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APPARATUS AND METHODS FOR THE TREATMENT OF OCULAR
DISORDERS

BACKGROUND OF THE INVENTION

This invention relates to apparatus which may be used to assess visual function
and ocular motility, and to treat disorders thereof. The invention also relates to
methods of treatment of such disorders that involve the use of that apparatus.

In particular, the invention relates to ocular display apparatus which presents
different, but visually related, images to each eye. The invention also relates to
methods of assessment of ocular disorders and to their treatment.

There are a number of common eye conditions in which a person's eyes fail to
work correctly in combination with each other. These conditions can result in

blurred or double vision, or the absence of true stereovision.

Such conditions are often the result of physical problems, ie strabismus,
commonly known as a squint, which can result in amblyopia, commonly known as

“lazy eye”.

This invention has particular relevance to the assessment and treatment of
amblyopia. However, the invention may also be applicable to the study and
treatment of many other eye conditions, and vision/coordination related brain
problems (particularly for survivors of stroke), or neurological pathway
developmental problems.

Amblyopia is a condition of the visual system in which one eye fails to develop a
normal level of visual acuity during the developmental period for vision. Amblyopia
can occur in subjects who are strabismic (have a squint) or have anisometropia
(such that both eyes have different refractive errors, leaving one eye defocused),
or a combination of both (mixed amblyopia). Amblyopia can also arise from
stimulus deprivation (for example, as a result of having a cataract). The poor
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vision resulting from amblyopia does not always resolve even when the underlying

condition has been treated.

Amblyopia is a common condition of childhood, affecting perhaps as many as 2-3
percent of the population, and can carry over into adult life if left untreated. Whilst
most people can manage with a lazy eye, they may well have reduced or no
binocular function and this may compromise their ability to perform certain
complex tasks, such as flying an aeroplane or driving a train. Furthermore,
persons with one amblyopic eye who suffer injury to their “normal” eye may be
effectively blind.

A person’s visual field can be divided into peripheral and central vision. In
amblyopia, the peripheral vision is normal but there is a defect in the central vision
with reduced sensitivity to detection of stimuli with high spatial frequency, which is
reflected in reduced visual acuity, and the presence of a central area of reduced

visual sensitivity (scotoma).

Whilst many treatments for amblyopia have been attempted, the most common
remains the use of a patch, which has been advocated for decades. Indeed, use
of a patch for this purpose was documented as early as the eighteenth century. In
such treatments, the non-amblyopic eye is covered with a patch for prescribed
periods of time daily (eg several hours each day) over a protracted period,
perhaps for several months or even years. The patching of the non-amblyopic eye
forces the wearer to use the amblyopic eye, and hence that eye is stimulated,
leading to an improvement in function. A major drawback with the use of the
patch, however, is poor subject compliance where the subject does not wear the

patch for the prescribed time periods.

Most subjects treated in this way are children. Many children do not wear the
patch as directed, for instance because their vision is much poorer when using
only the lazy eye, or because they are teased when wearing the patch and so
remove it. Non-compliance is a major cause of failure of the patching technique in
treating children with amblyopia.
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An alternative treatment is penalisation, in which the vision in the normal eye is
blurred by the administration of atropine drops. This treatment was introduced in
the 19" century and is less commonly used than patching, but the reported results

are similar.

It is thought that children with amblyopia are best treated before the age of eight
years. Patients with amblyopia who are over the age of 12 years do not respond

to patching or penalisation.

Dichoptic stimulation, the presentation of different images to each eye, has been
shown to be effective in the treatment of amblyopia. See W003/092482, which
describes an ocular display apparatus having image presentation means adapted
to display a first image to one eye only of a subject, and a second, different image
to the other eye only. The first and second images are presented to the subject so
that they perceive a composite image, at least one of the first and second images
including a moving object. The apparatus is useful in the treatment of amblyopia
and other ocular disorders. However, a major limitation of this apparatus is an

inability to compensate for the presence of strabismus.
BRIEF SUMMARY OF THE INVENTION

There have now been developed improved apparatus and methods for treating
ocular disorders, which overcome or substantially mitigate the above-mentioned
and/or other shortcomings and disadvantages of the prior art.

