total of 3 runs for the habitual viewing conditions (i.e.
with both eyes open), 3 runs in which the yellow filter was placed in front of the FE and
3 runs where the yellow filter was placed over the AE.
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Table 7.1 Clinical details of amblyopic and non amblyopic participants. Monocular visual acuity (VA, logMAR) under both habitual are presented for left (L) and right
eye (R) eyes and optimal refractive conditions for the amblyopic eye (AE) and fellow eye (FE). The habitual refractive correction worn by the participant is also stated.
Oculomotor status and measurements at near viewing are presented and stereoacuity is given in seconds of arc (negative indicates worse than 600”) on the Frisby
stereo acuity test Abbreviations XOT=Exotropia, SOT= Esotropia, XOP=Exophoria, SOP= Esophoria, R/L = R hyperphoria, L/R= L hyperphoria, LHoT= L
Hypotropia.
Hab VA
of FE

Hab VA
of AE

Dom
Eye

Optimal
RE Rx

Optimal
LE Rx

Optimal
VA of AE

Optimal
VA of FE

Rx worn

Amblyopes
AM
21

-0.10

0.30

L

+1.00/ -0.75 x 15

+1.00 DS

0.30

-0.10

Optimal

CCa

41

-0.10

1.50

R

+0.00/-1.25 x 9

-2.75/-0.25 x 80

1.36

-0.14

Nil worn

CH
CM

20
26

-0.10
-0.02

0.48
0.50

R
R

Plano
+5.75/ -1.75 x 110

+4.50 DS
+6.00/ -2.00 x 68

0.40
0.50

-0.10
-0.02

DF

41

-0.20

0.20

R

+2.00 DS

+3.75/ -0.25 x 65

0.18

-0.20

GH

54

-0.10

0.58

R

+1.25/ -0.25 x 91

+4.75/ -0.25 x 80

0.54

-0.10

GR
JC

23
30

-0.10
-0.06

0.20
0.86

L
R

+6.00/ -3.25 x 85
+1.25 DS

+4.00/ -2.00 x 76
+6.25/ -2.50 x 55

0.20
0.66

-0.10
-0.06

JT

46

-0.10

0.40

R

+1.00/ -0.25 x 61

+3.75/ -1.00 x 40

0.40

-0.10

LP
MH

56
46

0.18
0.00

0.80
0.30

L
L

+2.00 DS
+3.00 DS

+3.50/ -3.00 x 45
+2.75 DS

0.80
0.30

0.18
0.00

Nil worn
Optimal
RE Rx +2.00
LE Rx +2.00
RE Rx +0.50
LE Rx +4.00
Optimal
Nil worn
RE +1.00/-0.25x61
LE R+1.00
Optimal
Optimal

OL

28

0.00

0.84

L

+4.25/ -3.50x 170

-1.50/ -1.25 x 175

0.80

0.00

RE +2.75/-3.50x17
LE 0.00/ -1.25 x175

PP

28

-0.10

0.20

R

-3.50/-0.50 x 120

-3.50/-1.50 x 25

0.20

-0.10

Optimal

RC
SP

46
36

0.00
0.00

0.50
0.42

L
L

+0.50/ -5.50 x 18
+1.75/ -0.50 x 5

+0.25/ -0.25x180
-0.50/ -0.25 x 10

0.20
0.38

-0.04
-0.06

Nil worn
Nil worn

Initials

Age

226

Oculomotor
Status

Near
angle

RSOT
LXOT
LHoT
LXOT
LSOT

6^SOT
6^XOT,
2^HoT
6^XOT
10^SOT

LSOT

Bagolini

Stereoacuity

R Sup

300"

L Sup

Negative

L Sup
L Sup

600"
Negative

4^SOT

BSV

600"

LSOT

14^SOT

L Sup

Negative

RXOT
XOP

4^XOT
4^XOP

BSV
L Sup

300"
Negative

XOP

4^XOP

BSV

300"

RXOT
RSOT

10^XOT
10^SOT

R Sup
R Sup

Negative
Negative

RXOT

45^XOT

R Sup

Negative

LXOT
LHoT
XOP
RSOT

6^XOT,
10^HoT
4^XOP
10^SOT

L Sup

Negative

BSV
R Sup

85"
Negative

Table 7.2 Clinical details of non amblyopic participants. Monocular visual acuity (VA, logMAR) under both habitual are presented for left (L) and right eye (R) eyes
and optimal refractive conditions for the amblyopic eye (AE) and fellow eye (FE). The habitual refractive correction worn by the participant is also stated. Oculomotor
status and measurements at near viewing are presented and stereoacuity is given in seconds of arc (negative indicates worse than 600”) on the Frisby stereo acuity test
Abbreviations XOT=Exotropia, SOT= Esotropia, XOP=Exophoria, SOP= Esophoria, R/L = R hyperphoria, L/R= L hyperphoria, LHoT= L Hypotropia.

Habitual
Habitual
VA of
VA of
NDE
DE
Non Amblyopic individuals
Equal VA/reduced stereo acuity
AT
55
0.00
0.00
FD
29
0.00
-0.10
HK
41
0.00
-0.10
SO
48
-0.04
-0.10

Initials

VB

Age

22

0.00

0.00

Reduced VA/no amblyogenic factors
SS
57
-0.10
0.20

Dom
eye

Optimal
RE Rx

Optimal
LE Rx

Optimal
VA of NDE

Optimal
VA of DE

Rx worn

R
R
R
L

-0.25/ -1.00x85
+1.25/ -0.50x 35
-2.25/ -0.25x46
+4.25/ -0.50x85

-0.50/ -0.50x121
+0.75 DS
-2.25/ -0.25x51
+1.50/ -0.75x85

0.00
-0.10
0.00
-0.04

0.00
0.00
0.00
-0.10

Optimal
Optimal
Optimal
Optimal

R

+2.50/ -0.50x72

+1.75DS

0.08

0.04

Nil worn

R

+1.75/ -0.50x21

+2.25/ -0.50x160

0.20

-0.10

Optimal
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Oculomotor
Status

Near angle

Bagolini

Stereoacuity

R/L
LSOT
LSOT
L/R
RSOT,
LHoT

2^R/L
4^SOT
25^SOT
1^L/R
4^SOT,
4^LHoT

BSV
BSV
L Sup
BSV

600"
Negative
Negative
170"

BSV

600"

SOP

4^SOP

BSV

55"

7.2.3 Data Analysis
For each viewing condition and location tested, the mean sensitivity and standard
deviation were determined based upon a minimum of 3 sensitivity estimates for that
location, and a maximum of 6 estimates. The final threshold sensitivity for any given
point was not always based upon the same number of estimates but was based upon a
positive response that the blue light stimulus was visible at the highest particular
threshold.
As recommended by our statistician, instead of comparing YF and shifted-FTO
sensitivities at each individual location, we compared sensitivities in six distinct visual
field ranges. The data were grouped into six distinct ranges in order to reduce the effect
of measurement variability arising from the repeated measurements whilst maintaining a
degree of spatial localisation representing the mean sensitivity variation along the
horizontal meridian. This was accomplished by assigning a region definition (A-G) to
each individual sensitivity in the main database used for statistical analysis as defined
below:
(A) -20 to -25 degrees from the straight ahead position
(B) -10 to -19.99 degrees from the straight ahead position
(C) -1 to -9.99 degrees from the straight ahead position
(D) -0.99 to 0.99 degrees from the straight ahead position
(E) 1 to 9.99 degrees from the straight ahead position
(F) 10 to 19.99 degrees from the straight ahead position
(G) 20 to 25 degrees from the straight ahead position
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In the case of each participant, the author compared monocular and binocular
sensitivities across these 7 ranges using a linear regression model (Stata version 1997)
as recommended by our statistician.
The amblyopic eye (non dominant) and fellow eye were compared with the habitual
sensitivity to determine if they were significantly different. The sensitivity of the
amblyopic eye and fellow eye were also compared. The contribution of the FE and AE
to the habitual sensitivity was then examined by establishing, region by region, the areas
of the field where, for example, habitual sensitivity exceeded the sensitivity of either
eye alone (this would imply summation) or where it matched the sensitivity of one eye.
Based upon this approach the following possibilities could exist:

1. Fellow eye governs habitual performance: here habitual sensitivity is similar to
sensitivity with the fellow eye alone which in turn exceeds the sensitivity of the
amblyopic (non-dominant) eye.
2. As with 1, there may be regions where the amblyopic (non-dominant) eye
governs habitual performance.
3. Summation may exist where habitual sensitivity exceeds that of either eye alone.
4. Another possibility is that the sensitivity under the three conditions of viewing
will be similar.
5. A further, possibly final possibility is that habitual sensitivity will be lower than
the sensitivity of one or both of the monocular sensitivities.
6. Variable pattern of contribution; this may consist of a number of the above
outcomes from region to region i.e. no specific pattern of contribution was found
to dominant the extent of the visual field.

229

As indicated, the approach taken here is a region by region analysis. Hence the intention
is not to assign individuals to categories (though this might happen if the pattern is the
same across the field) but rather to look for evidence of different patterns in the same
individual.

7.3 Results
Figures 7.1 to 7.14 show results for amblyopic subjects whose clinical details are listed
in table 7.1. Results for non-amblyopic participants are presented later (Figure 7.15 to
20). The format for all of these figures is the same in that sensitivity under habitual
conditions (black data points and curve) is presented alongside the sensitivity of the
dominant (red data/curve) and non-dominant (yellow data/curve) eyes.
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Figure 7.1 Shows the results for amblyopic participant AM. The initials of the participant are found in the
top right hand corner of the figure. The yellow line indicates the sensitivity of the amblyopic eye when a
yellow filter was placed in front of the fellow eye; with this filter in place the fellow eye could not see the
blue light but could still view the bowl of the HVFA. The red line indicates the sensitivity of the fellow
eye when a yellow filter is placed in front of the amblyopic eye and the black line indicates the sensitivity
of the habitual condition (no yellow filter in place). P-values are quoted in each region to show the results
of statistical comparison of two testing conditions with that of the habitual performance. The upper 1st p
value represents that for the comparison of the fellow eye (FE) and with habitual sensitivity (BEO), and
while the lower number represents the p-value for the amblyopic eye and habitual sensitivity
comparisons. P-values of less than 0.05 were taken as evidence that sensitivities under the two different
conditions of testing were different. An identical format is used for figures 7.2 to 7.14, inclusive.
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Figure 7.2 Format as in Figure 7.1 but for participant CCa
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Figure 7.3 Format as in Figure 7.1 but for participant CH
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Figure 7.4 Format as in Figure 7.1 but for participant CM
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Figure 7.5 Format as in Figure 7.1 but for participant DF.
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Figure 7.6 Format as in Figure 7.1 but for participant GH.
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Figure 7.7 Format as in Figure 7.1 but for participant GR.
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Figure 7.8 Format as in Figure 7.1 but for participant JC.
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Figure 7.9 Format as in Figure 7.1 but for participant JT.
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Figure 7.10 Format as in Figure 7.1 but for participant LP.
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Figure 7.11 Format as in Figure 7.1 but for participant MH.
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Figure 7.12 Format as in Figure 7.1 but for participant PP.
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Figure 7.13 Format as in Figure 7.1 but for participant RC.
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Figure 7.14 Format as in Figure 7.1 but for participant SP.

7.3.1 Results for Amblyopes
Initially, results will be presented for individuals with amblyopia. Results for the five
participants with equal visual acuity but absent/reduced stereoacuity are presented in
section 7.2.2. Comparisons between amblyopic eye sensitivity and habitual sensitivity
and between fellow eye sensitivity and habitual sensitivity were made in only 5 of the 7
regions, because sensitivity in regions B and F sensitivity naturally fell to zero in the
regions that corresponded to the blind spot of the two eyes.

Unlike the results from the suppression study (previous chapter), the results from the
present investigation are not easily described on a participant-by-participant basis
because the pattern within each individual tends to vary quite considerably across the 50
degree field that was tested. Thus, rather than grouping participants according to an
‘overall’ pattern of results (which did not exist), examples of different result patterns are
highlighted. The main reason for adopting this approach is simply that the
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overwhelming majority of participants displayed more than one of the patterns
described below.

The point of interest in analysis of these results is the issue of how monocular
sensitivities explain habitual (i.e. both eyes open) sensitivity. The mean sensitivities for
each viewing condition were statistically analysed for each region. The results of each
region were considered to be one of the following:
(1) Fellow eye explains habitual performance (i.e. no statistically significant
difference between fellow eye sensitivity and habitual sensitivity, with a lower
amblyopic eye sensitivity)
(2) The amblyopic eye contributes to the habitual performance through
a. Summation: habitual sensitivity is better that the sensitivity of either
alone, hence there is summation of the right and left eye sensitivity. or
b. The amblyopic (or non-dominant) eye alone explains habitual sensitivity
(i.e. no statistically significant difference between amblyopic eye
sensitivity and habitual sensitivity, and where a significant difference
exists between habitual and fellow eye sensitivity)
(3) Little or no difference between sensitivity under the three viewing conditions

Having completed a quantitative analysis and comparison of the results, region by
region for the different viewing conditions, what follows now is essentially a qualitative
description of the different ways in which sensitivity under habitual viewing conditions
can be understood on the basis of the monocular sensitivities.
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Habitual Sensitivity in the Blind Spot Areas
Before going on to provide specific examples of how habitual sensitivity can be
explained by the monocular sensitivities, either alone or in combination, there is one
clear result evident for virtually all of the participants. This applies to regions B and F
of the plots displayed in Figures 1 to 20, i.e. the regions of the field corresponding to the
blind spots of the right and left eyes. When the stimulus falls in the blind spot of one
eye, habitual sensitivity in that region must be governed by the sensitivity of the other
eye. The amblyopic eye (or non-dominant eye in the case of the non-amblyopic
participants) clearly plays its part in that all participants, with the exception of GH,
showing a dove tailing with habitual sensitivity in the area of the fellow eye’s blind
spot. For some participants this is very clear (e.g. AM, figure 7.1; GR, figure 7.7, JC,
figure 7.8) whereas for others the pattern is present but less clear-cut (e.g. PP, figure
7.12 & RC, figure 7.13). In cases where the amblyopic eye sensitivity is considerably
lower overall by comparison with the fellow eye, there is, as would be expected, a fall
in the habitual sensitivity in the blind spot area of the fellow eye (e.g. figures 7.12 &
7.13). Thus, the results from regions B and F show that, at the very least, the amblyopic
eye is responsible for the habitual eye sensitivity in the fellow eye’s blind spot region.
In the description of the results that follows, however, it will be seen that in all
participants except one, this is far from the only region where the amblyopic makes a
valuable contribution to habitual sensitivity for this task.

7.3.1a Fellow Eye Sensitivity Explains Habitual Sensitivity
As would be expected, there are many examples where fellow eye sensitivity is
statistically no different from habitual sensitivity and where amblyopic sensitivity is
lower. In such instances, the closeness of the sensitivities under habitual and fellow eye
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only conditions strongly suggests that the fellow eye explains the sensitivity in habitual
viewing. The amblyopic individuals for whom this applies are RC, LP, MH, CCa, GH,
GR, JT, PP, SP and AM (figures 7.1-7.2, figures 7.6-7.7 and figures7.9-7.14,
respectively)

Figure 7.13 show results for subject RC (a non-strabismic amblyope with high unilateral
astigmatism, Table 7.1). RC was the only individual in whom the fellow eye governed
all 5 regions (i.e. the non-blind-spot regions). For participants LP and MH 3 regions
were found to be governed by the fellow eye alone (LP; figure 7.10 regions A, C &E
and MH; figure 7.11 regions A, D & E) and for the remaining participants habitual
sensitivity for 2 (CCa, GH, GR, JT, PP, SP) or 1 (AM) region(s) could be explained by
the fellow eye alone.

7.3.1b Contribution of the Amblyopic Eye
All amblyopic individuals with the exception of RC showed evidence of contribution
via the amblyopic eye. Contribution of the amblyopic eye could be in two forms: (1) the
amblyopic eye governed habitual performance in a manner similar to the above where
the fellow eye could explain habitual sensitivity or (2) contribution resulting in
enhanced performance in the habitual viewing condition through summation.

(a) Amblyopic Eye Alone Explains Sensitivity:
The amblyopic eye was found to govern in at least one region in 7 out of the 14
amblyopes (50%). These individuals concerned here are PP, JC, DF, CH, CM, GH and
GR and results are displayed in figures 7.3-7.8, 7.10 and 7.12, respectively Participants
PP (figure 7.12 regions A, D & E) and JC (figure 7.8, regions A, C & E) showed 3
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regions in which the amblyopic eye alone explains habitual sensitivity. The remainder
of the participants, with the exception of GH whose results are discussed at a later point,
were found to have at least one region in which habitual sensitivity was aligned with the
amblyopic eye sensitivity but not with fellow eye sensitivity (participant DF, regions
D&G (Figure 7.5); participant CH, region A (Figure 7.3),, participant CM, region G
(Figure 7.4), and participant GR, region C, (Figure 7.7)).

(b) Contribution of the Amblyopic Eye through Summation with Fellow Eye
Summation was found to occur in seven participants (CH, CM, SP, AM, CCa, JT and
MH). Evidence for summation came from cases where the habitual sensitivity exceeded
the sensitivity of either eye alone. In some such instances, amblyopic eye sensitivity
performance was no different from fellow eye sensitivity and combined to yield better
habitual sensitivity (e.g. AM region C, CCa region A, CH region E, figures 7.1-7.3
respectively) where as in others, amblyopic and fellow eye sensitivities did appear
different from one another but still combined to yield superior sensitivity under habitual
conditions (e.g. CH region C, CM region C and SP region C (figures 7.3, 7.4 and 7.14
respectively)). This suggests that the amblyopic eye contributed in a manner which
enhanced the habitual performance and therefore indicates the presence of binocular cooperation between the two eyes. Summation ratios for the central region (region D) have
been calculated and discussed further in section 7.3.1. Summation was found to occur in
three regions for four of the participants; CH regions C, E and G (figure 7.3), CM
regions A, C, E (figure 7.4) and SP regions A, C and E (figure 7.14) and in one region
for four other participants (AM, CCa, JT & MH, figures 7.1-7.2, 7.9, 7.11).
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7.3.1c Habitual sensitivity worse than monocular sensitivity
There are a small number of instances where habitual sensitivity is lower than one of the
monocular sensitivities. For example, in region G for participant LP (figure 7.10), even
though the amblyopic eye sensitivity was significantly higher than both the habitual and
fellow sensitivity, habitual sensitivity was more closely aligned with the lower, fellow
eye sensitivity than with the higher amblyopic eye sensitivity. In region B of participant
GH (figure 7.6), both the fellow eye and amblyopic eye sensitivity were significantly
different from the habitual performance, with the habitual performance lower than the
fellow eye performance, but higher than the amblyopic eye sensitivity. This suggests
that the habitual performance represents an ‘average’ of the sensitivity of the two eyes.
It may also be that the amblyopic eye has inhibited the habitual sensitivity i.e. the
amblyopic eye actually lowers habitual performance. In region F, which is also the
blind spot region of the fellow eye, the amblyopic eye sensitivity was found to be
significantly higher than both the habitual and fellow sensitivity; however, the habitual
sensitivity was more closely aligned with the lower, fellow eye sensitivity, than with the
higher amblyopic eye sensitivity and fellow eye sensitivity was not statistically different
from habitual sensitivity, suggesting in this case that the fellow eye dominates. The
opposite of this was found in region G, where the fellow eye sensitivity was
significantly higher, than both the habitual and amblyopic eye sensitivity, again
suggesting that the amblyopic eye may have an inhibitory effect and reduce habitual
performance. This is interpreted as evidence that, in this region, the amblyopic eye is
contributing to the level of habitual sensitivity. Note, however, that this subject
exhibited considerable variability (as evidenced by the size of the errors bars in figure
7.6) and this variability may have contributed to the unusual responses in the blind spot
regions.
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7.3.1d Little difference between Habitual Sensitivity and both monocular
sensitivities
In eleven of the fourteen participants (AM, CH, CM, LP, CCa, DF, GH, GR, JC, JT,
and MH, figures 7.1-7.11, respectively) the remaining zones (i.e. those not referred to
thus far) show non-significant differences between the sensitivities under the three
visual conditions. Importantly, where little difference exists, it is not possible to say that
the amblyopic eye is contributing or not contributing. All that can be said is that it’s
sensitivity is at a level that suggests it could explain habitual sensitivity but since the
same is true of the fellow eye, and since there is no summation, we cannot know
precisely about the part played by the amblyopic eye in the decision that the stimulus is
just detected under habitual viewing conditions.

7.3.2 Non amblyopic individuals
The contribution of the non dominant eye was also examined in the five non-amblyopic
individuals and in one further subject who exhibited reduced acuity but none of the
amblyogenic factors (e.g. strabismus or anisometropia, participant SS) that would
enable a definitive diagnosis of amblyopia to be made. The non-amblyopic individuals
were found to have either reduced (n=3) or absent (n=2) stereoacuity (Table 7.1). The
figures for these individuals have been displayed in the format as those for the
amblyopic participants (Figures 7.1-14)
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Figure 7.15 Format as in Figure 7.1 but for participant AT.
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Figure 7.16 Format as in Figure 7.1 but for participant FD.
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Figure 7.17 Format as in Figure 7.1 but for participant HK
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Figure 7.18 Format as in Figure 7.1 but for participant SO.
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Figure 7.19 Format as in Figure 7.1 but for participant VB.
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Figure 7.20 Format as in Figure 7.1 but for participant SS who exhibits reduced acuity but is apparently
free from pathology and who does not have anisometropia or strabismus.
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Participant HK (figure 7.17) has a large angle strabismus and for this reason the blind
spot of the strabismic eye may be shifted into region C. It can only be assumed that
region C is the blindspot and therefore all regions apart from region F (the blind spot of
the dominant eye) have been included in the analysis, giving a total number of 6 regions
to be analysed.

7.3.2a Fellow Eye Sensitivity Explains Habitual Sensitivity
The dominant eye was found to govern in at least one region in all 5 of the nonamblyopic participants; AT, SO, FD, HK and VB (figures 7.15-7.16 and 7.18-7.19,
respectively). In participant HK, 3 of the 6 regions were found to be governed by the
non-dominant eye (regions C, D and G), although, as indicated above, region C may in
fact reflect the dominant eye governing in the blind spot region of the non-dominant
eye. Two regions governed in both participants AT (figure 7.15, regions A and E) and
one region in each of participants FD (figure 7.16, region G), SO (figure 7.18, region A)
and VB (figure 7.19, region C).

7.3.2b Amblyopic Eye Sensitivity explains Habitual Sensitivity
In HK (figure 7.17), the amblyopic eye was found govern performance in region E.
The non-dominant eye was found to contribute in four participants (SO, FD, HK and
AT, figures 7.15- 7.18). In all of these participants the amblyopic eye was found to
contribute by governing the performance in at least one region. This was the case, in
two regions (C and E) for participant SO (figure 7.18) and one region for each of the
participants FD (figure 7.16; region A), AT (figure 7.15; region G) and HK (figure 7.17;
region E)
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7.3.2c Contribution of the Amblyopic Eye through Summation with Fellow Eye
Summation was evident in three participants, with each having one region in which
summation occurred; participant SO, region G (figure 7.18), participant FD region D
(figure 7.16) and AT region C (figure 7.15).