The improved apparatus retains the ability to present different images
simultaneously to both eyes (dichoptic stimulation). The apparatus will allow
selective degradation of the image presented to one eye and this degradation can
take the form a blurred patch or selective removal of features of interest or the
addition of masking to obscure aspects of the scene presented. The apparatus
has the capacity to alter the degree of degradation in real time. The apparatus
also includes eye-tracking capability and has the ability to monitor, and record, eye
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positions in real time and to be able to alter the image presentations in response to

eye-movements.

The incorporation of eye-tracking technology into the apparatus allows for three

major improvements in the management of patients with strabismus.

The first improvement is the ability to measure the size and degree of the scotoma
in the amblyopic eye. The test requires the ability to present images separately to
each eye (dichoptic stimulation) combined with the ability to track eye movement.
This allows the image to the normal eye to be degraded by a slowly increasing
amount until the patient shifts the fixing eye from the normal to the amblyopic eye.
This movement of the eyes can be detected by the eye tracker. The level of
image degradation at the time point when the eye-movement is detected
represents the end-point of the test and this level of degradation is recorded as the
test result.

This test process may then be reversed. The quality of the image to the normal
eye is then slowly restored until the point when the normal eye again becomes the
fixing eye. The ocular movement associated with this movement is again detected
and the degree of degradation at this time point represents the end-point of the
test and this degree of degradation is recorded.

The size of the scotoma can be determined by increasing the area of image
degradation until there is an eye movement associated with a shift in fixation from
the normal eye to the amblyopic eye. The degree or depth of the scotoma can be
determined, for a fixed size, by increasing the amount of image degradation in the
test area until there is an eye movement associated with a shift in fixation from the
normal eye to the amblyopic eye. The size and the depth of the scotoma are
variables that can be independently varied.

Existing tests are all based on the amblyopic eye taking up fixation using neutral
density filters placed in front of the fixing eye to progressively dim a fixation target.
The ability to measure the scotoma size and depth on the basis of eye movements
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is novel as is the ability to measure loss of fixation by the amblyopic eye. These

are useful new measures for planning and monitoring response to treatment.

The eye-tracking allows presentation of the area of image degradation to be in a
fixed relationship to the point of fixation. There is a difference in central and
peripheral vision and this allows degradation of the image to selectively affect the
central vision. In amblyopia, the defect predominantly affects the central vision.
However in other conditions, the defect can take a different pattern. For example,
in stroke patients in can affect the right or the left half of the visual field (termed

hemianopia).

A further advantage of this apparatus is that the subject is visually immersed in the

displayed images.

DETAILED DESCRIPTION OF THE INVENTION

According to a first aspect of the present invention, there is provided apparatus for
use in the treatment of strabismic amblyopia in a subject having a non-amblyopic
eye that performs better and an amblyopic eye that performs worse, the amblyopic
eye having a central scotoma, the apparatus comprising image presentation
means adapted to display a first image to the non-amblyopic eye and a second
image to the amblyopic eye, the first and second images being presented to the
subject so as to be perceived as coincidental, wherein the firstimage and the
second image include a common background, the apparatus further comprising
eye-tracking means adapted to monitor the direction of gaze of the non-amblyopic
eye and the amblyopic eye on the first and second images respectively, the
apparatus further comprising means for creating a region of degradation at the
point of fixation of the first image, and for increasing the area of said region of
degradation, wherein, in use of the apparatus, the non-amblyopic eye is fixed on
the point of fixation prior to creation of the region of degradation and until the area
of the region of degradation reaches a certain magnitude, whereupon the
amblyopic eye takes up fixation, fixation of the amblyopic eye being indicated by a
change in the direction of gaze of the amblyopic eye detected by the eye-tracking
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means, and the area of said region of degradation at which said take-up of fixation
by the amblyopic eye occurs providing an indication of the size of the central
scotoma of the amblyopic eye.

By “visually immersed” is meant that the subject sees substantially only the
displayed images. The subject has no significant peripheral vision outside the
displayed images, and so is not readily visually distracted by incidental movement
in their peripheral vision. This is particularly important if children are the subjects,
as they are easily distracted. When the subject is visually immersed, it is possible
to study and treat defects of peripheral vision, as can occur, for example, in

survivors of stroke with hemianopia.

The apparatus may comprise image presentation means configured as one or
more screens. Preferably, the image presentation means are configured as first
and second screens on which the first and second images are respectively
displayed, and may include a barrier means adapted to allow each eye of a
subject to see only a respective first or second screen, and to prevent each eye of
the subject from seeing the other of the first or second screens. Alternatively, the
images may be presented on discrete parts of a single screen, each eye being
able to see only a respective one of the images.

Alternatively, the image presentation means may include a projector adapted to
project the first and second images. First and second screens may be provided on
which the first and second images are respectively projected.

Alternatively, or additionally, the image may be generated in some other way, for

example using a CRT screen, a plasma screen or an LCD (liquid crystal display).

Most preferably, the image may be generated on a pixellated screen in which the
pixels are individually electronically addressed, for example one which employs a

raster array.
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Most preferably, the first and second images are presented to the subject
alternately, sufficiently rapidly as to be perceived to be simultaneously and

continuously displayed.

Preferably, the first and second images are substantially identical, the images
differing from each other only in the manner described herein, ie the first image
may contain some degradation of a fixation feature and the second image may be
angularly displaced relative to the first image.

The image presentation means, by which the first and second images are
displayed to the non-amblyopic and amblyopic eyes respectively, may function by
any of numerous technologies. Most conveniently, however, the image
presentation means involves alternate frame sequencing, in which the first and
second images are displayed alternately on a visual display unit, the images
alternating in accordance with the refresh rate of the unit. An active shutter
system is then used to present the first and second images separately to the
user’'s eyes. The active shutter system may be incorporated into a pair of “shutter
glasses”, of the general type that are used to create a perception of three-
dimensionality in certain films and video games. Essentially, shutter glasses
comprise a pair of eyeglasses arranged, in use, in front of the subject’s eyes, such
that each eye can see only the image transmitted through the eyeglass in front of
it. Typically, the shutter glasses incorporate a physical barrier between the
eyeglasses, e.qg. fitting closely to the bridge of the wearer’s nose, to prevent each
eye seeing the image that is intended for presentation to the other eye.

The shutter glasses function by repeatedly presenting the first image to the non-
amblyopic eye while blocking the second image, and then presenting the second
image to the amblyopic eye while blocking the first image. This process is
repeated sufficiently rapidly that the images are perceived by the wearer of the

shutter glasses as continuous.

In order to achieve the alternate blocking of the eyeglasses in front of the non-

amblyopic and amblyopic eyes, each eyeglass will typically incorporate a layer of
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liquid crystalline material that has the property of becoming opaque when a
voltage is applied to it, being otherwise transparent (or vice versa). The timing of
the switching of each eyeglass between the opaque and transparent states is
synchronised with the refresh rate of the visual display unit, and the first and
second images are displayed alternately on the visual display unit. Thus, when
the first image is displayed, the eyeglass in front of the amblyopic eye is in its
opaque state and that in front of the non-amblyopic eye is transparent, so that the
first image is seen only by the non-amblyopic eye. Then, the second image is
displayed, with the eyeglass in front of the non-amblyopic eye in the opaque
condition and that in front of the amblyopic eye transparent, so that the second

image is seen only by the amblyopic eye.

The rate of alternation between the opaque and transparent states for each
eyeglass should be sufficient to avoid any perception of flicker in the respective
images. Shutter glass technology is available with a switching frequency of
120Hz, ie 60 images per eye per second, and this is generally considered to be
flicker-free. Thus, switching rates of that frequency, or higher, are considered to

be suitable for use in the present invention.