7.3.2d Little difference between Habitual Sensitivity and both monocular
sensitivities
Three participants (VB, FD, AT, figures 7.19, 7.16 and 7.15 respectively) showed a no
significant difference between the sensitivities in the three viewing conditions.
Participant VB (figure 7.19) had 4 regions in which this was the case (regions A, D, E
and G, Figure 7.19). Participant FD had two regions (regions C & E, figure 7.16) and
participant AT had one region (region D, figure 7.15).

Participant SS (figure 7.20), who had a reduction of visual acuity in the left eye , but no
amblyogenic factors showed 4 regions in which the non dominant eye may be
contributing. These four regions showed evidence of summation (regions A, C, E and
G). In the remaining region (D) no difference was present between the sensitivities for
the three viewing conditions.
Overall the non amblyopic individuals were found to act in a similar manner to the
amblyopic participants with a variable pattern of contribution occurring across the
regions analysed.
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7.3.3 Visually normal Participants
The contribution of the non dominant eye was also examined in the ten visually normal
individuals. The figures for these individuals have been displayed in the format as those
for the amblyopic and non amblyopic participants (Figures 7.1-19)
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Figure 7.21 Format as in Figure 7.1 but for participant AB
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Figure 7.22 Format as in Figure 7.1 but for participant AV.
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Figure 7.23 Format as in Figure 7.1 but for participant CCh.
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Figure 7.24 Format as in Figure 7.1 but for participant DC.
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Figure 7.25 Format as in Figure 7.1 but for participant KP.
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Figure 7.26 Format as in Figure 7.1 but for participant NR.
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Figure 7.27 Format as in Figure 7.1 but for participant MS.
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Figure 7.28 Format as in Figure 7.1 but for participant RJ.
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Figure 7.29 Format as in Figure 7.1 but for participant SB.
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Figure 7.30 Format as in Figure 7.1 but for participant SD.
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7.3.3a Dominant Eye Sensitivity Explains Habitual Sensitivity
The dominant eye was found to govern in at least one region in all visual normal
participants (AB, AV, CCh, KP, NR, RJ, SB and SD) with the exception of DC and MS.
In participant KP, 4 of the 6 regions were found to be governed by the dominant eye
(figure 7.25, regions A, C, D and E). Two regions governed in participants AB (figures
7.21, regions A and G), , NR (figures 7.26, regions A and E), RJ (figures 7.28, regions
A and C) and SD (figures 7.30, regions A and G) and one region in each of participants
AV (figure 7.22, region G), CCh (figures 7.23, region A) and SB (figure 7.29, region
C).

7.3.3b Non Dominant Eye Sensitivity explains Habitual Sensitivity
The non-dominant eye was found to contribute in four participants (AV, DC, NR and
RJ, figures 7.22, 7.24, 7.26 and 7.28 respectively). In all of these participants the
amblyopic eye was found to contribute by governing the performance in at least one
region. This was the case for two regions for each of the participants AV (figure 7.22;
region D and E), NR (figure 7.26 regions C and G) and DC (figure 7.24; region A and
E) and one region for participant RJ (figure 7.28; region A).

7.3.3c Contribution of the Non Dominant Eye through Summation with the
Dominant Eye
Summation was evident in six participants, with each having at least one region in
which summation occurred; participant AB, region C and E (figure 7.21), participant
AV region A and C (figure 7.22), participant CCh regions C, D and E (figure 7.23),
participant MS, regions A, C and E (figure 7.27), participant SB regions A and E (figure
7.29) and participant SD region C (figure 7.30).
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7.3.3d Little difference between Habitual Sensitivity and both monocular
sensitivities
Eight participants (AB, CCh, DC, KP, MS, RJ, SB, and SD, figures 7.21, 7.23-7.25 and
7.27-7.30 respectively) showed a nil difference between the sensitivities in the three
viewing conditions. Participants DC and RJ (figures 7.24 and 7.28 respectively) had 3
regions in which this was the case (DC; regions C, D and G, RJ:regions D, E and G).
Participant MS had two regions (regions D & G, figure 7.27) and participants AB, CCh,
KP, SB and SD had one region.

7.3.4 Effect of optimal refractive correction
Prior to this study not all participants had worn their optimal correction as found when a
subjective refraction was performed by a qualified optometrist. These individuals
include CCa, DF, GH, JT, OL, RC and SP. These individuals were not found to have a
different pattern of results when compared with those individuals who did wear their
optimal refractive correction prior to taking part. The fact that these individuals had not
had time to adapt to the optimal refractive error may have contributed to the variability
as represented by the error bars. Participant GH was found to have the greatest
variability of all participants and was habitually wearing a partial refractive prescription.

Overall the amblyopes and non amblyopic strabismics were found to act in a similar
manner to the visual normals with a variable pattern of contribution occurring across the
regions analysed.
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7.4 Central region (region D)
Although region D has been included in the analyses above, this section and figure 7.22
will briefly summarise the results found in the central region (-0.99 º to 0.99º) for all
amblyopic participants and for those individuals without amblyopia but strabismus. Out
of the total of twenty participants, only four individuals showed contribution of the
amblyopic/non-dominant eye to the habitual performance in region D; in two of these
four cases, the amblyopic/non dominant eye governed performance (CM figure 7.4 and
PP figure 7.12) and in the remaining two, the amblyopic/non dominant eye contributed
via summation (JT figure 7.9 and FD figure 7.16). In five participants (MH, RC, SP,
HK and SO) the fellow/dominant eye governs sensitivity in this central region. Figure
7.23 summarises the results for the central region for the ten visually normal
participants. In these visual normals, eye dominance was assessed using the Kays eye
dominance test (Chapter5, section 5.4.4). The dominant eye was found to govern in two
individuals, the non-dominant eye governed habitual sensitivity in one individual and
no difference between the sensitivities for the three viewing conditions was present in
six individuals. Summation was evident in only one individual.
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Figure 7.31 summarises the results in the straight ahead position for all participants (14 amblyopic
individuals, 5 non-amblyopic individuals and one individual with unequal visual acuity but no
amblyogenic factors, SS). FE= fellow eye governs, AE= amblyopic/NDom eye governs, Sum=
summation and ND= no significant different between the 3 visual conditions.
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Figure 7.32 Summarises the results in the straight ahead position for visually normal participants
Dominant = fellow eye governs, /NDom eye governs, Sum= summation and ND= nil different between
the 3 visual conditions, all 3 sensitivities were similar.
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7.4.1 Binocular summation ratios
Two of the twenty participants tested were found to show summation in the central
region (JT; figure 7.9 and FD; figure 7.16). When comparing the conventional method
of calculating the summation ratio, one participant CH (figure 7.25) was found to have a
higher summation ratio than both JT and FD but was not showing summation from the
statistical analysis. In this subject it was found that there was no statistical significant
difference between the three viewing conditions as there was great variability of the
sensitivities in this central region.

The mean ratio binocular-to-mean-monocular sensitivity was calculated using the
following formula:

Binocular sensitivity/ mean (Right Eye + Left Eye sensitivity)

The mean ratio of binocular enhancement to the best monocular response for
sensitivities was also calculated using the formula below. This is the conventional
method of calculating the binocular summation ratio (Marshman et al, 2001).

Binocular sensitivity/ Better monocular sensitivity

A summary of the binocular summation ratios using both formulae is displayed in
figures 7.24 and 7.25 and table 7.3.
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Figure 7.33 Summation ratios calculated for all amblyopic and non amblyopic observers calculated using
the mean of the monocular sensitivities. Participants are given the same ID number as the figures 7.1-7.20
and as those listed in table 7.2. Any result above the line at 1 on the y axis indicates summation, and
below indicates inhibition.
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Figure 7.34 Summation ratios calculated for all amblyopic and non amblyopic observers calculated using
the conventional method of the binocular performance/ best monocular sensitivity. Participants are given
the same ID number as the figures 1-20 and as those listed in table 7.2. As the previous figure any data
points above 1.00 on the y axis indicates summation and any below as inhibition.
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Table 7.3 Displays the results for the two summation ratio methods as well as the stereo acuity of the
participants.
ID Number
1
2
3
4
5
6
7
8
9
10
11
12
13
14

Initials
AM
CCa
CH
CM
DF
GH
GR
JC
JT
LP
MH
PP
RC
SP

Stereopsis
300"
Negative
600"
Negative
600"
Negative
300"
Negative
300"
Negative
Negative
Negative
85"
Negative

SumRatioMean
1.00
1.11
1.20
1.26
1.14
1.14
1.07
1.07
1.22
1.01
1.08
1.06
1.11
1.16

SumRatioBest
0.89
1.00
1.17
1.05
1.05
1.09
1.05
0.97
1.16
0.95
1.05
0.97
0.98
1.08

15
16
17
18
19

AT
FD
HK
SO
VB

600"
Negative
Negative
170"
600"

1.12
1.19
1.14
0.93
0.96

1.08
1.16
1.02
0.89
0.92

20

SS

55"

1.05

1.02

In the previous (Chapter 6), 9 individuals (AM, CM, GR, JT, LP, RC, SP, SO and HK)
showed at least one region of suppression with JT, LP and SP showing suppression in
the central region. These same individuals also participated in the present study.
Participant CM was found to have the greatest number of regions showing suppression
(chapter 6, figure 6.2A regions A, C, E and F); however in the present study this
participant exhibited the greatest number of regions in which the amblyopic eye
contributed via summation either side of fixation (regions A, C and E). This is certainly
not what is expected as suppression of one eye in a particular zone might have been
expected to correspond to a finding of nil contribution from that eye. It is worth
pointing out, however, that the magnitude of the suppression revealed in chapter 6 was
small (5dB or less) and for this reason, a contribution from the amblyopic eye in the
‘suppressed’ zone cannot be ruled out on this basis.
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LP and RC (chapter 6, figure 6.2B &C: regions B, C & E in both) were both found to
show 3 regions of suppression. Here, LP was found to show only one region (region A)
of amblyopic eye contribution in the form of summation. The remaining individuals’
AM chapter (6, figure 6.4A), GR (chapter 6, figure 6.4C), JT (chapter 6, figure 6.4B),
SP chapter (6, figure 6.4D), SO (chapter 6, figure 6.9B) and HK (chapter 6, figure 6.9C)
were all found to show evidence of suppression in one region either side of fixation.
Participant SP and SO both showed three regions of amblyopic eye contribution. In
participant SP this was evident via summation (figure 7.14 regions A, C and E) whereas
participant SO (Figure 7.18 regions C, E and G) had two regions in which the non
dominant eye governed and one region in which summation occurred

Table 7.4 below summarises the results for those individuals in whom suppression was
evident in the central region and the contribution results from the study. Curiously
participant JT demonstrated suppression in the previous study and summation in the
present study.

Table 7.4 Results for those individuals in who suppression was evident in the central region and the
results of this present study

JT
LP
SP

Suppression Chapter 6 Figure 6.4B
Suppression Chapter 6 Figure 6.2B
Suppression Chapter 6 Figure 6.4D
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Summation Figure 7.9
No Difference Figure 7.10
Fellow Eye governs Figure 7.14

7.5 Do individuals with amblyopia differ from visually normal participants in the
habitual viewing condition?
For the habitual viewing condition there was no significant difference in the group mean
sensitivity between the amblyopes and the visual normals (p=0.98). However there was
a small number of amblyopes (participants, DF GH, and LP figure 7.26) for whom
habitual sensitivity was lower than for visually normal participants.
These results suggest that individuals with amblyopia are not at a disadvantage relative
to visual normals in the habitual viewing condition in this simple light detection task.
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Figure 7.35 Comparison of the individual habitual BEO performance data for the amblyopic participants,
with the distribution of the normal data, represented by the dark grey area (mean ±2sd)
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7.6 Discussion
Overall, relative to visual normals in habitual viewing condition, amblyopic individuals
viewing with both eyes open are not disadvantaged in this simple light detection task
(figure 7.25). Only three of the fourteen (21%) participants were found to fall out of the
95% range for the visual normals in habitual viewing. The sensitivity for the remaining
11 amblyopes with both eyes open fell within the normal range. Individuals with
amblyopia have previously been found to have similar performance on binocular visual
field tests as visually normal participants (Gezer et al, 2004).

In this simple light detection task only one visual normal showed evidence of
summation in the central region. Other regions either side of fixation were found to
show evidence of summation in six of the ten visual normals (60%) compared with 57%
(eight of the fourteen amblyopes) of amblyopes who showed summation in at least one
region apart from the central region. The absence of large-scale summation in visual
normals provides the context in which to consider the summation results for the
amblyopic participants. Summation was only evident in one out of the 10 visual
normals in the central region (i.e. at 0º) and the summation ratio of 1.13 for this
individual was less than previous reports of summation ratios in visual normals.
Previous studies have found a ratio of 1.4 when contrast sensitivity is measured under
binocular conditions compared with the performance under monocular conditions
(Campbell and Green, 1965a; Ross et al, 1985; Pardhan and Gilchrist, 1990). However,
smaller degrees of summation have been found by other authors (Marshman et al,
2001). On average the summation ratio did not tend to be higher for the visual normals
as would be expected. This suggests that this test does not provide a stern test of
whether summation also occurs in amblyopes and non-amblyopic strabismics. The one
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amblyopic participant (JT) who demonstrated summation in this central region was
found to have a higher summation ratio (1.22) than the one visual normal (1.13). A
similar finding was also found by Marshman et al (2001) in which a higher ratio was
evident in the group with reduced stereoacuity (1.52) than the visual normals. However
this study compared the mean results of 14 individuals with reduced stereoacuity (mean
stereoacuity 75 seconds of arc with the TNO stereo test) and 14 visually normal
individuals (mean stereoacuity of 44 seconds of arc) whereas in this study there was
only 1 participant representing each group. Interestingly Marshman et al (2001)
suggested that the increased enhancement found in their study was caused by a
reduction in the monocular contrast sensitivity rather than an increase in the binocular
contrast sensitivity.

Clearly, since this is not a task which shows a high degree of summation in visual
normals, the lack of large-scale summation in amblyopes can not be viewed as a
deviation from normal. In this sense, these results are not out of line with recent reports
that binocular summation mechanisms are intact in individuals with amblyopia (Hood
and Morrison, 2002; Baker et al, 2007a, 2007b).

While the results for the straight ahead position are of interest, this represents only
approximately 2 degrees of the 50 degrees field extent that was tested in the present
study.

As well as the finding that amblyopes with both eyes open are not disadvantaged on this
task, the results of this study suggest that the amblyopic eye shows evidence of
contribution in 13 out of the 14 (93%) amblyopic participants. Different degrees of
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contribution were evident, with some participants showing evidence of contribution in 4
regions (CH and CM) and others with just one region (AM, CCa, GR, GH, JT, LP).
Furthermore in all amblyopes except for GH, the amblyopic eye contributed in at least
the region corresponding to the blind spot of the fellow eye in every participant.

The HFVA allowed sensitivity of a blue light stimulus on a yellow background to be
measured under the three viewing conditions. A higher foveal sensitivity has been
reported in the amblyopic eye under monocular viewing conditions (Hansen, 1979). An
increased threshold sensitivity to short-wavelength stimuli than to long-wavelength
stimuli in amblyopic eyes has also been reported by Zanen and Szuchs (1956) and by
Israel and Verriest (1972). Donahue et al. (1998) found strabismic and anisometropic
amblyopia to be associated with a generalised depression of light sensitivity of the
amblyopic eye using standard white-on-white perimetry using the 30-2 program on the
HFVA. This depression of sensitivity was found to be proportionally greatest at the
fovea; however, the results in this study found the amblyopic eye sensitivity was similar
to that of the fellow eye and habitual (i.e. both eyes open) sensitivity at 0 º eccentricity
in 50% of the amblyopes in this study, demonstrating that these amblyopic individuals
did not have a reduction in sensitivity (Donahue et al, 1998; Donahue et al, 1999).

Some of the individuals (AM, CM, GR, JT, LP, SP, SO and HK) were found to show
suppression in the previous study (chapter 6) showed evidence of amblyopic eye
contribution. There does not appear to be an overall pattern between participants i.e.
those individuals showing suppression do not show absence of amblyopic eye
contribution as would be expected. Thus there is not the pattern of suppression (chapter
6) being coupled with the absence of amblyopic eye contribution (present chapter) as
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might have been expected. In particular in one participant CM (chapter 6, figure 6.2A),
suppression was evident in regions A, C, E and F in the previous study. In the present
study, CM was found to show contribution of the amblyopic eye in enhancement of the
habitual sensitivity i.e. summation; figure 7.4, regions A, C and E.

Previous studies have found interocular suppression to occur in strabismic amblyopes
and it is believed that this interocular suppression renders what is essentially a
structurally binocular visual system, functionally monocular (Hess et al, 2009b).
Reducing the contrast and also the mean luminance (with a neutral density filter) of the
fixing eye often reduces/eliminates this interocular suppression and the visual system
shows evidence of binocular interaction in the form of enhanced performance (Hess et
al, 2009b). In this present study evidence of contribution of the amblyopic eye was
evident without having to change the testing conditions to rebalance in favour of the
amblyopic/non-dominant eye.

Limitations of the task involve the use of the optimal refractive error, the variability of
fixation and the possible effects of fatigue. These factors are now discussed further. The
use of optimal refractive error may have been a factor which contributed to the
variability both between repeated trials and also between participants. The HVFA also
calculated the appropriate reading addition required for the task taking into account the
participant’s age and the fixation distance of the target. This may have further
contributed to the variability as it is unknown whether the participant was able to adapt
to the prescription calculated.

The unsteadiness in fixation present in normal eyes is vastly exaggerated in amblyopia
regardless of the amblyogenic factor. This unsteadiness has been recorded electro267

oculographically for both fixation and saccadic movements (Von Noorden and Burian,
1958). Photo-electric eye movement techniques have recorded an increased tendency of
the amblyopic eye to drift whilst fixating a stationary target (Ciuffreda, 1980).
Improved steadiness has been found to occur once the amblyopic eye has been dark
adapted, with fixation being comparable to that of the fellow eye, this did not occur in
individuals with reduced vision due to organic macular regions (Von Noorden and
Burian, 1958). In the present study fixation was monitored manually by the clinician
and participants were reminded throughout the data collection period to maintain
fixation on the target presented by the HVFA, however it was not possible to accurately
assess the steadiness of fixation between individuals and trials. To minimise the effects
of learning all participants were given trial runs prior to data collection in order to
ensure they were familiar with the task. As each trial lasted approximately 10 minutes,
participants were also given a 2-3 rest period between each visual condition and also a
ten minute break half way through the data collection, in order to reduce the effects of
fatigue. As participants were seated throughout the data collection period they were
given the chance to walk around during the ten minute break period so they did not have
to maintain the same seated posture for the whole test duration.

The reasoning behind the selection of statistical analysis has been described in section
7.2.3. The rationale behind the selection of regions was so that we could maximise the
extent of regions not associated with the physiological blind spot. We accept that
smaller regions may provide finer detail for the analysis but that would be at the
expense of increased local variation. It was thought that this increased variation would
mask any overall effects. A review of the regions indicated that the effect of changing
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the borders would mean that the physiological blind spot became more significant when
comparing corresponding regions of the retina between the two eyes.

7.5.1 What are the Implications of these findings?
In clinical circles, individuals with constant strabismus or amblyopia are frequently
believed to operate like monocular normals, i.e. similar to visual normals who have one
eye closed. However, the results of the present study strongly suggest that at least for
this task, the concept of a monocular normal is not accurate. One very clear example of
this is in the region of the blind spot of the fellow eye where the amblyopic must
contribute in order to avoid sensitivity under habitual conditions falling to zero in the
fellow eye’s blind spot region. The latter is perhaps not all that surprising but the results
of the present study clearly show that the contribution of the amblyopic eye (or nondominant eye in the case of strabismics) is, in most individuals, not restricted to this
single region of the visual field.

To conclude, figures 7.1- 7.20 reveal that sensitivity under habitual viewing conditions
cannot only be explained by dominant eye performance in the vast majority of the
participants tested across at least a portion of the central 50 degrees. This suggests that
habitual sensitivity is heightened to at least some extent by opening the amblyopic/non
dominant eye. Closing of the amblyopic/ non dominant eye in amblyopic and non
amblyopic individuals has also been found to have a detrimental effect on the habitual
performance in a variety of tasks such as adaptive gait, prehension, reading performance
and fine motor skills (Bauer et al, 2001; McKee et al, 2003; Stifter et al, 2005a, 2005b;
Grant et al, 2007; Webber et al, 2008; O'Connor et al, 2010; Buckley et al, 2010
(chapter 8)). Thus the results here are consistent with results from the previous chapter
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which found little evidence for suppression in amblyopic and non-amblyopic
strabismics. They are also entirely consistent with the findings from other experiments
in this thesis (chapters 8, 9 and 10) and with other published studies (Kitaoji and
Toyama, 1987; Rouse et al, 1989; Buckley et al, 2010; Baker et al, 2007a; Hess et al,
2009b; Mansouri et al, 2008) that show that the amblyopic eye makes a useful
contribution in habitual viewing and binocular interactions remain intact.
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CHAPTER 8
IS GAIT DURING OBSTACLE CROSSING ADAPTED IN
INDIVIDUALS WITH LONG-STANDING REDUCED
STEREOACUITY?

The work presented in this chapter has been published as:
Buckley JG, Panesar GK, MacLellan MJ, Pacey I, and Barrett BT. (2010) Changes to
control of adaptive gait in individuals with long-standing reduced stereoacuity.
Investigative Ophthalmology & Visual Science. 51(5): 2487-2495.
It was also presented at the following conferences:
Panesar GK, Barrett BT, Pacey I, MacLellan MJ, and Buckley JG (2008) Amblyopic
eyes contribute usefully to the execution of everyday mobility tasks. Association for
Research in Vision and Ophthalmology, May, Fort Lauderdale, Florida (published in
Invest Ophthalmol Vis Sci 49: E-Abstract 755).
Panesar GK, Barrett BT, Pacey I, MacLellan MJ, and Buckley JG (2008) Amblyopic
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Gait, Posture and Balance: Function, Dysfunction and Rehabilitation, University of
Birmingham May 27-28th 2008

In service training days held at the following hospitals:
Bradford Royal Infirmary, Bradford, May 2008
Queen Marys Hospital, Sidcup, London, May 2008
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8.1 Introduction
8.1.1 Visual acuity and locomotion
Vision plays an essential role in the functioning of our everyday lives. It particular
provides information about the environment and our surroundings at a distance allowing
us to walk from one area to another, monitoring walking surfaces along the way and any
obstacles in the travel path (Patla and Rietdyk, 1993). The area of how locomotion is
affected by visual impairment has been extensively researched with much emphasis
focusing on the elderly population. Visual impairment has been found to be an
important risk factor in the incidence of falls (Tinetti et al, 1988; Nevitt et al, 1989;
Lord and Dayhew, 2001).
Reduced visual acuity has been frequently found to be an associated factor with an
increased risk of falling and tripping. Droller (1955) was the earliest to identify
defective vision was related to incidence of falls. More recently, Klein et al (1998)
found in a retrospective study of elderly individuals (n =3722) aged 60 and over, that
10.7% of participants , in whom the binocular visual acuity was 20/25 or worse, were
found to fall compared with 4.4% of participants with a binocular visual acuity of
20/20 or better. Similarly, Lord et al (1991) found that corrected binocular visual acuity
worse than 20/30 (0.2 logMAR) was an associated factor in recurrent falls and this was
supported by Ivers et al (1998) (Lord et al, 1991; Ivers et al, 1998)
The Framingham study found a difference in visual acuity between eyes was associated
with an increased risk of hip fracture, concluding that stereopsis was an important factor
(Felson et al, 1989). Ivers et al (2000) found that having moderate (20/30 to 20/80 (0.2
to 0.6 LogMAR)) vision in one eye and poor vision in the other was an associated with
increased incidence of hip fracture whereas having one good eye (20/25 (0.1 LogMAR))
and one eye with moderate or poor vision (20/100 (0.7 LogMAR)) was not associated

272

with fracture incidence. This implies that having a good degree of binocular visual
acuity is important for successful locomotion in everyday life. This was further
supported by Lord and Dayhew (2001) who found having reduced VA in both eyes
resulted in a higher rate of falls.
Reduction in depth perception scores have been shown to correspond with reductions in
VA in the worse eye (Lord and Dayhew, 2001; Simons, 2005).

Figure 8.1 Proportion of subjects who suffered multiple falls classified with respect to visual acuity in the
left and right eyes. The y axis represents the percentage of multiple fallers and the x axis represents the
results from the Howard Dolman depth perception test and the Frisby stereoacuity test. Visual acuity
classification expressed as Snellen fractions; good <6/7.5, moderate 6/9 – 6/24, poor > 6/30. Depth
perception was measured by the Howard dolman. Scores >2.4 were associated with a 2.26 increased risk
of falling (95%CI= 1.24-4.14). Stereoacuity measured with the Frisby test. Scores of >215’’ were
associated with 1.99 increased risk of falls (95% CI= 1.11-3.59). (Lord, 2006)

Nevitt et al (1989) also found reduced depth perception to be associated with increased
incidence of falls. Reduced VA was a significant factor but it was suggested that that
the impaired VA in turn impairs depth perception. This led researchers to investigate the
role and importance of binocular vision and its association with trips, falls and
incidence of fractures in the elderly population. Absence of gross stereopsis was found
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to significantly increase the risk of fracture(s) and decreased stereo acuity was
significantly correlated with the risk of fracture (Ivers et al, 2000).
A strong association found by Lord and Dayhew (2001) between depth perception and
falls suggests the importance of good stereoacuity in reducing the incidence of.
These studies are in agreement with Nevitt et al’s (1989) earlier finding that decreased
depth perception (equal to 200 seconds of arc or more) was a significant and
independent predictor of 3 or more falls. Any decrease in depth perception is important
for the need to accurately judge distances and perceive spatial relationships. Depth
perception has also been found to be a contributing factor in successful locomotion
(Felson et al, 1989; Patla and Rietdyk, 1993; Cummings et al, 1995; Elliott et al, 2000).

In contrast other studies have found no link between stereoacuity measured on the
Randot test and increased risk of falls (Friedman et al, 2002, Freeman et al, 2007).
Freeman et al (2007) found visual field deficits, rather than reduced acuity, contrast
sensitivity, or stereoacuity, to be an increased risk factor for incident falls. The authors
suggested that the difference in the test used to measure stereoacuity may have resulted
in the difference between the association between falls and stereoacuity.

8.1.2 The role of visual information in obstacle crossing tasks
Obstacle crossing consist of 2 phases; the approach and the step over (crossing phase)
(Patla and Vickers, 1997; Patla et al, 2002). In order to successfully avoid contact with
an obstacle, both updated information regarding the distance of the obstacle and the
height is required. Patla and Vickers (1997) showed gaze was intermittently fixated on
the obstacle during the approach phase but not during the step over phase. Gathering
information about the obstacles characteristics such as its height in order to control limb
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elevation was assumed to be the primary reason for the gaze fixation pattern. A failure
to accurately judge the height of the obstacle may lead to inaccurate foot placement
which in turn leads to inaccurate (sub-optimal) limb/foot elevation over the obstacle
with an associated increase of tripping. It was concluded that visual regulation is needed
throughout the approach phase for correct foot placement in the approach phase (Patla
and Vickers, 1997). The findings of this study imply that visual information is used in a
feed forward manner to estimate the distance and height of the object and to ensure that
the feet are placed appropriately before the obstacle in order to successfully avoid the
obstacle during the cross over phase. Gaze fixation has found to be directed towards the
obstacle during the approach up to approximately 2 steps before the obstacle (Patla and
Vickers, 1997) and the removal of this visual information during the approach results in
a more cautious safety response, such as higher limb elevation (Mohagheghi et al,
2004). The visual information required for the control of adaptive gait can either be
exteroceptive (i.e. relating to the environment, e.g. the size of the obstacle in the travel
path) or exproprioceptive (i.e. relating to the position of the body in the environment).
Rhea and Rietdyk (2007) suggested that visual exteroceptive information is mainly used
in a feed forward manner whereas visual exproprioceptive information in used online to
fine tune movements. Patla et al (2002) was the first to compare obstacle crossing
performance under binocular and monocular viewing conditions in visually normal
individuals (Patla et al, 2002). Toe clearance was found to be significantly higher under
monocular viewing conditions compared to the binocular condition. However this
finding only occurred when one eye was occluded during the approach phase; there was
no detrimental effect if monocular occlusion occurred during only the step over phase.
The implication of this finding is that monocular viewing does not provide adequate
exteroceptive information leading to uncertainty regarding the height of the obstacle;
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and an increased toe clearance is adopted as a safety mechanism to avoid contact with
the obstacle.
Studies investigating locomotion over obstacles and stepping up a surface height change
have all found similar safety strategies employed by subjects when vision is blurred or
occluded in one or both eyes. (Heasley et al, 2004; Heasley et al, 2005; Patla and
Rietdyk, 1993; Vale et al, 2008a, 2008b). The effects of binocular blur were
investigated by Heasley et al (2005) in young subjects (26 +/-4yrs) and elderly subjects
(72 +/- 5yrs) when stepping up to 3 different heights. It was found that blur caused
similar adaptations of increased toe clearance across both age groups but elderly
subjects spent more time in the anticipatory (7%) and weight transfer phase (13%). Both
horizontal and vertical toe clearance were found to be statistically significant between
visual conditions. The participant’s vision was blurred by placing light scattering lenses
in front of each eye (Heasley et al, 2005). Binocular vision and an improvement in
stereoacuity has been found to help contribute to successful obstacle avoidance (Patla et
al, 2002). Elliott et al (2000) studied the improvements in clinical and functional vision
and quality of life after 2nd eye cataract surgery. Second eye cataract surgery led to an
improvement in stereoacuity with increased mobility performance as well as face
expression and identity, newspaper reading speeds including word acuity, time taken
and the number of errors (Elliott et al, 2000). Mobility orientation, along with toe
clearance values only became similar to that of aged matched normals after 2nd eye
surgery. The time taken to complete the trial also decreased even further after 2nd eye
cataract surgery. These performance based measures were found to improve after 1st eye
cataract surgery with a further improvement after 2nd eye cataract surgery. Significant
improvements for visual acuity and contrast sensitivity were evident only after first eye
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cataract surgery; however a significant improvement for stereoacuity was evident after
2nd eye cataract surgery.
Vale et al (2008a) investigated adaptive locomotion involving walking onto a raised
surface; stereopsis was degraded by means of unilateral defocus (by placing a +2.00 DS
lens over one eye). Both lead-limb vertical toe clearance (VTC) and trail-limb foot
placement before the leading edge of the raised surface were found to be increased in
comparison with binocular viewing conditions. This suggests that degraded stereopsis
causes difficulty in determining both the height and position of an obstacle or raisedsurface height change within the travel path. The increase in VTC and limb placement
was found to be less when the NDom eye was blurred compared to trials in which the
dominant eye was blurred. The relatively small amount of refractive blurring of the
dominant eye was found to produce similar effects as when that eye was occluded (Vale
et al, 2008a, 2008b)

The experimental approach adopted by the studies reviewed above in order to
manipulate vision and in turn reduce or eliminate stereopsis do not necessarily represent
the population in whom stereopsis has been reduced/absent over a long-standing period.
That is, visually normal subjects with blurred or uni-ocularly occluded vision may not
behave in the same way as those who have endured degraded or absent stereopsis from
early childhood. A better approach is to study the effects on everyday mobility in
individuals displaying reduced or absent stereopsis that has arisen naturally and is of
long-standing duration. Such individuals are those with amblyopia. Amblyopia has been
discussed in depth in chapter 4. It is possible that such individuals may never develop
adaptive gait strategies under monocular conditions such as those exhibited by visual
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normals whose visual status is temporarily affected, because they have no perception of
having to be more cautious as they move about in their surroundings.

8.2 Aim
The aim of this study was to investigate whether gait during obstacle crossing is adapted
in individuals with long standing reduced stereoacuity as a result of amblyopia and/or
strabismus, and to determine if such adaptations are similar to those seen in visual
normal controls, whom have their vision temporally occluded. By comparing
performance under habitual (i.e. both eyes open) viewing conditions with that exhibited
when the non-dominant (NDom) eye was occluded, we also sought to establish whether
in the control of gait, as in visually normal subjects, two eyes are better than one in
these individuals. It was hypothesised that individuals with reduced/absent stereoacuity
would have difficulty accurately judging the obstacle height and position in the travel
and would therefore adapt a gait strategy to increase lead limb toe clearance as a safety
mechanism to avoid contact with the obstacle. It was further hypothesised that in the
deficient stereoacuity individuals the habitual viewing performance would be similar to
that of viewing with the dominant eye, and performance when viewing with the NDom
eye would be significantly different from habitual and Dom eye viewing.

8.3 Methodology
8.3.1 Participants
A total of 28 participants took part in the study. Twelve participants were visually
normal (mean age 31 ± 8.6 years; height 169 ± 15cm, mass 63 ± 13.7 kg) and they
comprised the control group against which stereo-deficient individuals (n=16, mean age
34.6 ± 12 years; height 163 ±18cm, mass 70 ± 14 kg) were to be compared. Participants
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were recruited from the staff and student population at the University of Bradford and
from the surrounding area. Informed, written consent was obtained from all participants
prior to their participation and the tenets of the Declaration of Helsinki were observed.
Exclusion criteria for all groups of participants have been discussed in section 5.2. The
mean ±SD stereoacuity scores for the visually normal group was 28.3 ±10.3 seconds of
arc.
Nine participants of the stereo defective group were diagnosed with amblyopia
according to the criteria as discussed in chapter 5.2. For these amblyopic individuals,
the mean acuity for the fellow eye was -0.04 ±0.06 logMAR and the median acuity of
the amblyopic eye was +0.58 logMAR. Stereoacuity amongst the amblyopes ranged
from 85” to absent (Table 8.1). The remaining 7 participants in the stereo-deficient
group had approximately equal visual acuity (mean VA; dominant eye (DE) -0.09 ±0.07
logMAR, non dominant eye (NDE) 0.00±0.06 logMAR) with stereoacuity ranging from
170” to absent (Table 8.1).

8.3.2 Visual assessment
All subjects underwent a subjective refraction which was performed by a fully qualified
optometrist and full binocular vision assessment performed by the author, a registered
orthoptist using the approaches that has been described in more detail in chapter 5.
Table 8.1 provides details of the participants habitual and monocular VA’s with the
participants own habitual refractive error and with the optimal refractive correction.

Contrast sensitivity
Contrast sensitivity of all participants was measured by the author using the PelliRobson chart. Measurements were obtained monocularly, with each eye alone and in the
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habitual viewing condition, with or without refractive error if any was worn. Although a
number of different tests are available for testing contrast sensitivity the Pelli Robson
test was chosen to the familiarity of the task to the patient as well as being a quick and
easy to score test with good test-retest reliability (Elliott and Whitaker, 1992; Pelli et al,
1988). The Pelli Robson test is a 86 x 63 cm chart consisting of 16 triplets of letters.
Within each triplet all 3 letters have the same contrast and the contrast in successive
triplets decreases by a factor of 0.15 log units as shown in figure 8.2. The chart consists
of10 Sloan letters (S, O, C, D, K, V, R, H, N, Z) A letter by letter scoring system was
used with a score of 0.05 log units given for each letter read correctly rather than the
scoring system suggested by Pelli et al (2 letters out of 3 letters of the triplet are
identified correctly) as this has previously been shown to increase the reliability of the
test scores (Elliott et al, 1991). 2 versions of the chart were used, each consisting of a
different sequences of letters and therefore any learning effects of letters were
minimised. Due to the difference in legibility of these letters any miscalling for example
the miscalling of an ‘O’ for the letter ‘C’ was recorded as a correctly identified letter,
this has also been used by previous authors.

Figure 8.2 Pelli Robson Contrast sensitivity chart
(www.xnet.kp.org/permanentejournal/winter04/AlzFig3.JPG; accessed April 2010)
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Table 8.1 Clinical details relating to stereo-deficient participants of whom 9 were amblyopic and 7 were not. Monocular visual acuity (VA, logMAR) under both habitual are
presented for the amblyopic eye (AE) and fellow eye (FE) and optimal refractive conditions for left (L) and right eye (R) eyes. Details of the participants habitual refractive
error are also given. Oculomotor status and measurements at near viewing are presented and stereoacuity is given in seconds of arc (negative indicates worse than 600”) on
the Frisby stereo acuity test Abbreviations XOT=Exotropia, SOT= Esotropia, XOP=Exophoria, SOP= Esophoria, R/L = R hyperphoria, L/R= L hyperphoria.

Initials

Age

Dom
Eye

Optimal R Rx

Optimal L Rx

Hab
Binoc
VA

Hab D
VA

Hab
ND
VA

Strab

Oculomotor
status

Stereo

Optimal Rx Worn

Optimal
D VA

Optimal
ND VA

AH
CC
CM
GH

23
41
26
54

L
R
R
R

+0.25/+0.25 x 90
-1.25/+1.25 x 90
+4.00/+1.75 x 20
+1.00/+0.25 x 180

+1.50/+0.25 x 175
-3.00/+0.25 x 170
+4.00/+2.00 x 158
+4.50/+0.25 x 170

0.00
0.00
0.00
-0.10

0.02
0.00
0.00
-0.10

0.24
1.50
0.50
0.58

Y
Y
Y
Y

8 RSOT
8 LXOT
10 LSOT
14 LSOT

Negative
Negative
Negative
Negative

Optimal
Optimal
Optimal
RE Rx +0.50
LE Rx +4.00

0.02
0.00
0.00
-0.10

0.24
1.50
0.50
0.54

JC

30

R

+1.25 DS

+3.75/+2.50 x145

-0.10

-0.10

0.86

N

6XOP

Negative

Nil worn

-0.10

0.66

JT

46

R

+0.75/+0.25 x 150

+2.75/+1.00 x130

-0.12

-0.10

0.4

N

4XOP

300"

RE Rx+1.00/0.25x61
LE Rx +1.00

-0.10

0.40

LA

21

R

+2.75/+1.00 x 100

Amblyopes

+4.75/+1.25 x 95

-0.10

-0.10

0.66

N

2 SOP

85"

Optimal

-0.10

0.66

RC
46
L
-0.50/+5.50 x 108
UM
36
R
-2.50/+0.50 x165
Non amblyopic stereo deficient

0.00/+0.25 x 90
-3.00 DS

0.00
-0.04

0.00
0.00

0.50
0.22

N
Y

2 XOP
6LXOT

85"
120"

Nil worn
Optimal

0.00
0.00

0.20
0.22

CN
FD
HK
HR
KB
PF

+1.00/+0.50 x 82
+0.75/+0.50 x 125
-2.50/+0.25 x 136
+5.00/-0.25 x 26
-2.25/+0.25 x 90
+0.25 DS

+4.25/+0.50 x 44
+0.75 DS
-2.50/+0.25 x 141
+4.75/-0.25 x 132
-1.50/+0.75 x 100
-1.00/+0.75 x 130

-0.04
-0.12
-0.16
-0.14
0.00
-0.14

0.00
-0.10
-0.10
-0.10
0.00
-0.10

0.00
0.00
0.00
-0.10
0.10
0.00

N
Y
Y
Y
Y
Y

2XOP
8 LSOT
18 LSOT
12 ALT SOT
14 R/ALT XOT
20 R/ALT XOT

600"
Negative
Negative
Negative
Negative
Negative

Optimal
Optimal
Optimal
Optimal
Optimal
Nil worn

0.00
-0.10
-0.10
-0.10
0.00
-0.10

0.00
0.00
0.00
-0.10
0.10
0.00

+3.75/+0.50 x 175

+0.75/+0.75 x 175

-0.20

-0.20

0.00

N

2 L/R

170"

Yes

-0.20

0.00

0.07±
0.07

-0.05 ±
0.08

-0.04±
0.08

N

23
29
41
21
21
38

R
R
R
L
L
L

SO
58
L
Visually normal (mean ± sd)
Mean ±
sd

31±
8.59
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28.33±
10.33

8.3.3 Biomechanics laboratory
Three-dimensional body segment kinematic data were collected (at 100 Hz) using a
eight-camera, motion capture system (Vicon MX; Oxford Metrics, Oxford, UK) as each
subject walked across the laboratory and negotiated a floor-based obstacle placed in
their travel path. This was undertaken at the University of Bradford in the Biomechanics
laboratory located in the optometry department. The dimensions of the biomechanics
laboratory were 7.00 x 5.80 x 2.80, length, width and height respectively.

8.3.4 Motion Capture System
Six of the eight cameras used during data collection were of the MX3 model which had
a resolution of 0.3 million pixels. The remaining two cameras were the MX13 model
with a higher resolution of 1.3 million pixels. The strobe generates a flash of infrared
light, which is reflected back from retro-reflective markers placed on the participant at
key body landmarks (see figure 8.3). The reflective light then passes through an optical
filter only allowing light into the lens with the same characteristics as the strobe passes
out. The lens collects the light and forms a focused image of the markers on the cameras
sensor planes. The camera electronically converts the pattern of light into data that
represents the position and the radius of the marker in the image.

8.3.5 Calibration
Prior to data collection for each subject, the camera system was calibrated. The
calibration process of the cameras (static and dynamic) involves identifying both
internal (focal length and image distortion) and external (camera position and
orientation) camera parameters. The ‘ergo’ calibration frame was used in the static
calibration in order to set the co-ordinate reference system origin (i.e. zero x,y, z) in the

282

capture volume. The ergo frame is an L shaped frame which has four 9.5mm markers
attached to it and this was placed in the central region of the laboratory during
calibration. Dynamic calibration was performed using the 25mm wand which was used
to define the workspace area needed for the walking trials. For each session of data
collection the mean marker reconstruction error was < 0.50mm.

8.3.6 Data Collection
Data collection for each participant took approximately 2hrs including rest periods. As
well as the author another individual was always present during data collection to help
operate the motion capture system as well as to follow safety regulations. This
assistance was provided by post graduate students who worked in the biomechanics
laboratory or 3rd year summer students who were also familiar with the system. This
familiarity and the presence of the author for all data collection ensured that there was
minimal variability in the use of the system and also with the calibration and protocol.
After data collection, the data for all participants (i.e. labelling of markers, exportation
of data) were processed by the author, again eliminating any variability in the data
processing stage.
Retro-reflective markers (6 or 14 mm diameter) were attached either directly onto the
skin or clothing with the use of double-sided adhesive tape and/or head or wrist bands at
the following locations: calcanei, superior aspect of 2nd and 5th meta-tarsal heads, end of
second toe, lateral malleoli, lateral aspects of each shank and thigh, lateral femoral
condyles, anterior superior iliac spines, sacrum, medial and lateral aspects of the wrist,
lateral humeral epicondyles, acromions, inferior tip of the sternum, jugular notch,
spinous processes of the 7th cervical and 10th thoracic vertebrae and the antero-lateral
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and posterior-lateral aspects of the head. For markers attached to clothing, marker
movement was reduced by taping down the clothing appropriately.

Figure 8.3 Anterior view of the markers attached to the participant once the relevant markers had been
attached.

Once the markers were attached a number of anthropometrical measurements were
taken so that a 3D linked segment model could be created. These measurements
included shoulder offset, inter-anterior superior iliac spine (ASIS), leg length, body
mass and height. The width (mm) of the left and right elbow, wrist, knee and ankle, and
hand thickness were measured using an anthropometer (mm).
Measurements from the 2nd metatarsal head to the floor and from the 2nd metatarsal head
to the end of the 2nd toe were taken from which a virtual shoe tip (representing the
inferior shoe-tip) marker was created (figure 8.4). This represented the tip of the bottom
of the shoe where it was not possible to place a marker as it would have come into
contact with the floor therefore either disrupting the normal gait pattern or leading the
marker being knocked. A total numbers of 34 markers were attached to each participant.
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6mm markers were also attached onto the upper edge of the obstacles to determine the
location within the laboratory coordinate system. A total of 6 different obstacles were
used: 3 different heights (70, 150 and 220 mm) with 2 different widths (3 and 30mm).
The obstacles were made from hard-board and had wooden ‘feet’. To ensure
participants used visual information to determine the position of the obstacle within the
travel path rather than simply using a motor strategy to negotiate the obstacle, its foreaft position was varied from trial to trial by 0, 10, 20, or 40cm relative to the starting
position. This change in position and obstacle height occurred when the subject was
facing in the opposite direction so position and height were not known before the start
of data capture. Subjects were asked on the command of the word ‘go’ to turn around
and walk to the other side of the laboratory stepping over any obstacle that was placed
in the travel path. Head or gaze movements were not controlled (or monitored)
throughout the trials and subjects were free to step over with any particular lead limb.
Participants were not given any warnings regarding the acceptability or unacceptability
of making contact with the obstacles as they were crossed. Trials were completed with
the participant’s habitual refractive correction (if any was worn) under the following
conditions: habitual (both eyes open), dominant eye viewing (DE) and non dominant
eye viewing (NDE). A white patch was used to occlude vision, and this was taped
directly onto the patient’s skin with the patient wearing their refractive error over the
top. A total number of 105 trials were completed in a pseudo random order with the
combination of visual conditions (3) obstacle height (3) width (2), repetitions (5) and
walk-through trials (15 in total). Walk-through trials when no obstacle was present were
included as ‘catch trials’ and therefore data from such trials have not been analysed. For
each participant, each trial was assigned a random number between 0 and 1 using the
RAND function on Microsoft Excel 2003. The trials were then sorted in ascending
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order and a random order for each participant was generated. The data for the trials were
then carried out and collected in this order. There were data capture problems for the
trials in which the obstacle was placed at the farthest distance (40cm), so data from
these trials were not analysed.

8.3.7 Data Analysis
Using Plug-In-Gait software (Vicon Oxford Metrics, Oxford, UK) marker trajectory
data were filtered using the Woltring spline-smoothing routine (Woltring, 1986) with
filter option set to 10. Data were then processed by the author to define a 3D linksegment model of the subject. A virtual shoe tip marker representing the inferior tip of
the shoe was determined by reconstructing its position relative to the markers placed on
the 2nd and 5th metatarsal heads and end of the 2nd toe (Figure 8.4). The 3D coordinate
data of the sternum and each of the foot markers (including the virtual shoe tip) and the
markers placed on the obstacle were exported in ASCII format for further analysis.

Figure 8.4 Movement of the leading foot as the obstacle is crossed. Trailing-foot positioning is also
shown. In each trial, VTC and lead-foot distance, trail-foot distance, penultimate step length, and crossing
step length were determined. Approach/walking velocity was also calculated.

Analysis focussed on foot placement parameters during the approach and toe clearance
parameters over the obstacle (Figure 8.4). Lead and trail limb vertical toe clearance was
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defined as the vertical distance between the virtual shoe tip marker and the upper edge
of the obstacle. Lead and trail foot horizontal distance before obstacle was defined as
the anterior-posterior horizontal distance between the position of the virtual shoe tip
marker (during ground contact) and the front edge of the obstacle. Walking velocity was
estimated by calculating the instantaneous forwards velocity of the sternum marker, and
then calculating an average value for the two walking steps leading up to the obstacle.