The patient would still wear their own refractive correction and the shutter glasses

would be worn over their normal spectacle correction.

Those with large angle strabismus (in excess of 40 prism dioptres) pose a
technical problem for eye-tracking. This can be overcome by the placing of a
prism in front of one or both lenses of the shutter glasses. The use of prisms
reduces the apparent angle of the strabismus by the value of the prism, and
thereby brings the angle of deviation down to within the range that would allow
accurate tracking of both eyes.

However, the principles outlined in this application can be adapted to any method
capable of performing dichoptic stimulation and is not just restricted to the shutter
glasses technology. In particular, the same image dichoptic image presentation
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can be achieved with head mounted displays which are also compatible with eye-

tracking technology.

The fixation feature is typically a part of the first and second images that has
relatively high spatial frequency. For instance, the fixation feature may include a
regular pattern of visual elements such as lines or some other geometric pattern.
In other instances, the fixation feature may be a feature of the image that attracts
the eye due to its significance in the context of the images. For example, the
images may be moving images, such as an animation or video game and the

fixation feature may be character in that animation or game.

The degradation that is created in the fixation feature seen by the non-amblyopic
eye is most conveniently a blurring of that feature. The blurring will generally
occur in a circular or generally circular area of the fixation feature, the diameter of
the blurred area gradually being increased until the amblyopic eye takes up

fixation.

Blurring may be brought about using a low-pass filter constrained within a
Gaussian envelope. At its simplest, the blurring may be brought about by simply
averaging the luminance of all the pixels within the region of degradation.

It is also possible to blur specific features. Face recognition is now a mature
technology and it is possible to detect and selective degrade faces in the
presented image, or any other feature(s) of interest.

The apparatus of the invention incorporates eye-tracking means for monitoring the
direction of gaze of the non-amblyopic eye and the amblyopic eye on the first and
second images. Such means generally comprises means for tracking the
movement of the eyes, ie means for monitoring either the point of gaze (where the
subject is looking) or the motion of an eye relative to the head.

The means for tracking the movement of the eyes may include video cameras that
are focused on the eyes and record their movement as the subject views the first
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and second images. It may alternatively be possible for a single video camera to
monitor the movement of both eyes, but in preferred embodiments of the
invention, the movement of the two eyes are monitored independently. In many
such systems, the centre of the pupil and infra-red, non-collimated light are used
to create corneal reflections. The vector between the pupil centre and the corneal
reflections can be used to compute the point of regard on the observed image or
the gaze direction.

The eye-tracking technique used may be of the type generally referred to as
"bright-pupil” or “dark-pupil”. These techniques differ in the location of the
ilumination source with respect to the optics. If the illumination is coaxial with the
optical path, then the eye acts as a retroreflector as the light reflects off the retina.
This is “bright pupil” tracking. On the other hand, if the illumination source is offset
from the optical path, then the pupil appears dark because the retroreflection from

the retina is directed away from the camera. This is “dark-pupil” tracking.

The eye-tracking cameras may be incorporated into shutter glasses that are worn
by the subject. Alternatively, the cameras may be fixed to the screen on which the

images are displayed and tracking performed through the shutter glasses.

Where the first and second images are static images, the position of the fixation
feature will be constant. Nonetheless, the direction of gaze of the subject’s non-
amblyopic eye may change as the subject explores the image. The eye-tracking
cameras enable the direction of gaze to be monitored, and hence enable the
region of degradation to be moved accordingly within the image, so as to ensure
that the region of degradation is continually aligned with the direction of gaze of
the normal eye.

Displacement of the region of degradation in this manner will also normally be
required where the images are moving images, eg where the images are part of a
computer game or other animation. The fixation feature in such a situation may be

a character that moves around within the image. Indeed, the position of the
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character (ie the fixation feature) within the image may be controlled by the

subject, for instance where the image is part of an interactive computer game.