Before the statistical analyses were performed, the data set were inspected by the author
to eliminate clear outliers (>3 SD from the group mean). Most of these were errors
resulting from problems with motion/kinematic tracking, for example, because body
segment markers momentarily disappeared from camera view. Both subject groups
(normals and DS) had a similar proportion of excluded data points (<2% of data). After
these deletions, the resulting data sets were shown to be normally distributed according
to the Shapiro-Wilks test (P >0.05). For each dependent measure (averaged across the
eight repetitions), repeated-measures ANOVAs were used to determine main and
interaction effects for the following:

•

Group: 2 levels (visually normal participants and defective stereo (DS)
individuals)

•

Visual condition (V): 3 levels (Habitual, Dom, and NDom viewing);

•

Obstacle height (H): 2 levels (7, 15, and 22 cm).

•

Obstacle width (W): 2 levels (3 and 30mm)
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Statistical analysis was set as level p<0.05. Using this statistical level in a randomised
trial, a significant difference will be observed by chance once in 20 comparisons made.
It is often suggested that adjustments for multiple tests (or Bonferroni adjustments)
should be made so that a suitable p level is determined by the number of comparisons.
However we have not adopted this approach in this study as it has been shown that
Bonferroni adjustments are in fact not as accurate as first thought (Perneger, 1998).
Post-hoc analyses were undertaken using Tukey’s HSD test for significant vision or
obstacle height effects. Post hoc analyses of significant group-by-obstacle-height or
group-by-vision interactions were undertaken with the t-test.

8.3.8 Preliminary analysis
Preliminary statistical analyses revealed that nil significant differences (all P>0.18)
occurred between those individuals with amblyopia and those individuals with
reduced/absent stereopsis (see Table 8.2). Therefore all individuals were grouped to
form one single (stereo-deficient) group.

Table 8.2 Gait parameters (mean±SD) for deficient stereopsis individuals with amblyopia (left-hand table
columns) and without amblyopia (right-hand table columns). Data are presented for habitual (both eyes
open, Hab) viewing, dominant eye (D) viewing and non-dominant eye (ND) viewing conditions. G
corresponds to Group (right-most column).

Amblyopes
Vertical Toe
Clearance (VTC)
(mm)
Leadfoot distance
(mm)
Trailfootdistance
(mm)
Penultimate Step
Length (mm)
Crossing Step
Length (mm)
Approach Velocity
(mm/sec)

Habitual
111±34

Dom
121±32

NDom
138±31

Non-Amblyopes with Defective
Stereoacuity (NADS)
Habitual
Dom
NDom
134±43
141±43
145±45

773±188

734±226

716±225

798±183

730±205

698±195

G (p=0.98)

208±70

220±70

214±65

173±48

173±55

189± 64

G (p=0.18)

585±156

580±137

555±138

610±115

592±142

588±139

G (p=0.95)

724±73

720±72

733±71

729± 95

722±83

734± 91

G (p=0.96)

1248±198

1215±187

1171±203

1136±160

1112±178

1075±182

G (p=0.20)
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Analysis of
Variance
Main Effects
G (p=0.38)

Table 8.3 Gait parameters (mean ± sd) for the DS and visually normal groups. Effects are indicated by letter for viewing condition (Dominant Eye viewing, Non-Dominant
viewing or habitual viewing (V), obstacle height (H), group (visual normal DS) (G) and obstacle width (W). Interactions between terms are indicated by lower-case letters.
Dom, Habitual and NDom indicate results of post hoc analysis displaying which viewing condition is significantly different to each one. For example in the case of Dom
viewing for VTC parameters in visual normals, VTC was significantly different to dominant viewing for both habitual and NDom viewing

Vertical Toe
Clearance
(mm)

Habitual
99± 43

Visual Normals
Dom
116± 50
Habit p<0.001
NDom
p=0.013

NDom
123± 46
Habit
p<0.001
Dom
p=0.013
814±169
Habit
p=0.002

Habitual
121± 40

784±184

DS group
Dom
130± 38
Habit
p<0.001
NDom
p=0.013
732±215

NDom
142± 37
Habit
p<0.001
Dom
p=0.013
708±210
Habit
p=0.002

Leadfoot
distance
(mm)

841±174

826±179

Trailfoot
distance
(mm)

187±51

199±598

199±55

193±66

200± 68

203±65

Penultimate
Step Length
(mm)

669±134

656±106
NDom
p=0.002

596±139

578±138
NDom
p=0.002

Crossing
Step Length
(mm)

768±66

737±91

633±132
Habit
p<0.001
Dom
p=0.002
755±58

727± 83

721± 76

552±137
Habit
p<0.001
Dom
p=0.002
733±79

1198±213

1175±211
NDom
p=0.007

1126±123
Habit
p<0.001
Dom
p=0.007

1199±189

1170±188
NDom
p=0.007

Walking
Velocity
(mm/sec)

1129±198
Habit
p<0.001
Dom
p=0.007
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Analysis of Variance Results
Main effects
Interactions
G (p=0.22)
gv (p=0.43) hw (p=0.50) vhw (p=0.90)
gh (p<0.001) gvh p=0.19)
V (p<0.001)
H (p=0.12)
vh (p=0.40) gvw (p=0.91)
gw (p=0.35) ghw (p=0.99)
W (p<0.001)
vw (p=0.58) gvhw (p=0.14)
G (p=0.36)
gv (p=0.24) hw (p=0.94) vhw (p=0.96)
gh (p=0.09) gvh p=0.75)
V (p<0.001)
vh (p=0.57) gvw (p=0.97)
H (p<0.001)
W (p=0.46)
gw (p=0.91) ghw (p=0.65)
vw (p=0.92) gvhw (p=0.61)
G (p=0.79)
gv (p=0.73) hw (p=0.08) vhw (p=0.98)
V (p=0.13)
gh (p=0.61) gvh p=0.13)
H (p=0.21)
vh (p=0.18) gvw (p=0.78)
gw (p=0.88) ghw (p=0.48)
W (p<0.001)
vw (p=0.56) gvhw (p=0.48)
G (p=0.08)
gv (p=0.82) hw (p=0.50) vhw (p=0.70)
gh (p=0.027) gvh p=0.50)
V (p<0.001)
vh (p=0.41) gvw (p=0.37)
H (p<0.001)
gw (p=0.57) ghw (p=0.69)
W (p=0.029)
vw (p=0.60) gvhw (p=0.72)
G (p=0.24)
gv (p=0.31) hw (p=0.006) vhw (p=0.15)
V (p=0.10)
gh (p=0.85) gvh p=0.95)
H (p=0.13)
vh (p=0.60) gvw (p=0.72)
W (p=0.61)
gw (p=0.05) ghw (p=0.73)
vw (p=0.73) gvhw (p=0.74)
G (p=0.15)
gv (p=0.20) hw (p=0.42) vhw (p=0.25)
gh (p=0.15) gvh p=0.92)
V (p<0.001)
vh (p=0.31) gvw (p=0.88)
H (p<0.001)
W (p=0.93)
gw (p=0.25) ghw (p=0.39)
vw (p=0.85) gvhw (p=0.46)

8.4 Results
Trial by trial variability in gait parameters in each group was examined. No significant
difference was found between the visually normal and DS group (all P>0.35).

8.4.1 Differences between the visual normals and the DS individuals
Although no significant main effects of group were found, a group by height interaction
existed for both VTC (p=0.01) and penultimate step length (p=0.03) (Table 8.2). Across
all viewing conditions, VTC was found to increase with increasing obstacle height for
DS individuals by ~1.5cm but decreased in visual normals by ~0.7cm (figure 8.5). Post
hoc analysis indicated that VTC was significantly different between the 2 groups when
negotiating the highest obstacle (P=0.032) Penultimate step length was found to
decrease in both groups as height increased, however a greater decrease was evident for
the DS group ( ~15cm for the DS group and ~6cm for visually normal participants)
(figure 8.6).
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Figure 8.5 The effect of obstacle height on vertical toe clearance (both in mm) for the visually normal
(VN, open bars) and deficient stereopsis (DS, solid bars) for each of the three viewing conditions (Hab =
both eyes open, D = dominant eye viewing and ND = non-dominant eye viewing). Error bars represent
±1standard deviation of the mean
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Figure 8.6 The effect of obstacle height on penultimate step length (both in mm) for the visually normal
(VN, open bars) and deficient stereopsis (DS, solid bars) for each of the three viewing conditions (Hab =
both eyes open, D = dominant eye viewing and ND = non-dominant eye viewing). Error bars represent
±1standard deviation of the mean.

8.4.2 Effects of obstacle height and width
Changes in adaptive gait occurred (across both groups and all viewing conditions) with
a change in obstacle height (Table 8.3). An increase in height resulted in a reduction in
both lead foot position and penultimate step length (p<0.001) as well as a reduction in
walking velocity (p<0.001).
An increase in obstacle width (from 3mm to 30mm) was associated with an increase in
VTC (p<0.03, 0.8mm in visual normals and 0.6mm in the DS group) and a decrease in
penultimate step length (p<0.03, ~0.7cm in visual normal and ~1.2cm DS group).Trail
foot distance also increased as obstacle width increased (p<0.001). Crossing step length
was found to decrease for obstacle height 70mm, but was found to increase for obstacle
heights 150mm and 220mm as obstacle width increased (figure 8.7).
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Figure 8.7 The effect of obstacle width 3mm (open bars) and 30mm (solid bars) on crossing step length
(both in mm) for each of the three obstacle heights. Error bars represent ±1standard deviation of the
mean.

8.4.3 The effects of closing one eye on adaptive gait
Viewing condition had a significant main effect for VTC, lead foot distance,
penultimate step length and walking velocity (P<0.001).
A significant difference for both penultimate step length and walking velocity were
apparent for NDom viewing when compared to habitual (p>0.62). In these 2 parameters,
performance with habitual viewing was found to be approximately equal to dominant
eye viewing alone (p>0.72). Penultimate step length in visual normals reduced by
13mm when viewing with the Dom eye (p=0.18) and significantly decreased by 36mm
when viewing with the NDom eye (p<0.001). Viewing with the NDom (p<0.001) eye
alone led to a 44mm decrease in penultimate step length in the DS group.
Walking velocity decreased in both visual normals and the DS group, with a reduction
of 13mm/s and 29mms respectively when viewing with the Dom eye (p<0.007). NDom
viewing (p<0.001) led to a decrease of 36mms in the visual normals and a 70mms
decrease in the DS group
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Figure 8.8 The effect of obstacle height on walking velocity (both in mm) for the visually normal (VN,
open bars) and deficient stereopsis (DS, solid bars) for each of the three viewing conditions (Hab = both
eyes open, D = dominant eye viewing and ND = non-dominant eye viewing). Error bars represent
±1standard deviation of the mean.

Occlusion of either eye led to a decrease in lead foot position and an increase in the
VTC clearance, and post hoc analysis revealed that these differences were more
pronounced when viewing with the NDom eye (p<0.002). In the case of lead foot
placement, occlusion of the Dom eye caused a decrease in lead foot position,
differences between Habitual viewing and Dom viewing were found to be insignificant
(p=0.06) as well as those between Dom and NDom viewing (p=0.40).
VTC increased upon occlusion of either eye, with all 3 visual conditions being
significantly different from one another (p<0.013). Habitual viewing resulted in a lower
VTC (figure 8.5) in both groups suggesting that visual information is needed from both
eyes to accurately judge the height of the obstacle in the DS group as well as in visual
normals i.e. the NDom eye does appear to contribute to the habitual viewing
performance.
Although no group differences existed in the different parameters, differences between
the two groups were found to be significant as obstacle height increased suggesting a
more cautious adaptive gait strategy to be adopted by the individuals in the DS group.
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8.5 Discussion
Overall the results of this study show that stereo deficient individuals act in a similar
manner to visually normal participants. However a group by height interaction revealed
a more cautious approach by DS individuals during adaptive gait involving obstacle
negotiation when compared to visually normal participants. This became more evident
when participants were negotiating the higher obstacles. Occlusion of either eye had an
effect on performance in both the visual normal and deficient stereopsis group
particularly when the Dom eye was occluded. This suggests that both eyes in DS
individuals contribute to execution of an obstacle crossing task. Patla and Vickers
(1997) found an increase in the number of gaze fixation on the obstacle as the height of
the obstacle increased from 1 to 30 cm. This reflects the increased importance of
obtaining updated information regarding the obstacle the higher it is (i.e. with increased
task difficulty). The fact that DS individuals in this study changed their gait strategy as
obstacle height increased, more so than the visual normals, suggests that, they either did
not increase their gaze frequency or that if they did sufficient visual information was not
acquired to allow them to confidently step over the obstacle without increasing safety
margins. Studies in visual normals have found varied results with some studies finding
an increased VTC with increasing height (Patla and Vickers, 1997) and others finding
the reverse (Mohagheghi et al, 2004). In visually normal individuals VTC was found to
decrease with increasing surface height, when asked to step up onto a raised surface,
with vision bilaterally (Mohagheghi et al, 2004; Johnson et al, 2007) or unilaterally
blurred (Vale et al, 2008a). This reduced clearance has been suggested to be an energy
conservation strategy (Heasley et al, 2004). Since more energy is expended in lifting a
limb higher. However this was not evident in the results for our DS individuals and this
result suggests that these individuals find higher obstacle heights increasingly difficult.
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Therefore to reduce the risk of tripping they increase their margins of safety by lifting
the foot higher to avoid a collision with the obstacle. To determine which aspects of gait
were controlled by the DS group to either maintain or increase toe clearance we further
analysed the data for any correlations between VTC and other gait parameters. This
analysis highlighted that both lead foot positioning and penultimate step length were
found to co-vary with VTC (R2 = 0.11 and 0.12 respectively, p<0.01). In visual normals
trail foot positioning was the only parameter that co-varied with VTC (R2 = 0.16,
p<0.01). This also suggests that visually normal participants were able to plan in
advance the final trail limb placement needed to successfully clear the obstacle.
However the DS individuals appeared to be uncertain about the optimum final foot
placement and as a consequence altered their penultimate step length in order to ensure
that there was increased clearance during the cross over.
The results of the study by Patla and Rietdyk (1993) found that limb trajectory is
modulated for obstacle height changes but minimally for obstacle width, provided that
the width of the obstacle did not result in the participants having to alter their step
length. A reduction in the penultimate step length and an increase in the trail foot
position were found as the width of the obstacle increased. The results found in this
study are in agreement with Patla and Rietdyk (1993), an increase in obstacle width was
found to lead to an increase in VTC. In their study, it was suggested that when
negotiating a wider object, higher elevation is maintained for a longer phase to ensure
that contact does not occur. Their study found that crossing step length was not affected
by obstacle height but was affected by obstacle width. Crossing step length in the
present study was not affected by obstacle width (p=0.61). Crossing step length was
found to decrease for the lowest obstacle as obstacle width increased, however an
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increase in obstacle width led to an increase in crossing step length for the two higher
obstacles.
The results of this study are in agreement with studies by Patla and Reitdyk (1993) and
Graci et al (2010) in which a similar experimental design of obstacle crossing was
adopted. Visual normals participants were found to have an increased VTC, when
binocular viewing is disrupted or visual information is minimised. Upon occlusion of
VTC was found to increase by ~2.4cm in this present study. Similarly Graci et al (2010)
found an increase of approximately 3cm under lower field occlusion and circumferential
peripheral visual field occlusion conditions with a decrease in VTC with increasing
obstacle height which is believed to be an energy conserving mechanism. In both this
study and that by Patla and Reitdyk (1993) VTC under habitual conditions was found to
be ~10cm.

8.5.1 Effects of closing one eye
Occlusion of either eye led to significant adaptive gait changes in both groups with
vision as a main effect for a number of parameters (Table 8.3). These results differ from
those reported by Patla et al (2002) who found that VTC was the only parameter
affected by monocular occlusion. However the results of the present study are in
agreement with those of Vale et al (2008a, 2008b) and Hayhoe et al (2009) whom not
only reported an increased VTC but also a slower walking velocity under monocular
conditions.

8.5.2 Dominant versus Non dominant eye viewing
Gait differences were found to be more numerous and more pronounced under nondominant-eye viewing compared to dominant-eye viewing conditions. In this condition,
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VTC was significantly increased, and lead foot distance, penultimate step length and
approach velocity were significantly decreased compared to habitual viewing (Table
8.3). These findings are in agreement with previous work (Vale et al 2008a), again in
visual normals, indicating that monocular blur of the non-dominant eye caused vertical
toe clearance, when negotiating a raised surface to be increased by a lesser amount
compared to when the dominant eye was blurred. This suggests that dominant-eye
viewing provides more useful information regarding the height and location of the
obstacle being negotiated compared to that obtained during non-dominant eye viewing.
The pattern of results for dominant- and non-dominant eye viewing did not differ in the
DS-group compared with the visually normal group. A likely explanation for the fact
that gait in non-dominant eye viewing was no worse in DS-individuals than in visual
normals is that only 9 of the 16 DS-individuals had amblyopia; in other words, in nondominant eye viewing, most participants had clear view of the experimental
surroundings. Another possible explanation is that contrast sensitivity in non-dominant
eye viewing was not degraded to the same extent as visual acuity (Table 8.1). Previous
studies have highlighted the greater importance of contrast sensitivity relative to visual
acuity in reducing the number of falls and control of adaptive gait (Lord et al, 1991
Ivers et al, 1998; Harwood et al, 2005).
The best level of stereopsis exhibited amongst DS participants was 85 seconds of arc,
and no clinical measure of stereopsis could be obtained in 10 of the 16 participants in
this group. Our results indicate that gait during obstacle crossing in such individuals
was significantly altered when one of their eyes was occluded even if the eye occluded
was the non-dominant eye; i.e. irrespective of which eye was occluded VTC was
significantly increased, and penultimate step length was significantly decreased (Table
8.3). These gait changes, which were also found for the visual normals when viewing
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changed from habitual viewing to monocular viewing, are consistent with other authors
(as discussed above). Our results in the DS individuals indicate that, as in visual
normals, two eyes are better than one. The non-dominant eye in these individuals and
the amblyopic eye in the individuals with amblyopia contribute usefully to the
execution of obstacle crossing tasks. The fact that DS individuals performed better with
two eyes open, than compared to viewing with just the dominant eye suggests that
degree of binocular co-operation exists, which is not evident from static, clinical
measures of stereopsis. There are several reports that the processing of the dynamic
element of binocular depth perception can be preserved in individuals lacking static
stereopsis (Kitaoji and Toyama, 1987; Rouse et al, 1989; Maeda et al, 1999; Watanabe
et al, 2008). There is a possibility that such binocular co-operation would have been
revealed had measures of dynamic disparity processing (motion stereopsis) been
recorded.

8.5.3 Altered performance in DS individuals in the habitual viewing condition
Across all viewing conditions, DS individuals became more cautious in adaptive gait as
obstacle height increased. This was more pronounced under monocular conditions
particularly NDom viewing however this trend was still present under the habitual
viewing condition.
Reduced or absent stereoacuity was the distinct difference between these individuals
and the visually normal individuals and this may be one reason why the DS individuals
behaved differently relative to visual normals as obstacle height increased. The
importance of stereopsis for movement control remains the subject of considerable
debate (Hayhoe et al, 2009). McKee et al (1990) suggests that stereopsis maybe too
crude to be useful in locomotion tasks and is primarily used for online control of the

298

hand which remains in view during movement. During adaptive gait the feet are not
viewed centrally during the crossing (Patla and Vickers, 1997) and therefore this
suggests that vision is used in a feed forward manner. Lead foot and trail foot placement
prior to the obstacle showed relatively nil differences between the two groups. However
toe clearance was found to be increased with increasing obstacle height in the DS group.
This suggests that stereopsis may play a role in the ability to accurately judge obstacle
height rather than its location within the travel path. An increased VTC has also been
reported by Patla et al (2002) when stereopsis was degraded by monocular occlusion.
Stereoacuity is not the only means to extract depth information from our surroundings.
As well as stereoacuity, vergence also provides a binocular cue to distance and other
monocular cues (section 3.7.2) can also be used to resolve depth differences and
identify surfaces (e.g. the top surface of the obstacle). In this particular task of obstacle
crossing the most useful of these monocular cues may be motion parallax. Gibson
(1998) developed an ecological approach to perception in which movement of the
observer plays a vital role. This specifically being that flow patterns in the optic array,
signal the direction of movement and any changes in movement direction. Gibson’s
viewpoint was that an observer perceives the surrounding world by actively sampling
the optic array to detect any invariant information (Gibson, 1998). In order for this to
occur motion is essential as without it variant information cannot be distinguished form
invariant information. In order to regulate the velocity of locomotion it has been
suggested the optic flow for acquiring self motion information plays an important role
(Patla and Vickers, 1997). Jones and Lee (1981) proposed that the visual system is able
to match information from the two eyes from the monocular optic arrays. This is known
as binocular concordance (section 3.5.4). They suggested that the ecological benefit of
binocular vision may be due to binocular concordance than binocular disparity. If this is
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correct, poor or absent binocular concordance could provide an alternate explanation as
to why the DS individuals differed from visual normals other than the obvious
reduction/ absent stereoacuity. Binocular vision has been shown to play a part in
adaptive gait however the uncertainty arises as to which aspect of binocular vision in the
DS individuals makes them behave differently from the visual normal individual. As
well as the reduced or absent stereoacuity it is a possibility that’s it could be a
combination of the factors suggested earlier i.e. an abnormal combination of monocular
information from monocular cues.

Under monocular conditions the eye was occluded with the use of an opaque eye patch.
This is not a true representation of monocularity experienced by individuals with
‘monocular vision’ as occlusion of one eye also effects visual functioning such as the
degree of the visual field. Performance measures under monocular conditions were
found to decrease and this could be due to the unfamiliar nature of trying to carrying out
such a task with one eye occluded. It is possible that adaptation to such monocular
conditions, or practicing the task under monocular viewing may result in increased
performance. Fatigue may also have been a contributing factor to the variability of the
data. In order to minimise tiredness and fatigue breaks were given at 20 minute intervals
or when requested by the participant.

8.5.4 Summary
The present study represents the first examination of how adaptive gait involving
obstacle crossing may be affected in individuals with longstanding stereo deficiency due
to amblyopia and strabismus. Findings indicate that occlusion of either eye causes
significant and similar gait changes in both groups, suggesting that in stereo-deficient
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individuals, as in visual normals, both eyes contribute usefully to the execution of
adaptive gait. Under monocular and binocular viewing, obstacle crossing performance
in stereo-deficient individuals was more cautious when compared to visually normal
individuals but this only became evident when negotiating higher obstacles. Across all
viewing conditions and obstacle heights there appeared to be nil differences between DS
and visually normal participants.
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CHAPTER 9
REACHING AND GRASPING IN AMBLYOPIC INDIVIDUALS

The work presented in this chapter has been presented at the following:
Barrett BT, Panesar GK, Pacey I, Kukadia R, Hadwin S and Buckley JG (2010)
Amblyopes Have Difficulty Judging Object Distance but Not Size When Reaching and
Grasping in Habitual Viewing. Association for Research in Vision and Ophthalmology,
May, Fort Lauderdale, Florida (published in Investigative Ophthalmology & Visual
Science 51: E-Abstract 263).
Panesar GK, Barrett BT, Pacey I, Kukadia R, Hadwin S and Buckley JG (2010)
Amblyopes Have Difficulty Judging Object Distance but Not Size When Reaching and
Grasping in Habitual Viewing. British and Irish Orthoptic Society (BIOS) Annual
Scientific Conference, 1st-2nd July, Oxford. Abstract published in: British and Irish
Orthoptic Journal 2010; 7 pg86

9.1 Introduction
Reaching and grasping is a fundamental task in human behaviour, relying on the
processing of visuo-spatial information. Prehension tasks consist of two phases the
reach phase and the grasp phase. In order to transport the hand in the correct orientation,
direction and distance, extrinsic object properties are required, whereas in order to
control the grip aperture and select the appropriate grasp point’s intrinsic properties are
required. Visual information is required to specify both the extrinsic and intrinsic
properties of the object. Extrinsic information refers to properties such as distance and
orientation whereas intrinsic information refers to properties such as object size, shape
and estimated weight (Watt and Bradshaw, 2000).
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Proficient reaching has been defined by Grant et al (2007) as being able to transport the
hand relatively quickly and accurately to the target from information provided by
extrinsic properties. Proficient grasping requires the hand to open in anticipation of the
object whilst the hand is decelerating as it approaches the target object. This is then
followed by rapid closure of the hand on the most stable points on the object (Grant et
al, 2007). Visual feedback regarding movement progression can be employed to correct
the speed or direction of the terminal reach and in turn adjust the position of the fingers
to ensure that the grasp is properly applied.

Binocular cues have been considered as being paramount in the control of reaching and
grasping behaviour (Marotta et al, 1997; Servos et al, 1992). Mon-Williams et al (2000)
suggested the major advantage of binocular vision in reaching and grasping is a
consequence of disparity, arising from the lateral separation of the two eyes, which
provides information about the depth and orientation of an object (Rogers and
Bradshaw, 1993; Bradshaw and Elliott, 2003,) and information about the relative
distance of the hand to the target.
Although binocular vision is considered to be advantageous in order to successfully
complete prehension tasks, it is not essential. Individuals can still complete the task
under monocular conditions i.e. when one eye is occluded, by using monocular cues;
although reach and grasp parameters are found to be less efficient. It is known that
multiple sources of visual information are integrated in order to achieve an egocentric
representation of the surrounding area (Landy et al, 1995). Thus binocular and
monocular cues will both contribute in establishing a representation of the target and
surrounding environment. It has been suggested that the perceived distance is a function
of many visual cues and depends on the number of cues available. The availability of
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multiple cues has been found to influence distance perception in a manual aiming task,
increasing the number of cues available leads to less errors (Foley, 1977). Loftus et al
(2004) suggested that restricting the number of cues available during a prehension task
should affect performance.

The contribution of binocular vision in the control of movement is the subject of intense
research interest in visually normal participants in both gait and prehension tasks. The
importance of vision and stereopsis in the control of everyday mobility and prehension
has typically been investigated by either eliminating or reducing stereopsis by means of
unilateral occlusion or, unilateral or bilateral defocus. Studies in visually normal
individuals have compared prehension under binocular and monocular viewing
conditions to determine the contribution and role of binocular vision. Bishop (1989)
suggested that binocular cues are the most important source of absolute distance
information. Servos et al (1992) was one of the earliest to investigate reach/grasp
kinematics under both binocular and monocular viewing conditions thus providing
evidence that that binocular vision significantly contributes to the accurate planning of
prehensile movements. Participants were asked to reach and grasp an isolated object, of
different sizes whilst seated. Under monocular conditions participants exhibited longer
movement times, lower peak reach velocities, longer deceleration phases and smaller
peak grip apertures. Servos et al (1992) suggested that these systematic reductions were
a result of subjects underestimating the distance of the object (and therefore its size and
shape) in the programming of movements. Changes initially and during the
programming of the grasp have been found to be affected by viewing conditions with a
wider peak aperture evident under monocular viewing (Servos and Goodale, 1994; Watt
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and Bradshaw, 2000) as well as an increase in the number of on line adjustments,
particularly in the closing phases (Marotta and Goodale, 1998).

Although these studies in visual normals provide information regarding the role of
binocular vision in prehension tasks they do not tell us about how individuals with long
term stereopsis loss or degradation may have adapted to their visual status. Susan Barry
known as “Stereo Sue” makes the point that when individuals with good binocular
vision have one eye covered they have a lifetime of remembering how things look with
two eyes and so are at an advantage under monocular conditions relative to amblyopes;
however conversely it could be argued that they may perform worse since they are
without stereo vision under occluded conditions and therefore have to make use of
monocular cues available (Barry, 2009). Occlusion of one eye or blurring one eye not
only affects binocular vision but affects vision in other ways. For example, as well as
affecting binocular summation there is restriction of the visual field. Degradation of
stereopsis by these means does not mimic chronic stereopsis loss or reduction from birth
or early childhood. A group of individuals in which such chronic loss or reduction
occurs are those with amblyopia. Amblyopia is a developmental disorder of vision
which is most commonly defined as a uni ocular decrease in the level of best corrected
visual acuity for which there is no demonstrable structural abnormality or pathology of
the eye(s) or the visual pathway (von Noorden, 2002).

A vast amount of literature exists on amblyopia and its associated visual defects,
however little is known about the potential disability and functional consequences that
arise due to the reduced/absent levels of stereopsis relating to movement control. Grant
et al (2007) evaluated the eye hand coordination skills in adult amblyopes compared

305

with visually normal subjects in a reaching and grasping task. Both initial reaching and
grip shaping prior to contact were relatively unaffected in adult amblyopes, however a
range of deficits were exhibited in the ‘online’ control of the terminal reach and closure
of the hand to apply the grasp when compared to visual normals. These deficits included
prolonged execution times and an increased number of errors, present under both
binocular and non dominant eye viewing conditions. Peak grasp aperture was found to
be more proficient in amblyopic individuals when viewing with their dominant eye
alone with the grasp taking place nearer to the target object and with better scaling of
object size without having an adverse effect on their subsequent grasp. Grant et al
(2007) concluded that the visuo-motor adaptations found in amblyopes to be relatively
minor and limited to aspects of movement planning. These findings have been recently
confirmed by Melmoth et al (2009). Webber et al (2008) investigated the hand eye co
ordination in eighty two children with amblyopia using a range of tasks which required
fine motor skills. The amblyopic group performed significantly poorer than the control
subjects on 9 out of 16 of the different fine motor tasks, particularly on manual dexterity
tasks requiring speed and accuracy. Although fine motor skills were reduced in the
amblyopic group this deficit was found to be more pronounced in those with strabismus,
contrary to the findings of Grant et al (2007).

The tasks featured in the studies by Melmoth et al (2009) and Grant et al (2007)
represent simple reaching and grasping tasks in which participants reached for a single,
isolated object. In the present study reach and grasping kinematics were investigated in
individuals with amblyopia in comparison to visually normal participants. In addition to
a simple reach and grasp task, trials were also carried out in which participants were
asked to reach and grasp a target object in a cluttered environment. This represents an
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expansion to previous studies investigating prehension in individuals with amblyopia..
It is important to distinguish how amblyopes have adapted to their stereopsis
absence/loss in a task mimicking real world conditions i.e. with clutter. By comparison
of the habitual viewing performance with that of dominant eye viewing performance the
study also established whether two eyes are better than one in individuals with
amblyopia when reaching and grasping in an uncluttered and cluttered environment.

9.2 Methods
9.2.1 Participants
A total of 40 participants took part in the study. Twenty participants were visually
normal (mean age 27.5 ± 6.3 years) and they comprised the control group against which
twenty amblyopic individuals (mean age 36.4 ±11.7 years) were compared. Participants
were recruited from the staff and student population at the University of Bradford and
from the surrounding area. Informed written consent was obtained from all participants
prior to their participation, and the tenets of the Declaration of Helsinki were observed
throughout.

To be considered visually normal, participants had to have a visual acuity (VA) of at
least 0.0 logMAR (6/6) in each eye when wearing their habitual correction and
stereopsis of at least 55 seconds of arc on the Frisby stereoacuity test. Exclusion criteria
for the visually normal group included a history of ocular pathology (including
strabismus) or amblyopia, or treatment for strabismus or amblyopia. For visual normal
participants, the mean acuity for the dominant eye was -0.05 logMAR and the mean
acuity for the non-dominant eye was -0.05 logMAR. The mean ±SD stereoacuity for the
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visually normal group was 31±14.6 seconds of arc. Participants were considered to be
amblyopic if they had an acuity difference between the right and left eyes of 2 lines or
greater with an absence of ocular pathology (aside from strabismus). For amblyopic
participants, the mean acuity for the dominant/fellow eye was -0.05 logMAR and the
mean acuity for the amblyopic/non-dominant eye was +0.52 logMAR. Stereoacuity if
measureable amongst the amblyopes ranged from 55 to >600 seconds of arc (Table 9.1).
Six of the 20 amblyopes had anisometropic amblyopia (no strabismus and at least 1.5 D
difference in the mean spherical-equivalent refractive error between the eyes). Three
had strabismic amblyopia and eleven had mixed (anisometropic and strabismic)
amblyopia.

Data for 7 amblyopic and 10 visually normal participants were collected as part of a 3rd
year undergraduate project. Throughout the project the author had input into all stages
of the design, data collection and data processing. Along with the two 3rd year students
we did several trial runs to ensure that we were confident with the methodology. This
also gave us a chance to determine any problems which we may encounter and to ensure
there was no variability between experimenter data collection. For the data collection of
several participants collected by the undergraduate students the author was present in
order to ensure that they were confident with the methodology of data collection.

9.2.3 Visual assessment
All subjects underwent a subjective refraction which was performed by a fully qualified
optometrist and full binocular vision assessment performed by the author, a registered
orthoptist using the approaches that has been described in more detail in chapter 5.
Table 9.1 provides details of the participants habitual and monocular VA’s with the
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participants own habitual refractive correction (if worn) and with the optimal refractive
correction. Data for all trials were collected using the participant’s habitual refractive
correction.
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Table 9.1 Clinical details of amblyopic participants. Monocular visual acuity (VA, logMAR) under both habitual are presented for left (L) and right eye (R) eyes and optimal
refractive conditions for the amblyopic eye (AE) and fellow eye (FE). The habitual refractive correction worn by the participant is also stated. Oculomotor status and
measurements at near viewing are presented and stereoacuity is given in seconds of arc (negative indicates worse than 600”) on the Frisby stereo acuity test. The mean and ±
standard ddeviation (sd) are also given for visually normal participants. Abbreviations XOT=Exotropia, SOT= Esotropia, XOP=Exophoria, SOP= Esophoria, R/L = R
hyperphoria, L/R= L hyperphoria.
Initials

Age

Dom
Eye

Optimal RE Rx

Optimal LE Rx

Hab
VA

Hab
FE VA

Hab
AE VA

Oculomotor
Status

Stereoacuity

Rx Worn

Optimal
FE VA

Optimal
AE VA

Amblyopes
AN
41
AP
50
CA
36
CCa
43
DB
54
DF
42

R
L
R
R
R
R

Plano
-2.75/-0.75 x 180
+9.00/-2.00 x 25
Plano/-1.25 x 9
+0.50/-1.50 x 85
+2.00 DS

Plano
-5.00 DS
+8.00/-2.25 x 180
-2.50/-0.25 x 170
+2.00/-4.00 x 11
+3.75/ -0.25 x 65

-0.10
-0.04
0.08
-0.10
-0.10
-0.24

-0.10
-0.02
0.10
-0.10
-0.10
-0.20

1.40
0.26
0.84
1.50
0.94
0.20

LXOT
NAD
LSOT, R/L
LXOT, R/L
LXOT
LSOT

Negative
60"
Negative
Negative
Negative
Negative

-0.10
-0.02
0.10
-0.10
-0.10
-0.20

1.40
0.26
0.84
1.50
0.94
0.18

JC
JM
KB
KH
JM
MF
RD
PD
RC
SP
SH

R
L
L
L
L
R
L
R
L
R
L

+1.25 DS
-4.50/-0.75 x 90
+1.25/-3.50 x 180
+2.50/ -0.50 x 100
+2.75/-0.25 x 90
+6.25/-0.50 x 55
+3.75/-0.25 x 70
+1.25/-0.50 x 120
+0.50/-5.50 x 18
+0.50/-2.00 x 17
+3.75 DS

+6.25/ -2.50 X 55
-1.50/-0.25 x 180
-0.50/-0.25 x 10
+0.75/-0.50 x 30
+0.50/-0.25 x 90
+6.75/-1.00 x 155
+1.00DS
+3.50/-1.50 x 25
+0.25/ -0.25 x 180
+1.50/-1.75 x 5
+1.50 DS

-0.10
-0.10
-0.06
-0.04
-0.02
-0.20
0.04
-0.10
0.00
0.04
0.00

-0.06
-0.10
0.00
0.00
0.00
-0.20
0.08
-0.10
0.00
0.10
0.00

0.86
1.00
0.30
0.20
0.20
0.70
0.80
0.20
0.50
0.36
0.30

XOP
LXOT
XOP
RSOT
SOP
LSOT
RSOT
LXOT, R/L
XOP
LSOT
RSOT

Negative
Negative
170"
Negative
170"
Negative
Negative
Negative
85"
Negative
600"

-0.06
-0.10
0.00
0.00
0.00
-0.20
0.08
-0.10
0.00
0.10
0.00

0.86
1.00
0.30
0.20
0.20
0.70
0.80
0.20
0.50
0.36
0.30

R
L
L

+0.50/-0.50 x 175
+4.00 DS
+4.25/-2.50 x 55

+3.75/-1.00 x 165
+0.75 DS
+1.00/-1.00 x 120

-0.06
-0.10
0.00

-0.08
-0.04
0.00

0.44
0.60
0.25

LSOT
RSOT
NAD

Negative
Negative
85"

Nil worn
Optimal
Optimal
Nil worn
Optimal
RE Rx +2.00
LE Rx +2.00
Nil worn
Optimal
Optimal
Optimal
Optimal
Optimal
Optimal
Optimal
No nil worn
No nil worn
RE Rx +1.50
LE Rx +1.50
Optimal
Nil worn
Nil worn

-0.08
-0.04
0.00

0.44
0.60
0.25

-0.10
±0.08

-0.05
±0.07

-0.05
±0.08

30
23
22
36
29
40
66
27
46
37
24

TD
28
VC
33
WM
21
Visual Normals
Mean ± 27.45
sd
±6.30
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31.11"
±14.61

9.2.4 Protocol
Participants repeatedly completed a simple prehension task in two blocks. In the first
block participants reached forward and picked up an isolated object (uncluttered block).
In the second block participants picked up the same object that was now ‘framed’ by
having two distractor objects placed either in front and behind the target object (depth
direction) or on either side of it (lateral direction). These are shown in figure 9.1. This
task mimicked reaching and grasping in a cluttered environment (cluttered block).

Figure 9.1 The picture on the left shows the target object with the 2 distractor objects either side in the
lateral direction. On the right the distractor objects are now placed in front and behind the target object in
the depth direction. The spacing between the distractors and target object was either two or four finger
width (each participant’s) and was varied across trials.

Participants sat on a stool located directly in front of a table. The height of the stool was
adjusted so that the participants sat in a comfortable, upright position with the height of
their forearms (elbows flexed at ~90 deg) level with the table top. The table was
covered with white cloth. Participants were asked to reach across the table with the hand
which they normally use when picking up objects. The object to be grasped was placed
at a distance equivalent to 66% of each participant’s full reach distance and was
positioned directly anterior of the participant midline. Participants wore their own
habitual refractive correction spectacles (if worn).
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Subjects completed repeated trials under three visual conditions; habitual (HAB, both
eyes open), non dominant-eye viewing (NDom) and dominant-eye viewing (Dom).
Viewing conditions were manipulated with the use of Plato liquid crystal display (LCD)
goggles (Translucent Technologies, Toronto, ON, Canada) which could be externally
triggered to be clear or opaque in either or both lenses. Each lens was set to the opaque
setting until the trial commenced. Participants were asked to initiate movement when
either both or one lens of the LCD goggles was switched to clear (external trigger
operated by one of the researchers). No information was given regarding the viewing
condition to expect or in which direction and spacing the distractor objects would be
placed (figure 9.2).

Figure 9.2. Examples of a participant carrying out the task under the monocular viewing condition. The
participant was asked to grasp the central target object. Trials were randomised so that it was unknown
which direction the distractors would be placed; lateral (above) or in the depth direction (below, left).
Participants were asked to place the object in a location of their choice towards the leading edge of the
table (below, right)
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Participants were asked to reach and grasp the target object and place the target object
in an area of their choice towards the leading edge of the table and return their hand
back to the starting area. Once the participant’s hand had returned back to the starting
area, vision was once again occluded (LCD goggles switched to opaque). Practice trials
were given to ensure that the participant understood what the task involved and that
instructions were followed appropriately. Head or gaze movements were not controlled
or monitored, and participants were not given any specific instructions about head
posture before or during completion of the task. The target objects were cylindrical in
shape, made from solid wood and had a height of 12 cm. Object A had a diameter of
3cm and a mass of 85g and object B had a diameter of 4 cm and a mass of 145g.

S
A
T

S

S

A

D

A
D

B

T

D

T
B

B

D

B

Figure 9.3 (a) Schematic of reaching and grasping of an isolated target object (uncluttered block) and (b)
schematic of the reaching and grasping task in the cluttered block (target object surrounded by the
distractor objects either side in the lateral or depth direction). The target object (T) was placed at a
distance equivalent 66% of the participant’s full reach (distance A). In the case of the cluttered trials
distractor objects (D) were placed either side or in front and behind the target object. The distance
between the distracter and target objects varied by a distance equivalent to 2 or 4 finger widths (distance
B). The starting position of the hand at the start of each trial was defined by the area S.

313

Prior to starting data collection, seven retro-reflective markers (diameter 14mm) were
attached either directly onto the skin or with the use of a headband on the following
locations: anterio-lateral and posterior-lateral aspects of the head, lateral head of deltoid
muscle at a position corresponding to the height of the shoulder joint centre, lateral
epicondyle, lateral aspect of the wrist (wrist). Smaller markers (6mm) were attached
onto the thumb nail (thumb), nail of the forefinger (finger) and the first dorsal
interosseous muscle (‘V’ of the hand, palm). The object to be picked up and the
distractor objects (when used) had markers placed at the centre of their upper surface.
Marker displacement data were collected (at 100Hz) using an eight camera motion
capture system (Vicon MX; Oxford Metrics, Oxford, UK).

Instructions given for uncluttered block: Participants were instructed to grasp the object
in one continuous moment. They were asked to grasp the object by moving the hand
(fingers and thumb either side of the object) in the horizontal direction rather than from
‘on top of the object’ (vertical direction) and then place the object in a location of their
choice towards the leading edge of the table returning the hand back to the starting area.
The starting area of the hand was defined by two lines 20cm apart located at the central
edge of the table (figure 9.3).

Instructions given for cluttered block :A similar procedure to the above was adopted,
but in this block the target object was ’framed’ by two distractor objects either placed in
front and behind or on either side of the target object. The distractor objects were also
cylindrical in shape and had the following dimensions 15 cm (height) x 4 cm (diameter)
or 15cm (height) x 7cm (diameter). The distance between the object and distracters was
varied and was either the width of 2 or 4 fingers of each participant. As per trials in the
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uncluttered block, subjects were asked to grasp the object by placing thumb and
finger(s) (which were kept parallel to the table top) either side of the object rather than
grasping from the top of the object (which would mean fingers and thumb would be
perpendicular to the table top). This ensured a comparable grasping action was used for
the two blocks of trials.

The two blocks of trials (cluttered or uncluttered) were completed in random order
counter balanced across both groups, and the diameter of the object to be grasped (4 or
3 cm) was randomised across trials. The orientation/meridian in which the distractor
objects were placed (horizontal or vertical) was also randomised across trials. A total of
180 trials (Block 1; 2 widths x 3 visual conditions x 6 reps, Block 2; 2 widths x 3 visual
conditions x 2 meridians x 2 widths x 6 reps) were completed. A similar approach to
that used in chapter 8 was used to randomise the trial order. The trials were randomised
using the RAND function in Excel 2003.

Data collection lasted approximately 2 hours per participant including a 10 minute rest
period at the half-way point.

9.2.5 Data analysis
Using Workstation software (Vicon Oxford Metrics, Oxford, UK) marker trajectory
data were processed and then filtered using the Woltring spine routine with filter option
set to ‘auto’. Coordinate data (x,y,z) for each marker were exported in ASCII format
for further analysis.
The marker trajectory data for all participants including those collected by the
undergraduate students were processed by the author in order to ensure there was no
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variability in the processing of the data between examiners. These data were then
statistically analysed by the author as a collated data set.
Using in-house software (Visual Basic) marker data were analysed to determine the
following reaching and grasping parameters:

Reach time (Reach Tim): time from reach initiation to end of reach. Reach initiation
was defined as instant wrist forward velocity was greater than 20mm/s. End of reach
was defined as instant wrist velocity became less than 20mm/s for at least 3 consecutive
frames.

Maximum reach velocity (MaxRchVel): defined as the maximum forward velocity of
the wrist during the reach

Time of peak velocity: (TimePeakVel): Time of instant of maximum reach velocity
relative to start of object lift. Start of object lift was the instant the vertical displacement
of the object increased by 1mm for 3 consecutive frames.

Average reach velocity (AvReachVel): Average forwards velocity of wrist during reach
period

Maximum aperture (MaxAp): the maximum resultant (x,y,z) aperture between thumb
and forefinger

Time of maximum aperture (TimeMAp): time of instant of maximum aperture relative
to start of object lift.

Time of end of reach to initial contact (TimERInitCont); time from end of reach (
vel=0mm/s) to initial contact of target object

Pick time (PT) defined as the time between initial contact of object (when resultant
velocity of object first increased by +/- 10mm/s) and start of object lift.
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Maximum grip velocity (MaxGrpVel);peak velocity of hand closure Maximum Grip
extension velocity (MaxGrpExVel); peak velocity of hand opening
Grip Aperture end reach (GrApER): The size of aperture at the end of the reach
Total movement time (TMovTim); total time taken from the start of reach to object lift

9.2.6 Statistical analysis
Prior to performing statistical analyses the data set were inspected and clear outliers
were eliminated by the author. These ‘outliers’ were a result of miscalculations of the
above parameters due to marker trajectories being incomplete e.g. because a marker
momentarily disappeared from camera view. Both of the subject groups had a similar
proportion of excluded data points (<0.5% of data). Parameters that were dependant on
object size were normalised (e.g. MaxAp and GrApER,) were normalised to the size of
the object being grasped (3 or 4 cm).

For each dependant measure (mean of the 6 repetitions) repeated measures ANOVAs
were used to determine main and interaction effects for the following:

Block 1
Group (G): 2 levels (amblyopic individuals and visually normal controls)
Visual condition (V): 2 levels (Habitual, Dominant)
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Block 2
Group (G): 2 levels (amblyopic individuals and visually normal controls)
Visual condition (V): 2 levels (Habitual, Dominant)
Direction (D); 2 levels (lateral and depth)
Spacing (S): 2 levels (2 finger and 4 finger spacing)

For all analyses the alpha level for statistical analysis was set as p<0.05. Post hoc
analyses were undertaken using Tukeys HSD test.
It is often suggested that adjustments for multiple tests (or Bonferroni adjustments)
should be made so that a suitable p level is determined by the number of comparisons.
As in chapter 8 we have not adopted this approach in this study as it has been shown
that Bonferroni adjustments are in fact not as accurate as first thought (Perneger, 1998).