As described above, the apparatus according to the first aspect of the invention
may be used to estimate the size and degree of the central scotoma in a patient
suffering from strabismic amblyopia. This information can then be used to set the
size of the area and the degree of image degradation for the treatment.

Thus, in a related, second, aspect of the invention, there is provided a method for
determining the size of the central scotoma of the amblyopic eye of a subject
having a non-amblyopic eye that performs better and an amblyopic eye that
performs worse, the method comprising presenting a first image to the non-
amblyopic eye and a second image to the amblyopic eye, the first and second
images being presented to the subject so as to be perceived as coincidental, and
the first image and the second image including a common background, creating a
region of degradation within a fixation feature of the first image, and increasing the
area of said region of degradation until the amblyopic eye takes up fixation,
wherein the non-amblyopic eye is fixed on the fixation feature prior to creation of
the region of degradation and until the area of the region of degradation reaches a
certain magnitude, whereupon the amblyopic eye takes up fixation, the area of
said region of degradation when the amblyopic eye takes up fixation providing an
indication of the size of the central scotoma of the amblyopic eye.

As described above, the taking up of fixation by the amblyopic eye can be
detected by tracking the movement of the amblyopic eye. As the patient is
strabismic, the take-up of fixation will generally be accompanied by a change in
the direction of gaze of the amblyopic eye, and detection of that movement
provides an indication of the critical size of the region of degradation (ie the size of
the region of degradation that causes the amblyopic eye to take up fixation), and
hence of the size of the central scotoma.

Not only does the movement of the amblyopic eye provide an indication of the size
of the central scotoma in that eye, but the magnitude of the change in the direction
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of gaze also provides an indication of the severity of the subject’s strabismus, ie of
the angle of squint. This information may be utilised in the treatment of the

strabismus.

According to a third aspect of the invention, there is thus provided apparatus for
use in the treatment of strabismic amblyopia in a subject having a non-amblyopic
eye that performs better and an amblyopic eye that performs worse, the amblyopic
eye having a central scotoma, the apparatus comprising

image presentation means adapted to display a first image to the non-amblyopic
eye and a second image to the amblyopic eye, the first and second images being
presented to the subject so as to be perceived as a composite image, wherein the
first image and the second image include a common background, the apparatus
further comprising means for creating a region of degradation within a fixation
feature of the first image, and the apparatus further comprising means for
angularly displacing the second image relative to the first image by an angle
corresponding to the subject’s angle of squint, such that harmonious retinal
correspondence is achieved.

A related, fourth, aspect of the invention provides a method for the treatment of
strabismic amblyopia in a subject having a non-amblyopic eye that performs better
and an amblyopic eye that performs worse, the amblyopic eye having a central
scotoma, the method comprising presenting a first image to the non-amblyopic
eye and a second image to the amblyopic eye, the first and second images being
presented to the subject so as to be perceived as a composite image, and the first
image and the second image including a common background, wherein a region of
degradation is created within a fixation feature of the first image, and wherein the
second image is angularly displaced relative to the first image by an angle
corresponding to the subject’s angle of squint, such that harmonious retinal
correspondence is achieved.

The apparatus and method according to the third and fourth aspects of the
invention permit the development of peripheral harmonious retinal

correspondence, yet stimulate the amblyopic eye as a result of the degradation of
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the fixation feature of the first image. In general, the region of degradation will
have a sufficient area, as determined by the method of the second aspect of the
invention, to cause the amblyopic eye to take up fixation. This ensures that the

amblyopic eye is stimulated.