9.3 Results
Findings from the 2 blocks of experiments (uncluttered, cluttered) are presented
separately. As 2 objects sizes (30mm and 40mm) were used in order to minimise the
likelihood of a repeated motor strategy being adopted by the participants rather than
relying on vision info to complete the task, object size was not considered as an
independent variable. Initial data analysis found object size to be a significant variable
(p<0.05) as expected across all grasp parameters investigated due to fingers needing to
be wider for the larger object size. The focus of the analysis was on group and vision
effects, object size was found to have no differential effects on group or vision as no
significant (p<0.05) interactions with object size occurred. Data have thus been
averaged across the two object size conditions and the parameters which are affected by
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object size (specifically max aperture and grip aperture at the end of reach) have been
scaled according to object diameter.

The two groups did not differ in relation to participant age (p=0.06), hand size (p=0.92),
binocular visual acuity (p=0.14) or visual acuity of the dominant eye (p=0.63).
However, as expected the amblyopic group had a significantly reduced stereo threshold
(p<0.001) and differed in relation to the visual acuity of the amblyopic/non dominant
eye (p<0.001).

9.3.1 Block 1: Uncluttered
9.3.2 Is reaching and grasping in amblyopic participants different from that in
visual normals in habitual viewing?
Group differences between the amblyopes and visual normals were evident for both the
reach and grasping phases (Table 9.2). Although there was no group difference in
maximum reach velocity (p=0.11), maximum reach velocity was found to occur
significantly earlier in the amblyopic group (p=0.045); approximately 0.6 seconds
earlier than the visual normal group. Maximum grasping aperture was found to be
smaller (p=0.023) in the amblyopic individuals (3.05units) compared to visual normals
(3.31 units). Also the peak velocity of hand opening (p=0.016) and hand closing
(p=0.017) was found to be significantly reduced in amblyopes. However the overall
reach time did not differ between the 2 groups (p=0.35).

9.3.3 Is Performance with one eye as good as two?
Viewing condition (habitual performance versus dominant eye performance) was found
to have a main effect upon the timing of maximum grip aperture (p<0.001), timing of
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the maximum reach velocity (p=0.017), average reach velocity (p=0.043), maximum
aperture (p<0.001) and peak velocity of hand opening (p<0.001). In both groups closing
the amblyopic eye (non dominant eye in the case of visual normals) resulted in
maximum reach velocity occurring earlier in the reach, a slower average reach velocity
and an increased peak velocity of hand opening. In addition, maximum grip aperture
was found to occur earlier and maximum aperture was found to increase in both groups
when the amblyopic/non dominant eye was closed. A significant group-by-vision
interaction (p=0.001) revealed that the increase in maximum aperture as a result of
closing the amblyopic/non dominant eye was not as great in the amblyopes (0.06units)
as it was in the visual normals (0.16 units)
4.5
Maximum Aperture

4.0
3.5
3.0
2.5
2.0
1.5
1.0
0.5
0.0
Habitual

Dominant
Viewing condition

Figure 9.4 The effect of viewing condition on maximum aperture (scaled for object size and therefore
unitless) for visual normal (open bars) and amblyopic participants (solid bars)

Both maximum aperture and the grip aperture at the end of reach are unit-less as in
order to scale the measurements accordingly aperture (maximum or at end of reach, in
mm) measurements were divided by mean object size (mm) and thus resulting in nil
units.
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Table 9.2 Mean ± sd values for reach and grasp parameters in visual normals and amblyopic participants for block 1. All durations except for reach time are relative to object
contact. Main effects of; Group (G); Visual Normals and Amblyopes, Vision (V): Habitual and Dominant eye viewing, Main effects are displayed in upper case letters.
Interactions are displayed in lower case letters. Significant effects and interactions are displayed as bold (p<0.05). Only one gv interaction reached significance
Normals
REACH

Habitual

Dom

Amblyopes
Habitual

Dom

Reach Time (s)

0.57±0.13

0.58±0.11

0.61±0.15

0.62±0.18

TimeMaxVel (s)

-0.30±0.11

-0.33±0.16

-0.36±0.09

-0.38±0.09

AvReachVel (mm/s)

457.1±150.7

433.7±143.7

380.2±108.6

379.1±109.5

MaxRchVel (mm/s)

883.54±353.2

820.9±245

736.1±216.3

743.1±213.7

TimeMAp (s)

-0.18±0.12

-0.39±0.14

-0.25±0.11

-0.41±0.09

PT (s)

0.09±0.10

0.08±0.08

0.12±0.10

0.128±0.07

MaxGrpVel l (mm/s)

-610.8±268.6

-618.6±261.8

-433.1±161.9

-433.1±144.5

MaxGrpExVel (mm/s)

374.9±181.1

408.1±195

254.4±118.7

273.5±128.3

MaxAp (Scaled)

3.31±0.43

3.48±0.42

3.05±0.25

3.11±0.25

GrApER (Scaled)

2.01±0.30

2.01±0.33

1.94±0.15

1.92±0.14

Main
Effects
G p=0.20
V p=0.62
G p=0.11
V p=0.017
G p=0.11
V p=0.043
G p=0.16
V p=0.31

Significant
Interactions

GRASP
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G p=0.19
V p<0.001
G p=0.19
V p=0.76
G p=0.011
V p=0.70
G p=0.015
V p<0.001
G p=0.006
V p<0.001
G p=0.27
V p=0.51

gv p=0.001

Table 9.3 Mean ± sd values for reach parameters under habitual viewing conditions in visual normals and amblyopic participants for block 2. The effect of; Group (G);
Visual Normals and Amblyopes, Direction (D); position of distractors lateral direction or depth, spacing (S); 2 finger or 4 finger width are displayed Significant effects and
interactions are displayed as bold (p<0.05). All durations except for reach time are relative to object contact.

REACH
Reach Time (s)

Normals
Habitual
0.65±0.16

Amblyopes
Habitual
0.72±0.15

TimePeakVel(mm/s)

-0.40±0.14

-0.52±0.15

AvReachVel (mm/s)

432.3±133.5

338.2±88.1

MaxRchVel (mm/s)

954.7±776

695±194.8

Main Effects
G p=0.11
D p<0.001
S p<0.001
G p=0.004
D p<0.001
S p<0.001
G p=0.024
D p=0.05
S p<0.001
G p=0.15
D p<0.001
S p=0.09

Significant
Interactions

gd p=0.036

ds p<0.001
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Table 9.4 Mean ± sd values for grasp parameters under habitual viewing conditions in visual normals and amblyopic participants for block 2. The effect of; Group (G);
Visual Normals and Amblyopes, Direction (D); position of distractors lateral direction or depth, spacing (S); 2 finger or 4 finger width are displayed Significant effects and
interactions are displayed as bold (p<0.05). All durations except for reach time are relative to object contact.

GRASP

Normals
Habitual

Amblyopes
Habitual

TimeMAp (s)

-0.20±0.12

-0.32±0.17

PT (s)

0.11±0.07

0.17±0.09

MaxGrpVel(mm/s)

-416.4±181.9

-301.8±111

MaxGrpExVel
(mm/s)

298.1±103

MaxAp (Scaled)

2.81±0.39

2.75±0.34

GrApER (Scaled)

1.77±0.37

1.74±0.37

TimERInitCont (s)

0.09±0.06

0.12±0.06

TMovTim (s)

0.85±0.23

1.00±0.23

213.9±80.8

Main Effects
G p=0.006
D p=0.07
S p=0.030
G p=0.002
D p=0.008
S p=0.32
G p=0.004
D p<0.001
S p<0.001
G p=0.002
D p=0.003
S p<0.001
G p=0.57
D p<0.001
S p<0.001
G p=0.55
D p<0.001
S p<0.001
G p=0.023
D p=0.43
S p=0.08
G p=0.012
D p<0.001
S p<0.001

Significant
Interactions

Gs p=0.035

Gs p=0.035

Ds p<0.001
gds p=0.012

Gd p=0.052
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9.3.4 Block 2: Cluttered environment

9.3.5 Is reaching and grasping in amblyopic participants different from that in
visual normals in the habitual viewing condition?
Table 9.3 and 9.4 Show group comparisons of reach and grasping kinematics under
habitual viewing conditions.

The reach
Amblyopes were found to exhibit a significantly slower average reach velocity than
visual normals (p=0.024). In both groups an increase in distractor spacing distance
(from 2 to 4 finger widths) was associated with a significant increase in average reach
velocity (from ~30mm/s to ~94mm/s, p<0.001). Maximum reach velocity was found
to occur 0.12s earlier in the amblyopic participants than in visual normals (p=0.004),
and to occur later in both groups with increased spacing (p<0.001) or when the
distractor objects were placed in the lateral direction (p<0.001). When the distractor
objects were placed in the depth direction maximum reach velocity occurred earlier in
the reach by 0.12s in both groups (p<0.001). A direction-by-spacing interaction
highlighted maximum reach velocity increased as spacing increased with the increase
more evident when the distractors were placed in the depth direction (p<0.001). There
was no effect of group on the overall time taken to complete the reach (p=0.11).

The grasp
Nil group differences were found to exist for maximum grip aperture (p=0.57) or grip
aperture at the end of the reach (p=0.56). However, maximum grip aperture was found
to occur earlier for the amblyopes (-0.32 sec) compared to visual normals (-0.20,
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p=0.006) and later in both groups when spacing was increased from 2 to 4 fingers
(p=0.030). A main effect of group was evident for peak velocity of hand opening
(p=0.002) and hand closing (p=0.004), showing a reduction in velocity for the
amblyopes of 84.2mm/s for hand opening and 114.5 mm/s for hand closing when
compared to visual normals. At the end of the reach there was a longer delay
(~30m/s, p=0.023) before object contact and a further significant delay (~60m/s,
p=0.002) from object contact to object lift in amblyopic participants.
Total movement (reaching and grasping) time was found to be considerably reduced
in the amblyopes (p=0.012). When the distractors were placed in depth, the total
movement time was found to increase both groups (p<0.001). In contrast, an increase
in spacing lead to reduced movement times in both groups (p<0.001)
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Table 9.5 Mean ± sd values for reach parameters under habitual and dominant eye viewing conditions in visual normals and amblyopic participants for block 2. The effect of;
Group (G); Visual Normals and Amblyopes, Vision (V); habitual and dominant eye viewing, Direction (D); position of distractors horizontal direction or depth, spacing (S);
2 finger or 4 finger width are displayed Significant effects and interactions are displayed as bold (p<0.05). All durations except for reach time are relative to object contact.

Normals
REACH

Habitual

Dom

Amblyopes
Habitual

Dom

Reach Time (s)

0.65±0.16

0.60±0.17

0.72±0.15

0.76±0.16

TimePeakVel
(mm/s)

-0.40±0.14

-0.44±0.16

-0.52±0.15

-0.55±0.15

AvReachVel(mm/s)

432.3±133.5

399.5±114.9

338.2±88.1

332.5±82.4

MaxRchVel(mm/s)

954.7±776

912.6±697.4

695±194.8

703.1±186.5
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Main
Effects
G p=0.12
V p<0.001
D p<0.001
S p<0.001
G p=0.007
V p<0.001
D p<0.001
S p<0.001
G p=0.027
V p=0.005
D p=0.005
S p<0.001
G p=0.17
V p=0.18
D p<0.001
S p=0.05

Significant
Interactions

vd p=0.008

Gvd p=0.006

ds p=0.048

Table 9.6 Mean ± sd values for grasp parameters under habitual and dominant eye viewing conditions in visual normals and amblyopic participants for block 2. The effect of;
Group (G); Visual Normals and Amblyopes, Vision (V); habitual and dominant eye viewing, Direction (D); position of distractors horizontal direction or depth, spacing (S);
2 finger or 4 finger width are displayed Significant effects and interactions are displayed as bold (p<0.05). All durations except for reach time are relative to object contact.

GraspGRASP

TimeMAp (s)

Habitual

Normals
Dom

-0.20±0.12

-0.22±0.11

Habitual

Amblyopes
Dom

-0.32±0.17

-0.34±0.18

PT (s)

0.11±0.07

0.12±0.07

0.17±0.09

0.18±0.09

MaxGrpVel (mm/s)

-416.4±181.9

-400.9±185.9

-301.8±111

-292.3±114.1

MaxGrpExVel
(mm/s)

298.1±103

296.3±101.7

213.9±80.8

212.8±84.3

MaxAp (Scaled)

2.81±0.39

1.39±0.20

2.75±0.34

1.36±0.18

GrApER (Scaled)

1.77±0.37

1.95±0.21

1.74±0.37

1.92±0.19

TimERInitCont (s)

0.09±0.06

0.09±0.07

0.12±0.06

0.12±0.06

TMovTim (s)

0.85±0.23

0.90±0.23

1.00±0.23

1.06±0.24
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Main Effects
G p=0.005
V p<0.001
D p=0.039
S p=0.007
G p=0.001
V p=0.20
D p=0.003
S p=0.87
G p=0.005
V p=0.021
D p<0.001
S p<0.001
G p=0.002
V p=0.64
D p<0.001
S p<0.001
G p=0.55
V p<0.001
D p<0.001
S p<0.001
G p=0.57
V p<0.001
D p=0.021
S p=0.35
G p=0.026
V p=0.18
D p=0.98
S p=0.38
G p=0.010
V p<0.001
D p<0.001
S p<0.001

Interactions

Vs p=0.047

Gd p=0.006
gs p=0.011
Gd p=0.043
gs p=0.017
vd p=0.035

Vs p<0.001
vd p<0.001
Vs p=0.017
vd p=0.004
vps p=0.022

9.3.6 Is Performance with one eye as good as two? The effect of closing one eye
Main effects for group were similar to those found in the habitual viewing condition
with group differences for timing of maximum reach velocity (p<0.007), average reach
velocity (p=0.027), timing of maximum grip aperture (p=0.006), max velocity of hand
opening (p=0.002) and hand closing (p=0.005). These differences are detailed below.

The reach
Maximum reach velocity was found to occur earlier in the reach in amblyopic
participants than in visual normals. Under dominant eye viewing conditions this
occurred even earlier in both groups by ~0.4mm/s (p<0.001). The average reach
velocity was found to decrease in the dominant eye viewing condition in both groups
(p<0.001). A group by vision by direction interaction revealed that this difference was
more apparent in the visual normal group when the non dominant was occluded and
when the distractors were placed in the depth direction (p=0.006). No group effect
existed for maximum reach velocity (p=0.17), however there was a group by vision
interaction that approached significance (p=0.06); indicating that occlusion of the non
dominant eye led to a marginal increase in maximum reach velocity in the amblyopes
(7.1mm/s) and a reduction (19mm/s) in the visual normal group. Increased spacing was
found to result in a higher maximum reach velocity when distractors were placed either
side (p=0.048), whereas spacing had little effect when the distractors were placed in the
depth direction (p=0.048). Reach time was similar in the 2 groups (p=0.120), and
closing of the non dominant eye led to an increased reach time in both groups
particularly when the distractors were placed in the depth direction indicated by a vision
by direction interaction (p=0.008).
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The grasp
All grasp parameters were affected by occlusion of the non dominant eye (p≤0.020)
with the exception of hand opening velocity (p=0.64) and max grip aperture (p=0.57).
Non significant group by vision interactions revealed that closing the amblyopic eye in
amblyopic participants had the same effect as closing the non dominant eye in the visual
normals (p>0.05). Maximum grip aperture was found to occur earlier in the amblyopic
participants (p=0.005), and a similar pattern was evident when viewing with the
dominant eye (p<0.001). Maximum grip aperture occurred later when spacing was
increased but only in the dominant eye viewing condition; i.e. habitual viewing
condition was found to be unaffected by spacing. A significant vision by direction by
spacing interaction was found for grip aperture at end of reach, indicating that whether
the spacing was 2 finger width or 4 fingers width viewing with one eye alone led to an
increase in the aperture with no effect regardless the distractors were placed in the
lateral or depth direction (p=0.022). Velocity of hand opening was greater in both
groups when spacing between the target object and distractors was increased, and a
spacing by group interaction (p=0.006) indicated the increase in hand opening velocity
with increase in spacing was more evident in the visual normals. The same pattern of
results was found for velocity of hand closing (p=0.043). Maximum aperture and grip
aperture at the end of reach was found to increase in both groups as visual condition
changed from habitual to dominant eye viewing (p<0.001).
At the end of the reach there was a longer delay before object contact (p=0.026) and a
further delay from object contact to lift (p<0.001) in amblyopic participants. Occlusion
of the non dominant eye led to an increase in the total movement time in both group
(p<0.001).
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9.3.7 Visual acuity difference
Correlations between dominant and non dominant eye visual acuity difference and the
following reaching and grasping parameters were all non significant: Maximum
aperture (R2 =0.001), the average reach velocity (R2 =0.009) and the total movement
time (R2 = 0.008)

9.3.8 Level of stereoacuity
Only 6 of the 20 amblyopes had measureable stereoacuity. No significant differences
were found between these two sub-groups (those with and those without clinically
measurable stereopsis) on all parameters investigated (p=0.20).

9.4 Discussion
9.4.1 Do amblyopic individuals differ from visual normals under habitual viewing?
In block one participants reached and grasped an isolated object. The findings from this
block indicate that under habitual viewing conditions certain reaching and grasping
parameters in amblyopic individuals were significantly different to those found in visual
normals. That is, maximum reach velocity was found to occur earlier in the reach in
amblyopes, indicating a longer period of deceleration and/or delay between the end of
reach and object contact. Maximum aperture was shown to be smaller in amblyopic
individuals along with a reduced velocity of hand opening and closing.

In block two participants reached and grasped an object ‘flanked’ by distractor objects.
To the author’s knowledge this is the fist study (block 2) which has investigated reach
and grasping kinematics in individuals with amblyopia in a situation in which distractor
objects were present. Findings indicate differences between amblyopic and visually
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normal individuals under habitual viewing, in both reach and grasping kinematics. The
amblyopes were found to be slower in aspects of both their reach and grasp (slower
reach velocity, longer delay from end of reach to object contact, and from object contact
to lift). This supports a factor of uncertainty by amblyopic participants and therefore a
more cautious approach being adopted.

As well as investigating the importance of binocular vision (see discussion below), the
effects of spacing and distractor object orientation were investigated. Both visual
normals and amblyopes responded in a similar manner to alterations in spacing between
the target object and distractors and to the plane the distractors were orientated. That is,
in both groups maximum reach velocity was found to increase with increased spacing
when the distractors were placed on the left and right hand sides of the target object
(lateral direction), with little effect of spacing when distractor objects were placed in
front of and behind the target (depth direction). Similarly both groups decreased their
reach velocity and took significantly longer when distractors were placed in the depth
direction compared to lateral direction. Maximum aperture was the only parameter
which seemed to be influenced by the presence of distractor objects. That is, visual
normals were found to have a greater maximum aperture in the isolated object condition
(uncluttered block) than individuals with amblyopia. Whereas, under the conditions in
which distractor objects were placed in the depth direction both amblyopes and visual
normals were found to have a similar maximum aperture. The fact that a similar
maximum aperture was found in both groups suggests that visual cues are used in a
similar manner in both groups in order to scale their grasp size accordingly. These
findings indicate that both the normals and amblyopic participants were faster and/or
less cautious under conditions of increased distractor spacing. Individuals may have felt
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that they did not need to be as cautious under these conditions as there was less chance
of coming into contact with the distractor objects.

Previous studies that have investigated prehension in amblyopes have looked at reach
and grasping of an isolated object. The present study’s finding that maximum reach
velocity was found to occur earlier in the reach in amblyopic individuals is in agreement
with previous studies (Servos et al, 1992, Servos and Goodale, 1994; Marotta et al,
1995) As is the finding that velocity of hand opening and closing was reduced in
amblyopic participants (Grant et al, 2007). However, the present study’s finding that
maximum aperture was smaller in amblyopic participants compared to visual normals,
is different to the findings from a recent study indicating amblyopes and visual normals
have very similar maximum grip apertures under habitual viewing conditions (Grant et
al, 2007).

Maximum reach velocity and maximum grip aperture were found to occur earlier in the
reach in the amblyopic participants with increased duration times from the end of the
reach to initial contact and then a further delay from object contact to lift. These results
suggest that participants with amblyopia may have increased difficulty in judging object
distance rather than object size. These findings were consistent in both blocks
suggesting the amblyopic participants adopt a similar approach whether the target object
was isolated or surrounded by distractor objects.
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9.4.2 Temporary loss of binocular co-operation; the effects of occlusion of the
amblyopic/non dominant eye
In block one when viewing condition was altered from habitual viewing to dominant
eye viewing, reach and grasping kinematics were both significantly affected, and this
main effect of vision was evident in both groups. The parameters affected are as
follows. Reach velocity was reduced and the time at which maximum reach velocity and
maximum grip aperture occurred was earlier in the reach phase indicating a longer
period of deceleration and/or delay to object contact. An increased maximum aperture
was evident; a group by vision interaction revealed that this increase was more evident
in the visual normals than in amblyopic individuals. An increase in maximum aperture
when viewing changed from binocular to monocular conditions has been reported in
previous studies (Servos and Goodale, 1994; Watt and Bradshaw, 2000; Loftus et al
2004, Melmoth and Grant, 2006). These changes suggests a more cautious strategy was
adopted and that judging the object distance was more difficult when viewing changed
from habitual to dominant eye viewing.

Maximum grip aperture was found to be affected by spacing only under dominant eye
viewing; i.e. spacing had no effect under habitual viewing. Again these results support
a strategy of uncertainty and increased cautiousness. Changes in maximum grip aperture
in response to a change in viewing condition have been inconsistently reported;
maximum aperture has been found to decrease (Servos et al, 1992) increase (Jackson et
al, 1997; Mon-Williams and Dijkerman, 1999) and in some cases remain unchanged
(Servos and Goodale, 1994).
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The present study supports the findings by Melmoth et al (2009) and Grant et al (2007)
suggesting that individuals with amblyopia or reduced/absent stereoacuity do show
differences compared to visual normals. These differences in the present studies and
those by Melmoth et al (2009) and Grant et al (2007) were found to be more
pronounced under monocular viewing. The findings of the present study are also
consistent with those found in visual normals in previous studies under monocular
conditions; however these studies did not investigate the affects of ‘clutter’. Specifically
it has been reported that prehensile movements are of a longer duration and often have a
decrease in maximum reach velocity under monocular viewing conditions (Servos et al,
1992; Servos and Goodale, 1994; Jackson et al, 1997; Loftus et al, 2004).

All participants had to wear LCD goggles, from which the visual condition could be
controlled. This however does not truly represent the participant in an everyday scenario
i.e. the participant does not walk around with goggles day to day with either eye
occluded. In order to ensure that the participant could not plan a component of their
reach and grasp prior to the start of movement the LCD goggles switched to opaque.
Again this does not truly represent the habitual viewing scenario as participants would
not have their eyes closed prior to selecting an object to reach and grasp. Different
individuals may require a different periods of time in order to plan their movement.
Participants carried out the task seated, and again this is something which is not a true
representation of everyday life and/or reaching and grasping tasks which may be
encountered. This may have been a contributing factor to the variability of the data
between individuals. Although rest periods were given during data collection fatigue
may also lead to variability of data.
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Occlusion of the amblyopic eye was found to result in changes in both reach and
grasping parameters. These results suggest that under monocular viewing conditions
individuals with amblyopia adopt a slower more cautious strategy when compared to
the performance under habitual viewing. Similar adaptations were found in the visual
normal group. Thus these results suggest that in both amblyopic and visual normals two
eyes are better than one and, by implication the non dominant eye in amblyopic
individuals contributes usefully to the execution of prehension.

9.4.3 The amblyopic eye/ non dominant eye contributes to prehension performance
In the present study 14 out of the 20 amblyopic participants had non measurable
stereopsis. However the results from block 1 and 2 of this study indicate that reach and
grasp kinematics were significantly altered when the non dominant eye was occluded.
These prehension alterations under monocular viewing were evident in amblyopes and
in the visual normal participants. Thus these results indicate that in amblyopic
participants, as in visual normals, two eyes are better than one and thus the non
dominant eye in these individuals contributes usefully to prehension tasks. The fact that
amblyopic individuals performed better with two eyes open compared to dominant eye
viewing alone strongly suggests that they exhibit a degree of binocular cooperation that
is not captured by the routinely used static, clinical measures of stereopsis (which in the
present study highlighted 70% had no stereo). The processing of the dynamic element
of binocular depth perception has been found to be preserved (Kitaoji and Toyama,
1987; Rouse et al, 1989; Maeda et al, 1999) in individuals lacking stereopsis and
therefore it cannot be ruled out that such binocular cooperation would have been
revealed had measures of motion stereopsis been measured and recorded.
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9.5 Summary
The results of this study reveal differences between amblyopic and visual normals
particularly in the timed aspects of the reach and grasp phase. This is in agreement with
other studies (Grant et al, 2007, Melmoth et al, 2009, O'Connor et al, 2010, Webber et
al, 2008) suggesting that amblyopic individuals demonstrate a level of uncertainty and
caution when carrying out this task. However comparison of performance under
habitual viewing with performance of dominant eye viewing indicates a positive
contribution of the amblyopic eye.
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CHAPTER 10
FINE MOTOR SKILLS IN INDIVIDUALS WITH AMBLYOPIA

10.1 Introduction and aims
Following on from the previous studies of adaptive gait and prehension, investigating
tasks of visuo-motor co-ordination, this study investigates fine motor skills in
amblyopic participants using a needle threading task. This task is chosen with the
assumption it is reliant on: visual acuity, stereoacuity and manual dexterity. Threading a
needle is considered a fine motor task and has been used in a number of studies to
investigate; eye movements (Winterson and Collewun, 1976), determining hand
preference (Calvert and Bishop, 1998), biomechanics (Colangelo et al, 1991), dexterity
in dental students (Akram and Ullah, 2007) and motor control (Mikheev et al, 2002).

Amblyopia is a developmental disorder of vision believed to affect 3% of the population
(Attebo et al, 1998). Amblyopia, its associated conditions and adaptations of spatial
vision have been discussed in chapter 4. The severity of amblyopia is often classified
according to depth of visual acuity loss in the amblyopic eye and the resultant binocular
adaptations which are also present. The potential disability/disadvantage of amblyopia
has only recently come under renewed research interest in the last decade since the
publication of an influential UK report which highlighted the lack of research into this
area. Since commencing this present study in 2007, Webber et al (2008) published an
article titled ‘the effect of amblyopia on fine motor skills in children’. Fine motor skills
performance in children with amblyopia was found to be poorer than age matched
controls in 9 of the 16 fine motor tests. These differences were found to be more
apparent in timed tasks which required speed and dexterity. The authors suggested that
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that speed accuracy trade off exists in timed tasks similar to those found by Grant et al
(2007) when investigating reaching and grasping behaviour in individuals with
amblyopia. This has been explained by the fact that amblyopes adopt a compensatory
strategy of slowing down their response in order to successfully complete the task, as
the slowed response provides a greater opportunity for visual feedback (Webber et al,
2008). In a study of prehension deficits in adults with amblyopia Grant et al (2007)
found amblyopes to show a range of deficits under both habitual and non dominant eye
viewing conditions. The initial reach was relatively unaffected but differences emerged
as the object to be grasped was approached (terminal reach) and in the application of the
grasp. These included prolonged execution times and an increased number of errors.
Webber et al (2008) found that a decrease in performance was not associated with visual
acuity or depth of amblyopia but, the level of stereopsis was found to have a significant
effect on performance. However in the prehension study by Grant et al (2007) they
found that levels of stereoacuity was a significant factor on only some parameters and
the depth of amblyopia was found to influence the performance on average movement
execution times. Although studies investigating the potential disability associated with
amblyopia are emerging, uncertainty still exists whether it is the amblyopia which is the
primary deficit or the associated decrease/ absence of stereoacuity which leads to a
reduction of performance.
Gupta et al (2005) studied the effects of occlusive patching on a variety of visually
dependent tasks including threading a needle. Visual memory, scanning, tracking, and
perceptual constancy were found to be unaffected by patching. Significant differences
were found to exist between the occluded and unoccluded conditions in four of the five
visual coordination tasks. Eight (out of 19) of the fine-motor tasks and 4 (out of 9)
gross-motor tasks (44%) showed significant differences between the occluded and
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unoccluded conditions. The authors concluded sudden occlusion was found to
immediately change perceptual ability by decreasing visual field and eliminating
stereoacuity (Gupta et al, 2005).

O’Connor et al (2010) investigated the functional significance of stereopsis on motor
tasks including a pegboard task, bead threading (2 different sizes) and a water pouring
task. They found that performances on the motor skills task were related to the
stereoacuity particularly when comparing performance of those with normal
stereoacuity and those with absent/ nil measurable stereoacuity. Although the amblyopic
participants were shown to be slower on the tasks, when stereoacuity was introduced as
a covariate the presence of amblyopia was no longer significant i.e. amblyopia is not a
determinant of reduced performance. The authors concluded that the level of
stereoacuity appears to have a greater impact on the ability to complete the tasks than
the presence of amblyopia.

The role of stereopsis has also been investigated on tasks such as driving. Individuals
with defective stereopsis as a result of amblyopia or strabismus were found to show a
reduced performance relative to visual normals when driving through a slalom course
(Bauer, 2001). More recently Tijtgat et al (2008) found a lack of stereopsis to be
associated with a more prudent braking behaviour. It still remains unclear whether the
differences in driving performance between individuals with and without stereopsis lead
to an increased accident rate. It has been suggested that this braking behaviour would
not lead to an increase in collisions. However on the other hand it has been found that
taxi drivers with reduced binocularity have a significantly higher crash rate than visually
normal taxi drivers (Maag et al, 1997, Tijtgat et al, 2008). In the assessment of ball
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catching skills participants with poor stereopsis were found to have poorer interceptive
performance under temporal constraints (position and grasp of hand) and also were less
responsive to specific training to help improve performance (Lenoir et al, 1999).

Dexterity is defined as ‘fine, voluntary movements used to manipulate small objects
during a specific task and is typically an integral part of a thorough evaluation of the
hand (Backman et al, 1992). Dexterity may be further described by two related terms;
manual dexterity which is the ability to handle objects with the hand and fine motor
dexterity, which refers to in hand manipulations as separate skills from the gross grasp
and release skills associated with manual dexterity (Backman et al, 1992; Yancosek and
Howell, 2009). Assessing dexterity is critical as dexterity is a central component of
hand function and outcome measures related to dexterity are important to detect
clinically significant changes in a patient population (Yancosek and Howell, 2009).
Over twenty different dexterity tests are available and the reader is directed to the
review by Yancosek and Howell (2009) for a review of these tests.

This present study investigates the performance of a fine motor skill in both adult visual
normal and amblyopic participants. This differs from the studies by O’Connor et al
(2010) and Webber et al (2008) whom, investigated the significance of amblyopia and
stereopsis in young children.

We also intend to, by comparison of the habitual viewing performance with that of
dominant eye viewing performance the study also established whether two eyes are
better than one in individuals with amblyopia when threading a needle.
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10.2 Methodology
10.2.1 Participants
A total of 49 participants took part in the study. Twenty seven of the participants were
visually normal (mean age 26.1 ± 5.0 years) and they comprised the control group
against which eighteen amblyopic individuals (mean age 31.9 ± 9.7 years) were
compared. Participants were recruited from the staff and student population at the
University of Bradford and from the surrounding area. Verbal consent was obtained
from all participants prior to their participation

To be considered visually normal, participants had to have a visual acuity (VA) of at
least 0.0 logMAR (6/6) in each eye when wearing their habitual correction and
stereopsis of at least 60 seconds of arc on the TNO stereoacuity test. Exclusion criteria
for the visually normal group included a history of ocular pathology (including
strabismus) or amblyopia, or treatment for strabismus or amblyopia. For visual normal
participants, the mean near visual acuity for the dominant eye was
-0.10 logMAR and the mean near visual acuity for the non-dominant eye was -0.08
logMAR. The mean ±SD stereoacuity for the visually normal group was 36 ±16 seconds
of arc. Participants were considered to be amblyopic if they had a distance visual acuity
difference between the right and left eyes of 2 lines or greater with an absence of ocular
pathology (aside from strabismus). For amblyopic participants, the mean distance acuity
for the fellow eye was -0.03 logMAR and the median near visual acuity for the
amblyopic/non-dominant eye was 0.43 logMAR. Stereoacuity if measureable amongst
the amblyopes ranged from 60 to >600 seconds of arc (Table 10.1). Eight of the 18
amblyopes had anisometropic amblyopia (no strabismus and at least 1.5 D difference in
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the mean spherical-equivalent refractive error between the eyes). Two had strabismic
amblyopia and the remaining eight had mixed (anisometropic and strabismic)
amblyopia.

Data for 5 amblyopic participants and 13 visually normal participants were initially
collected by an undergraduate 3rd year optometry student as part of a 3rd year project.
Further data for 13 amblyopes and 14 visual normals were then collected by the author
and this data were then collated for the results of this present study. The author had a
great deal of planning into the design and initial planning of the project, and also
supervised the 3rd year student in the initial data collection stage, until the author was
confident that the data was being collected appropriately. This was to ensure that there
was no/minimal variability between the author and the undergraduate student during
data collection. We also asked friends/colleagues to participate in the study for which
the author and undergraduate student collected the data together and could therefore
establish and overcome any potentials problems which may have arisen. The data from
these participants were not included in the overall data analysis.

10.2.2 Visual assessment
All subjects underwent a subjective refraction which was performed by a fully qualified
optometrist and full binocular vision assessment performed by the author, a registered
orthoptist using the approaches that has been described in more detail in chapter 5.
Table 10.1a and 10.b provides details of the participants habitual and monocular VA’s
with the participants own habitual refractive correction (if worn) and with the optimal
refractive correction for both near (10.1a) and distance (10.1b). Ocular dominance was
determined in all participants (using their habitual refractive correction) using the Kay
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pictures dominance test (www.kaypictures.co.uk/dominant.html) and was determined
on the basis of the eye that was used for sighting on 2 out of the 3 presentations. Near
visual acuity was measured using the Lighthouse near visual acuity test at a testing
distance of 40cm and a per-letter scoring system. Near visual acuity measurements
(Table 10.1a) were taken under habitual (i.e. both eyes open) and monocular conditions
with the participant’s habitual (if worn) and optimal refractive correction in place.
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Table 10.1a Clinical details of 18 amblyopic participants, near visual acuity (VA, logMAR) are presented for habitual (Hab, both eyes open) viewing, fellow eye (FE) and
amblyopic eye (AE) viewing conditions. The habitual refractive correction worn by the participant is also stated. Oculomotor status in near viewing is presented and
stereoacuity is given in seconds of arc (negative indicates worse than 600” on the TNO stereoacuity test). Abbreviations; R=Right, L=Left, SOT=Esotropia, XOT=Exotropia,
SOP=Esophoria, XOP=Exophoria

PID

Dom
eye

Hab
Near
FE VA
-0.12
-0.12
0.02

Hab
Near
AE VA
1.00
0.14
0.50

Optimal RE Rx

Optimal LE Rx

Optimal Rx worn

Optimal
FE VA

Optimal
AE VA

Stereopsis

Oculomotor
status

R
L
R

Hab
Near
VA
-0.12
-0.10
-0.02

1
2
3

-0.25/-0.25 x 163
+1.25/-3.50 x 180
+4.25/-2.50 x 55

+3.00/-1.00 x 80
-0.50/-0.25 x 10
+1.00/-1.00 x 120

-0.16
-0.14
-0.04

0.84
0.10
0.36

Negative
240"
120"

LXOT
XOP
LSOT

4
5
6
7
8
9
10
11
12
13
14
15
16

L
R
R
R
R
L
R
R
R
L
L
L
L

-0.30
-0.10
-0.10
-0.10
-0.10
0.10
-0.04
-0.10
-0.02
-0.04
-0.04
0.00
0.00

-0.08
-0.10
-0.10
-0.10
-0.10
0.04
-0.10
-0.10
0.00
0.00
0.00
0.04
0.00

0.26
0.40
0.16
0.36
0.64
0.40
0.90
0.48
0.20
0.24
0.20
0.28
0.26

-0.50/-5.50 x 17.5
-0.50/-0.50 x 40
+8.00/-2.25 x 180
+2.00/-4.00 x 10
+0.50/-1.50 x 175
-4.00 DS
+1.25 DS
+0.50/-0.25 x 90
+2.75/-0.25 x 90
+2.75/-0.25 x 90
+3.00/-0.50 x 10
+0.50/-2.00 x 27
+3.75 DS

-0.25/-0.25 x 180
-4.00/-0.25 x 125
+9.00/-2.00 x 25
-1.50/-3.75 x 85
+2.00/-4.00 x 11
-4.00 DS
+6.25/-2.50 x 55
+3.50/-1.50 x 120
+0.50/-0.25 x 90
+0.50/-0.25 x 90
+0.75/-0.50 x 30
+2.00/-1.75 x 5
+1.50 DS

-0.10
-0.12
-0.10
-0.10
-0.10
0.04
-0.12
-0.12
0.00
-0.04
0.00
-0.02
-0.04

0.18
0.28
0.16
0.36
0.64
0.40
0.78
0.40
0.20
0.20
0.20
0.22
0.26

60"
120"
Negative
240"
Negative
480"
Negative
480"
Negative
240"
120"
Negative
600"

XOP
XOP
LSOT
LXOT
LXOT
RXOT
XOP
SOP
LXOT
SOP
RSOT
RXOT
RSOT

17
18

R
L

-0.06
-0.10

-0.08
-0.04

0.44
0.60

+0.50/-0.50 x 175
+4.00 DS

+3.75/-1.00 x 165
+0.75 DS

No nil worn
No nil worn
RE 0.00/-1.00 x 120
LE +3.25/-2.50 x 55
No nil worn
Nil worn
Yes
Yes
Yes
Yes
No nil worn
No nil worn
Yes
No nil worn
Yes
No nil worn
RE +1.50
LE +1.50
No nil worn
No nil worn

-0.10
-0.04

0.36
0.52

Negative
Negative

LSOT
RSOT
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Table 10.1b Clinical details of 18 amblyopic participants, distance visual acuity (VA, logMAR) are presented for habitual (Hab, both eyes open) viewing, dominant (D) and
non dominant (ND) viewing conditions The habitual refractive correction worn by the participant is also stated. Oculomotor status in near viewing is presented and
stereoacuity is given in seconds of arc (negative indicates worse than 600” on the TNO stereoacuity test). Abbreviations SOT=Esotropia, XOT=Exotropia, SOP=Esophoria,
XOP=Exophoria

PID

Hab Dist
Binoc VA
-0.10
-0.06
0.00

Hab Dist
FE VA
-0.10
0.00
0.00

Hab Dist
AE VA
1.50
0.30
0.25

Optimal RE Rx

Optimal LE Rx

Rx worn

1
2
3

Dom
eye
R
L
R

-0.25/-0.25 x 163
+1.25/-3.50 x 180
+4.25/-2.50 x 55

+3.00/-1.00 x 80
-0.50/-0.25 x 10
+1.00/-1.00 x 120

4
5
6
7
8
9
10
11
12
13
14
15
16

L
R
R
R
R
L
R
R
R
L
L
L
L

0.00
-0.10
-0.04
-0.02
-0.10
0.00
-0.10
0.00
-0.02
-0.02
-0.04
0.00
0.00

0.00
-0.1
-0.02
0.00
-0.10
0.00
-0.06
0.02
0.00
0.00
0.00
0.00
0.00

0.50
0.58
-0.26
-0.32
0.94
0.36
0.86
0.34
0.20
0.20
0.20
0.34
0.30

-0.50/-5.50 x 17.5
-0.50/-0.50 x 40
+8.00/-2.25 x 180
+2.00/-4.00 x 10
+0.50/-1.50 x 175
-4.00 DS
+1.25 DS
+0.50/-0.25 x 90
+2.75/-0.25 x 90
+2.75/-0.25 x 90
+3.00/-0.50 x 10
+0.50/-2.00 x 27
+3.75 DS

-0.25/-0.25 x 180
-4.00/-0.25 x 125
+9.00/-2.00 x 25
-1.50/-3.75 x 85
+2.00/-4.00 x 11
-4.00 DS
+6.25/-2.50 x 55
+3.50/-1.50 x 120
+0.50/-0.25 x 90
+0.50/-0.25 x 90
+0.75/-0.50 x 30
+2.00/-1.75 x 5
+1.50 DS

17
18

R
L

-0.06
-0.10

-0.08
-0.04

0.44
0.60

+0.50/-0.50 x 175
+4.00 DS

+3.75/-1.00 x 165
+0.75 DS

Nil worn
Nil worn
RE 0.00/-1.00 x 120
LE +3.25/-2.50 x 55
Nil worn
Nil worn
Optimal
Optimal
Optimal
Optimal
Nil worn
Nil worn
Optimal
Nil worn
Optimal
Nil worn
RE +1.50
LE +1.50
Nil worn
Nil worn
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Optimal
FE VA
-0.1
0.00
0.00

Optimal
AE VA
1.36
0.28
0.25

Stereopsis
Negative
240"
120"

Oculomotor
status
LXOT
XOP
LSOT

0.00
-0.10
-0.02
0.00
-0.10
0.00
-0.06
-0.10
0.00
0.00
0.00
0.00
0.00

0.50
0.54
-0.26
-0.32
0.94
0.36
0.78
0.28
0.20
0.20
0.20
0.28
0.30

60"
120"
Negative
240"
Negative
480"
Negative
480"
Negative
240"
120"
Negative
600"

XOP
XOP
LSOT
LXOT
LXOT
RXOT
XOP
SOP
LXOT
SOP
RSOT
RXOT
RSOT

-0.08
-0.04

0.44
0.60

Negative
Negative

LSOT
RSOT

10.2.3 Protocol
The study consisted of three different tasks;
Task A; Peg board with large dowels to be placed in large holes
Task B; Peg board with nails to be placed in small holes
Task C; Threading a needle task.

The main aim of this study is to investigate fine motor skills in amblyopic and visually
normal participants, i.e. the ability to thread a needle (Task C) whilst wearing their
habitual refractive correction. Task A and B were used as measures of dexterity
primarily to compensate for individual variations in dexterity that could affect
performance in Task C.

10.2.4 Task A; Large peg board task
The large pegboard consisted of 6 rows each with 10 holes which were approximately
20mm in diameter (figure 10.1, left). Participants were instructed to place a 10mm
diameter wooden dowel into each of the hole working from left to right across the board
(figure 10.1, right). The wooden dowels were placed in a bowl in a location chosen by
the patient to ensure that the participant was comfortable.

Figure 10.1 figure on the left displays large pegboard. Participants had to place wooden dowels (right
figure) into the holes from left to right.
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Only one dowel at a time was allowed to be picked up using one hand only. If the
participant dropped the dowel, they were instructed to leave the dowel and pick up
another one out of the bowl. The number of dowels that had been placed in the hole at
the end of the two minute time limit were then recorded. If the instruction to stop was
given and the participant had a dowel in their hand they were allowed to place it in the
hole and this would be counted. If all 60 dowels had been placed in all the holes before
the two minute period then the time taken to complete the task was noted.

10.2.5 Task B Nail board task
The small pegboard also consisted of 60 smaller holes which were approximately 5mm
in diameter. Similar instructions as the large peg board were given to the participant,
however in this case the participants was asked to put a nail into the hole again working
from left to right. The number of nails placed in the holes in 2 minutes or the total time
taken to complete the 60 nail task were recorded.

10.2.6 Task C Needle threading task.
Four 20cm lengths of black thread were cut and placed along the top of a white cloth so
that the thread was clearly visible (figure 10.2).

Figure 10.2 Displaying needles and lengths of thread placed at the top of a cloth
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Four needles were also place in a location which was comfortable for the participant to
pick them up from. New lengths of thread were cut each time to ensure that the edges
were not frayed which would have made it harder to thread the needle, participants were
also not permitted to lick the end of the thread prior to threading the needle. Participants
were asked to ensure that once the needle had been threaded the needle was half way
along the thread (figure 10.3). This task again lasted for at least 2 minutes with the
number of needles threaded and the total time taken being recorded, i.e. if the
participant was in the process of threading a needle when the minimum 2 minutes were
over, they were allowed to complete that needle and the time of completion was
recorded. A maximum of 4 minutes was allowed for the completion of the task. If the
participant was unable to complete one needle within 4 minutes a score of zero was
recorded.

Figure 10.3 A completed needle was taken as when the needle was half way of the length of the thread

The time taken or 2 minute time limit given for each of the three tasks was timed using
a stop clock. Participants were told to being the task on the command ‘begin’ and were
instructed to stop on the command of ‘end’. The number of pieces completed per minute
was then calculated for each of the three tasks
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Prior to data collection participants were given a 1 minute practice run to ensure that the
tasks were being carried out appropriately and instructions were being followed.
Participants were also given an opportunity to ask any questions before.

Each of the three tasks was undertaken under two visual conditions: habitual (Hab) and
dominant eye viewing (Dom). A patch was used to occlude the amblyopic eye or non
dominant eye (in visual normals). Data for amblyopic eye viewing were also collected
in amblyopic participants, however has not been used for data analysis.

Trials were completed in a random order and viewing condition was randomised across
trials. A total of 9 trials (3 tasks x 3 visual conditions) were completed by amblyopic
participants and 6 trials (3 tasks x 2 visual conditions) completed by visually normal
participants. Data collection took approximately 40 minutes for visual normals and
slightly longer for amblyopic participants (~1 hr). A similar approach to that used in
chapter 8 and 9 to randomise the trials was used. The trials were randomised using the
RAND function on Excel 2003.

To answer the question of whether amblyopic individuals differ from visual normals
under habitual viewing conditions data were first analysed from the habitual (both) eye
viewing condition only. Whereas comparison of habitual and dominant eye viewing
conditions was used to assess the likely contribution of the non-dominant/amblyopic
eye to habitual performance.
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10.3 Results
The group mean number of pieces completed per minute for each of the three tasks,
under both habitual and dominant eye viewing conditions for both amblyopic and
visually normal participants are shown in table 10.2. There is a significant reduction in
the performance of task C in comparison to task A and B. There is also a reduction in
the performance under dominant eye viewing conditions compared to habitual viewing;
the results are discussed in section 10.4.2.