It will be appreciated that same apparatus may be used for both assessment of the
size and degree of the central scotoma of the amblyopic eye and for the treatment
of strabismic amblyopia. Thus, in a specific aspect of the invention, there is
provided apparatus for use in the treatment of strabismic amblyopia in a subject
having a non-amblyopic eye that performs better and an amblyopic eye that
performs worse, the amblyopic eye having a central scotoma, the apparatus
comprising image presentation means adapted to display a first image to the non-
amblyopic eye and a second image to the amblyopic eye, wherein the first image
and the second image include a common background, the apparatus further
comprising eye-tracking means adapted to monitor the direction of gaze of the
non-amblyopic eye and the amblyopic eye on the first and second images
respectively, the apparatus further comprising means for creating a region of
degradation within a fixation feature of the first image, and for increasing the area
of said region of degradation ,and the apparatus further comprising means for
angularly displacing the second image relative to the first image by an angle
corresponding to the subject’s angle of squint, such that harmonious retinal
correspondence is achieved, wherein, in a first mode of use of the apparatus, the
non-amblyopic eye is fixed on the fixation feature prior to creation of the region of
degradation and until the area of the region of degradation reaches a certain
magnitude, whereupon the amblyopic eye takes up fixation upon the fixation
feature, fixation of the amblyopic eye being indicated by a change in the direction
of gaze of the amblyopic eye detected by the eye-tracking means, and the area of
said region of degradation at which said take-up of fixation by the amblyopic eye
occurs providing an indication of the size of the central scotoma of the amblyopic
eye, and wherein, in a second mode of use of the apparatus, a region of
degradation is created within the fixation feature of the first image, said region of
degradation being of sufficient size to cause the amblyopic eye to take up fixation,
and the second image is angularly displaced relative to the first image by an angle



10

15

20

25

30

WO 2015/145111 PCT/GB2015/050790

14

corresponding to the subject’s angle of squint, such that harmonious retinal

correspondence is achieved.

Likewise, the invention provides a method for the treatment of strabismic
amblyopia in a subject having a non-amblyopic eye that performs better and an
amblyopic eye that performs worse, the method comprising

a) determining the size of the central scotoma of the amblyopic eye of the
subject, by

al) presenting a first image to the non-amblyopic eye and a second image
to the amblyopic eye, the first and second images being presented to the subject
S0 as to be perceived as coincidental, and the first image and the second image
including a common background,

a2) creating a region of degradation within a fixation feature of the first
image, and increasing the area of said region of degradation until the amblyopic
eye takes up fixation, wherein the non-amblyopic eye is fixed on the fixation
feature prior to creation of the region of degradation and until the area of the
region of degradation reaches a certain magnitude, whereupon the amblyopic eye
takes up fixation, the area of said region of degradation when the amblyopic eye
takes up fixation providing an indication of the size of the central suppression
scotoma of the amblyopic eye,

a3) detecting a change in the direction of gaze of the amblyopic eye that is
indicative of the amblyopic eye taking up fixation, and measuring the angular
change in the direction of gaze; and

b) treating the strabismic amblyopia, by

b1) presenting a first image to the non-amblyopic eye and a second image
to the amblyopic eye, the first and second images being presented to the subject
SO as to be perceived as a composite image, and the first image and the second
image including a common background,

b2) creating a region of degradation within a fixation feature of the first
image, the size of the region of degradation being at least as great as that

determined in step a) to cause the amblyopic eye to take up fixation, and
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b3) angularly displacing the second image relative to the first image by an
angle corresponding to the angular change in the direction of gaze measured in
step a3), such that harmonious retinal correspondence is achieved.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention will now be described in greater detail, by way of illustration only,
with reference to the accompanying drawings, in which

Figure 1 is a schematic illustration of apparatus in accordance with the invention;

Figure 2 illustrates schematically the steps involved in assessing the size of the
central scotoma in the amblyopic eye of a subject with strabismic amblyopia; and

Figure 3 illustrates the manner in which the apparatus in accordance with the
invention may be used to treat strabismic amblyopia.

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

Referring first to Figure 1, apparatus according to the invention is illustrated in a
highly schematic manner, and comprises a visual display screen 10 that is viewed
by a subject wearing a pair of shutter glasses, the frame of which is generally
designated 12. The display screen 10 may have the form of a conventional
computer screen or television display. The apparatus also comprises appropriate
control and timing circuitry which may be generally conventional and is not

described in detail here.