Table 10.2. Mean ± sd values and ranges (min - max) for task A (dowels per minute), B (nails per
minute) and C (needles threaded per minute) under both habitual and dominant viewing conditions.
VN=Visual Normals, Amb=Amblyopes

Habitual

Dominant

VN
43.8 ±7.9
28.2-59.3

Task A
Amb
41.5 ± 5.4
32.8-56.2

VN
31.6 ± 4.1
25.5-40.7

Task B
Amb
30.2 ± 4.6
22.45.9

VN
6.2 ± 2.1
3.4-11.9

Task C
Amb
4.8 ± 1.9
2-8.8

40.8 ± 5.9
28.5-50.4

39.6 ± 5.0
28-51.4

29.0 ± 3.6
24.0-36.0

28.3 ± 4.4
19.0-40.0

4.0 ± 2.1
0.5-9.1

3.6 ± 1.9
0.5-7.5

10.3.1 Do amblyopes perform differently compared to visual normals under
habitual viewing?
Analysis of variance of the data showed no significant difference between the two
groups (amblyopes and visual normals) for task A (p=0.22) or task B (p=0.25) under
habitual viewing.
Regression analysis revealed a significant association between Task A and B in both the
visual normals (p<0.001) and amblyopic group (p<0.001). As such, for each participant
the average value of performance under habitual viewing conditions on Task A & Task
B was used as a measure of manual dexterity.
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50.0

Task B (Nails per minute)

R2 = 0.8428
40.0
R2 = 0.5835
30.0

20.0
Amblyopes
10.0
20.0

Visual Normals
30.0

40.0
50.0
Task A (Dowels per minute)

60.0

70.0

Figure 10.4 Scatter plot showing the results of task A plotted against task B for both amblyopes (blue)
and visual normals (green)

Regression analysis of task C versus the measure of dexterity revealed differences
between the 2 groups (figure 10.5). There appeared to be a significant association
between task C and the dexterity measures in the amblyopic participants (p<0.001)
whereas a nil significant association was evident in the visual normals (p=0.05). As
these differences are found to occur between the 2 groups, and the values of the slopes
also differ, dexterity cannot be used as a covariate in the ANOVA analysis.

In order to overcome this, each individual’s performance on task C has been adjusted
taking into account their variation in dexterity from the group mean dexterity.

This was calculated by using the following formula.
Task C Adjusted =

RateTaskC
Individual Dexterity / MeanDexter ityGroup
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.
Task C (Needles per minute)

14.0
12.0
10.0
8.0
6.0
R2 = 0.1441
4.0
Amblyopes

2.0

Normals

2

R = 0.5115
0.0
20.00

30.00

40.00

50.00

60.00

Habitual Dexterity

Figure 10.5 Scatter plot showing the values for the task C against the dexterity for both amblyopes (blue)
and visual normals (green)

Table 10.3 Mean ± sd values and ranges for dexterity (average of task A and B) and Task C (needles
threaded per minute), and Task C adjusted accorded to dexterity measures under both habitual and
dominant viewing conditions. VN=Visual Normals, Amb=Amblyopes

Hab

Dom

Dexterity
VN
Amb
37.7± 5.7
35.9±5.3
28.4 -50.0
27.4-51.5

Task C
VN
Amb
6.2 ± 2.1
4.8±2.1
3.4-11.9
2.0-8.8

Adjusted Task C
VN
Amb
6.2 ± 1.8
4.7±1.7
3.4-9.6
2.5-8.0

34.9±4.4
26.8–42.5

4.0±2.1
0.5-9.1

4.0±1.9
0.5-8.3

34.3±4.9
23.5-45.7

3.6±2.0
0.5-7.5

3.5±1.7
0.5-6.7

ANOVA revealed a group effect (p=0.015), with amblyopic participants having a lower
adjusted rate of performance on task C than visual normals under habitual viewing
conditions.
In order to investigate whether stereoacuity accounts for differences in performance
instead of diagnosis of amblyopia an ANOVA was undertaken with stereoacuity as a
grouping variable instead of amblyopia. Participants fell into the following categories;
30 participants with good (≤60seconds of arc) stereoacuity, 9 participants with reduced
(>60seconds of arc) and 12 participants with absent/non measurable stereoacuity. 3
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amblyopes had a stereoacuity level which could be categorised as ‘good’ and therefore
these participants fell into the same category as the visual normal participants. All
visual normal participants had a ‘good’ level of stereopsis. Under habitual viewing
conditions stereoacuity group was found to be a significant factor (p=0.033). Post hoc
analysis (Tukeys HSD test) revealed a significant difference between the good and
reduced stereoacuity groups (p=0.026) with no significant effect between the good and
absent stereoacuity groups (p=0.71) or the reduced and absent stereoacuity groups

Rate C Adjusted (Needles per minute)

.

(p=0.25). This is shown in figure 10.6

9
8
7
6
5
4
3
2
1
Good

Reduced

Absent

Stereo Category

Figure 10.6 Shows the results of the adjusted task C values (means ± sd) for the groups of stereoacuity
good (≤60seconds of arc), reduced (>60seconds of arc) and Absent/not measurable stereoacuity
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10.3.2 Is performance with one eye as good as two?
ANOVAS were used to analyse the effect of vision i.e. performance under habitual
viewing and performance under dominant eye viewing in both the amblyopic and
visually normal group.
Statistical analysis of task A and B showed no significant differences between groups.
Occlusion of the amblyopic/non dominant eye (p<0.001) was found to have an effect in
both the amblyopic group and visual normal group with a reduction in the rate of
performance in both task A and B when compared to the performance under the
habitual viewing condition. A non significant interaction for task A (p=0.39) and B
(p=0.47) revealed that both groups appeared to have a similar reduction in performance.
As in the previous section values for task C under the dominant viewing condition has
also been adjusted to account for the individual variation in dexterity (Table 10.3)

Amblyopes were found to have a slower rate of threading a needle than visual normals
(p=0.047). This was evident under both habitual and dominant viewing conditions.
Dominant eye viewing alone led to a decrease in the rate in both groups (p<0.001)
however visual normals appeared to be affected to a greater extent than the amblyopic
participants with this change in viewing condition (p<0.001, figure 10.7). Increased
performance measures are exhibited under habitual viewing i.e. two eyes are better than
one.
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Task C Adjusted (needles per minute)

9
8
7
6
5
4
3
2

Amblyopes

1

Normals

0
Habitual

Dominant
Viewing Condition

Figure 10.7 The effect of changing visual condition on the performance of task C (mean ± sd, adjusted
measures) for both amblyopes (blue) and visual normal participants (green).

10.4 Discussion
In this study fine motor skills in amblyopes, based on threading a needle under habitual
viewing conditions, were found to differ from that of visual normals, with amblyopes
having a lower rate of the completion of needles per minute. The amblyopic/non
dominant eye was found to contribute to task performance under habitual viewing
conditions in both visual normals and amblyopic participants. This was evident by the
enhanced performance in the habitual viewing condition when compared with dominant
eye viewing in both groups.

When the performance measure of task C were analysed according to the categories
good, reduced and absent stereopsis, differences between the good and reduced
stereoacuity groups were found to be significantly different under habitual viewing
conditions. In this present study the absent stereoacuity did not appear to differ from
either the good or reduced stereoacuity group. This differs from the findings by Webber
et al (2008) and O’ Connor et al (2010) in which the normal stereoacuity group differed
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from both the absent and reduced stereoacuity group. However, whilst there are
statistical differences between our study and that of Webber et al (2008) in both studies
the absent stereopsis group performed better than the reduced stereopsis group but
worse than the good stereopsis group. Whereas, O’Connor et al (2010) found that
performance dropped each time in turn from good to reduced and then in the absent
stereopsis groups, their absent stereopsis group thus apparently performing worse than
the current study or in the study of Webber et al (2008). Further analysis reveals a
difference in the demographics of the absent stereopsis groups in the three studies
whereby in this study and in that of Webber et al (2008) approximately two thirds of the
absent stereopsis group had strabismus whereas O’Connor et al’s (2010) absent
stereopsis group were predominantly non-strabismic. It cannot be entirely assumed that
individuals in the absent stereopsis groups are ‘monocular’ as there may be some form
of binocular interaction that remains and is not measurable on the stereopsis test used in
these studies. It is generally assumed that strabismic amblyopes suppress the image
from the deviating eye, especially for the more complex visual tasks, and are also likely
to have less binocular interactions than the non-strabismic individuals. The strabismic
individuals are most likely to have non measurable stereopsis as a result of this
suppression mechanism to avoid diplopia and confusion. They may have therefore
developed an ability to interpret and utilise monocular cues to a greater extent than the
non-strabismic individuals. Conversely, it may be possible that any residual interactions
in the non-strabismic individuals may hinder performance of such high level tasks.

A possible suggestion for the difference in performance of the absent and reduced
stereopsis a group is the increased use of monocular cues in those individuals with
greater stereoacuity loss. These individuals have most likely adapted to their absence of
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stereoacuity and therefore use other measures such as monocular cues to enhance
performance. It is not possible to determine whether this was the case as head
movements, approach to carrying out the task etc were not restricted. Those individuals
with reduced stereoacuity may not have a level of stereoacuity which is beneficial in
order to carry out the task successfully.

Although all the individuals were given a practice run at threading the needles, previous
experience may have benefited some individuals as they may have been more familiar
with which approach to use to successfully complete the task. It was not noted which
approach was adopted by the individual to thread the needle i.e. threading the needle
from the side or the frontal plane. Use of head movements were also not limited or
noted.

Task A and B consisted of a peg board test and was used as a measure of dexterity. The
general testing technique using peg boards are widely used. The test used in this present
study was not one of these recognised tests however the general principle of these tests
were adopted. Both task A and task B involved picking up a dowel/nail and placing it in
the appropriate hole in the pegboard. There was no overall group difference in dexterity
between amblyopes and visual normals for either task A or B and as such the difference
in performance in task C cannot be explained by a group difference in dexterity. Task B
may be considered as slightly increased in difficulty as the nails and holes were smaller
than the dowels. Also participants had to make sure that the nails were inserted the
correct way around, i.e. the head of the nail was at the top, and therefore this may also
contribute to the fact that Task B had an overall decrease in rate for both amblyopes and
normals. A good association between A and B were found in both amblyopes and visual
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normals suggesting that this increased difficulty of task B affected both groups
similarly.

Prehension deficits have been studied by Grant et al (2007) and in chapter 9. Under both
habitual and monocular viewing conditions amblyopes showed deficits in the terminal
reach and grasp particularly in longer execution times. This may also contribute to the
reduced rate of needles threaded per minute in this current task.

There appeared to be a positive contribution of the amblyopic eye in amblyopic
individuals. A contribution of the amblyopic/strabismic eye has recently been found by
other authors (Kitaoji and Toyama, 1987; Rouse et al, 1989; Baker et al, 2007a;
Mansouri et al, 2008; Hess et al, 2009b) as well as consistently across all studies in this
thesis (Chapters 7, 8 and 9). These finding have only recently emerged as previously
studies adopted the approach of comparing the monocular performance of the two eyes
in order to differentiate performance differences under the two viewing conditions.

Performance measures under monocular viewing conditions were found to be reduced
in both groups; however there appeared to be a greater reduction in the visual normals
when the non dominant eye occluded. This could suggest some adaptation of the
amblyopic participants to their reduced/absent stereoacuity and therefore not being
affected by a greater degree. The eye was occluded with the use of an opaque eye patch.
Again this is not a true representation of monocularity experienced by individuals with
‘monocular vision’ as occlusion of one eye also effects visual functioning such as the
degree of the visual field. Visual normals appeared to be affected to a greater extent
when they were acutely stereoblind by monocular occlusion in agreement with
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O’Connor et al (2010). This could however be due to the unfamiliar nature of trying to
carrying out such a task with one eye occluded. This is also a possible explanation to the
variability of the data for both visual normals and amblyopic participants as it does not
truly represent monocularity as experienced by those with chronic stereoacuity loss. It is
possible that adaptation to such monocular conditions, or practicing the task under
monocular viewing may result in performance measures similar to performance under
habitual viewing.

10.5 Summary
Contrary to other studies in this thesis, this study has shown that individuals with
amblyopia perform more poorly on this fine motor task of threading needles under both
habitual and dominant viewing conditions contributing to current issues regarding the
impact of amblyopia and its potential disability.
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CHAPTER 11
GENERAL DISCUSSION

In the past decade, considerable attention has been paid to examination of the impact of
strabismus and amblyopia upon the lives of the individuals who exhibit these
conditions. Interest in this topic followed the publication of an influential UK report by
Snowdon and Stewart-Brown (1997b). The authors examined literature relating to
humans with amblyopia, refractive error or non-cosmetically obvious strabismus. The
report concluded that “there is insufficient evidence in the literature to draw any firm
conclusions about the impact of these conditions upon quality of life”. This view is also
in agreement with other authors (Weakley, 2001; Ohlsson et al, 2002; Moseley and
Fielder, 2002; Konig and Barry, 2004; Webber and Wood, 2005; Holmes, 2006;
Williams and Harrad, 2006; Koklanis et al, 2006; Webber et al, 2009). The report by
Snowden and Stewart-Brown led to research aimed at understanding the impact of
amblyopia and strabismus and this research took three broad approaches. Questionnaire
studies (Sabri et al, 2006; van de Graaf et al, 2007; Hatt et al, 2009) and populationstudies (Rahi et al, 2006) represent two approaches to the study of how amblyopia and
strabismus may impact upon the lives of individuals with those conditions. A third
approach is to investigate the functional impact that may be associated with these
conditions. Studies adopting this approach have examined whether individuals with
amblyopia and/or strabismus perform any worse on everyday, real-world tasks than
visually normal individuals. These tasks include reading (Stifter et al, 2005a; Koklanis
et al, 2006), driving (Bauer et al, 2001) as well as the visuo-motor control of prehension
(Grant et al, 2007; Webber et al, 2008).
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11.1 Summary of findings across the thesis
Chapter 6 investigated the presence of suppression in amblyopic participants.
Suppression is thought of as a binocular phenomenon that serves as both an antidiplopic and anti confusion device that most likely develops in individuals in whom the
images from the right and left eye cannot be fused to form a single percept. The
relationship between amblyopia and suppression remains unclear with uncertainty
existing as to whether amblyopia arises as a result of chronic suppression (Sireteanu and
Fronius, 1981); an alternative explanation is that suppression is needed because there is
an inability to fuse the clear and blurred images from the two eyes (von Noorden, 2002).
Using the short short-wavelength automated perimetry (SWAP) paradigm on the
Humphrey visual field analyser we were able to use a simple light detection task to
assess the degree and presence of suppression in amblyopic participants. The results of
this study show very limited evidence for suppression even in cases where suppression
had been clinically demonstrated by the Bagolini striated lenses test. The lack of
suppression found in this study suggests that there may be a degree of binocular cooperation which is occurs between either the two eyes.

The remaining studies in the thesis aim to investigate whether amblyopic participants
differ from visual normals under the habitual (both eyes open) viewing condition (i.e.
both eyes open) and also the contribution of the amblyopic eye to the habitual
performance. The same SWAP procedure, as used to investigate the presence of
interocular suppression, was used to determine whether amblyopic participants differed
from visual normals in a simple light detection task. On the whole the habitual
performance of individuals with amblyopia was found to be similar to that of visual
normals.
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Chapters 8, 9, and 10 assessed visuo-motor tasks in amblyopic individuals consisting of
adaptive gait (Chapter 8) prehension (Chapter 9) and fine motor skills: threading a
needle (Chapter 10).

Amblyopic participants appeared to differ from visual normals in 2 of the visuo-motor
tasks; prehension and threading a needle. Differences between visual normals and
amblyopic individuals were found in the tasks/aspects of the tasks which assessed
appeared to relate to speed and accuracy. Amblyopic individuals were found to be
slower overall than visual normals in for both the total time taken to complete the reach
and grasp task and, also, in the rate of needles threaded per minute. The relevance of
these findings are discussed in a later section.

Consistently across all experimental chapters the amblyopic eye was found to
contribute, in a positive manner, to the habitual task performance under habitual
viewing conditions. Performance measures across all studies were significantly altered
worse when the non dominant eye was occluded. These alterations under monocular
viewing were evident similar in both amblyopes and visual normal participants. These
results indicate that in amblyopic participants, as in visual normals, two eyes are better
than one and thus the non dominant eye in these individuals contributes usefully to the
tasks studied in this thesis.

11.1.1 The potential disability associated with amblyopia
The approach of determining whether amblyopes differ from visual normals in the
habitual viewing condition is an approach which has only just begun to be recently
adopted by researchers (Stifter et al, 2005a; Grant et al, 2007 Webber et al, 2008;
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Melmoth et al, 2009). Studies in amblyopia have adopted one of three broad approaches
to investigate the potential disability associated with amblyopia; population studies,
questionnaire and interview studies and functional impact studies. These have been
discussed in more detail in chapter 4 and section 4.7.2. Typically studies investigating
amblyopia compared the monocular performance of either eye to identify deficits of the
amblyopic eye. The main aim of this thesis was to determine the potential disability
associated with amblyopia i.e. in which cases whether amblyopic individuals differ
from visually normal individuals. The findings of the studies in this thesis indicate that
amblyopic participants differ in tasks which particularly require speed and accuracy.
This is also in agreement with previous studies (Stifter et al, 2005a; Grant et al, 2007;
Webber et al, 2008; Melmoth et al, 2009; O'Connor et al, 2010). In both the simple light
detection task (chapter 7), and adaptive gait (chapter 8) the elements of other tasks
arenot reliant upon speed and accuracy, the amblyopic participants performed similarly
to visual normals under habitual viewing conditions.

Although statistically significant differences were found between amblyopic (and
strabismic) individuals in tasks which require speed and accuracy, the extent to which
these deficits are functionally significant in everyday life is yet still to be established.
The presence of amblyopia currently can limit/ restrict career choices due to perceived
functional deficits. The prehension study in chapter 9 found amblyopes to be 150m/s
(17%) slower than visually normals under habitual viewing to grasp the target object.
Although this difference was found to be statistically significant, it is unlikely that this
is going to hinder the performance of amblyopes in everyday life and tasks. In some
occupations requiring with tasks requiring speed and accuracy (e.g. fighter pilot) it may,
actually however, be appropriate to limit career choice and options.
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11.1.2 Contribution of the amblyopic/non dominant eye
The second aim of this thesis was to determine whether the amblyopic eye contributes
to the habitual performance. The results of all studies in this thesis are consistent with
the recent findings (Kitaoji and Toyama, 1987; Rouse et al, 1989; Baker et al, 2007;
Mansouri et al, 2008; Hess et al, 2009b) that binocular interactions remain intact in
individuals with amblyopia even in cases in which suppression of the amblyopic eye is
clinically demonstrated. Closing of the amblyopic/ non dominant eye in amblyopic
amblyopes and the non dominant eye in non amblyopic individuals has also been found,
in this thesis and by other authors, to have a detrimental effect on the habitual both eyes
open performance in a variety of tasks such as adaptive gait, prehension, reading
performance and fine motor skills under habitual viewing conditions (Bauer et al, 2001;
McKee et al, 2003; Stifter et al, 2005a; Grant et al, 2007; Webber et al, 2008; Buckley
et al, 2010; O'Connor et al, 2010). Thus we can conclude that there is a positive
contribution of the amblyopic eye i.e., habitual performance is enhanced by opening the
amblyopic eye therefore suggesting that there is residual binocular co operation between
the two eyes. This is consistent with current published data (Buckley et al, 2010).

Uncertainty still exists between around whether it is the amblyopia or the associated
reduced or/absent stereoacuity which results in the some of the observed reduced
performances in amblyopic individuals. In some cases the performance appeared to be
associated with reduced stereoacuity as in study 3 and 5 (chapter 8 and 10) and for
others appeared to have a negative association study 4 (chapter 9). Inconsistent findings
have also been reported in published studies (Webber et al, 2008; O'Connor et al, 2010).
One possible suggestion for this is a difference in numbers in each group sample sizes
(O’Connor et al, 2010). O’Connor et al (2010) found the association of stereoacuity to
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be variable and dependant upon task and this supported earlier findings by Grant et al
(2007). Grant et al (2007) suggested that the level of binocular function could only
discriminate the degree of impairment on some indices of prehension control and that
the depth of amblyopia influenced the performance of average execution times. Webber
et al (2008) found poorer fine motor skills performance to be associated with strabismus
but not with the level of binocular function or visual acuity. In this thesis the
performance for some tasks appeared to be associated with reduced stereoacuity (i.e.
chapter 8 and 10) and for other tasks there appeared to be no association (chapter 9).

11.2 General Conclusions
Based upon the findings of the studies in this thesis and published studies we can make
the following conclusions:

The effects of amblyopia/strabismus are not obvious when studied at a population level.
This was summarised by Rahi et al (2006) who concluded that ‘it may be difficult to
distinguish, at a population level, between the lives of those with amblyopia and those
without, in terms of several important outcomes’. However agreement exists that
amblyopia is associated with a substantially increased risk of blindness in later life
which is thought to be >1.2%. Again Rahi et al (2002) summarises this point following
a cohort/population based study; both the risk of vision loss in the non amblyopic eye of
people with amblyopia and its consequences for affected individuals, and for society are
greater than previously thought.

Questionnaire and interview studies have found that people with amblyopia and
strabismus report visual difficulties in everyday tasks, with driving being a common
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issue which was raised repeatedly by participants (Hatt et al, 2007; Hatt et al, 2009;
Vianya-Estopa et al, 2010). The presence of strabismus is reported to have a great
negative impact upon the lives of these individuals and also upon the formation of close
relationships. This is discussed in more detail in chapter 4, section 4.7.2.

Amblyopia and strabismus have been found to show statistically significant differences
in performance when compared with visual normals. The findings of the studies in this
thesis and published data suggest that these deficits are greatest under conditions where
speed and/or accuracy is required. However the extent to which these reductions are
clinically or functionally significant has yet to be established, therefore indicating the
need for further studies into the performance of amblyopes and strabismics in everyday
tasks.
Since the report of Snowdon and Stewart Brown in 1997, there is a greater
understanding about the functional and psychosocial consequences of both amblyopia
and strabismus. Although there are areas in which uncertainty stills exists there is
gathering evidence to suggest that individuals with amblyopia do not on the whole
appear to be disadvantaged by their visual deficit. However other aspects of amblyopia
and strabismus may exert a negative impact on the individual in a psychosocial aspect.
Further studies are required into the potential disability associated with amblyopia and
strabismus for everyday tasks in order to determine the functional significance of these
current findings and furthermore identify other areas in which amblyopes may be
disadvantaged.

The implications of these findings suggest that we should continue to screen for visual
disorders in early childhood. Early screening will allow for early detection of conditions

366

such as strabismus, amblyopia, refractive errors and any ocular pathology. There is a
general consensus that early detection of such conditions result in a better prognosis for
the patient. Not only does treatment aim to restore a good level of visual acuity and
binocularity, but as published data suggests may help with the psychosocial aspects of
such individuals during their lifetime.

11.3 Future work
In addition to the findings of this thesis and other published studies, further work is still
required in order to investigate the potential disability associated with amblyopia. The
tasks explored in this thesis only represent a very small proportion of the tasks
encountered by those individuals with amblyopia. Recent studies have found amblyopia
to be a deficit during tasks which are timed tasks, with amblyopes generally having a
reduced or slower rate of performance, which is also consistent with findings in this
thesis. None of the tasks explored in this thesis had an element in which the participant
was told to carry out the task as quick as they could but were in fact told to carry out the
task at their own pace. It would be interesting to see whether if repeated under these
conditions a greater difference occurs between amblyopic and visually normal
participants.
Visual standards for different occupations have been summarised in section 1.1. These
standards have been based upon monocular visual acuities i.e. for the left and right eye.
However the impact of one reduced monocular visual acuity in the binocular status
remains unknown. Once the potential disability of having reduced visual acuity in one
eye has been explored it may be that these visual standards need to be changed in
accordance to the performance under both eyes open for each occupation specifically. It
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may be occupations in which accuracy and speed of motor control are not as essential
(bus driver versus an RAF pilot).
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