The shutter glasses comprise the frame 12 which is of generally conventional form
and comprises side arms 12a that hold the shutter glasses in place on the
subject’s head. First and second eyeglasses 14,15 are held in the frame 12 and,
in use, are positioned in front of the subject’s eyes, which in the illustrated
arrangement are a non-amblyopic eye N-A and an amblyopic eye A. A central

barrier 12b extends from the frame 12 into close contact with the bridge of the
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subject’s nose, and together with the side arms 12a ensures that each of the
subject’s eyes is able to see only through the eyeglass 14,15 positioned in front of
it.

Eye-tracking video cameras 16,17 are mounted in the frame 12, adjacent to the
eyeglasses 14,15, and are directed at the pupils of the respective eyes N-A,A so
as to continuously monitor the direction of gaze of each eye. Alternatively, eye-
tracking video cameras 16a,17a can be mounted in front of the screen 10 and
track eye movements through the shutter glasses and the patient’s own spectacle

correction.

The eyeglasses 14,15 include a layer of liquid crystal material that becomes
opaque in response to an applied electric potential, and is transparent in the
absence of that potential. Each eyeglass 14,15 alternates at a frequency of
120Hz, between opaque and transparent conditions, the first eyeglass 14 being
opaque when the second eyeglass 15 is transparent, and vice versa.

In use, the subject is seated in front of the display screen 10 and views the images
displayed upon that screen through the shutter glasses. First and second images
are displayed alternately upon the screen 10, the alternation of those images
being synchronised with the operation of the shutter glasses, such that the first
image is viewed only by the subject’s non-amblyopic eye N-A, and the second
image is viewed only by the subject’'s amblyopic eye A. More specifically, the

operation of the shutter glasses is matched to the refresh rate of the screen 10.

The first and second images that are alternately displayed on the screen 10, and
that are viewed by the non-amblyopic and amblyopic eyes N-A,A are substantially
identical, the images differing from each other only in the manner described below,
ie the first image may contain some degradation of a fixation feature and the
second image may be angularly displaced relative to the first image.

For larger angles of strabismus, prisms can be inserted into prism holder P1,P2 in
front of the eyeglasses 14,15.
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In a first mode of use of the apparatus, the first and second images are coincident
and include a fixation feature. Where the images are static images, the fixation
feature will usually, but not necessarily, be substantially central. Where, as in
practice will be more common, the images are moving images, the fixation feature
may move within the image, though it will occupy a substantially central region of
the image for much of the time.

As illustrated in Figure 1, the fixation feature (centred on the point F) is at the
centre of the image and the non-amblyopic eye N-A fixes upon that feature, the
direction of gaze being represented by the broken line X. The direction of gaze of
the amblyopic eye A is represented by the broken line Y1, and that line is
displaced from the fixation feature. The direction of gaze of each eye N-A,Ais
continuously monitored by the eye-tracking cameras 16,17 (or 16a,17a).

The first mode of operation is illustrated in Figure 2. In Figure 2, the first and
second images that are alternately displayed on the screen 10 are shown
schematically side-by-side (but it will be understood that in practice the images are
superimposed and coincident). The image on the right hand side, as viewed in
each of Figures 2a, 2b and 2c is the first image, which is seen by the non-
amblyopic eye N-A, and the image on the left hand side is the second image,
which is seen by the amblyopic eye A.

The first and second images are initially (Figure 2a) identical and contain a fixation
feature in the central region of the image. The fixation feature is a region of high
spatial frequency, and is illustrated schematically as a number of tree-like features.
It should be noted that, although the first and second images in Figure 2a are
identical, the right-hand image (seen by the non-amblyopic eye N-A, which has
greater visual acuity) will be perceived by the subject more clearly than the left-
hand image (seen by the amblyopic eye A, which has impaired visual acuity).

In the first mode of operation, the apparatus is used to assess the size of the
central scotoma of the amblyopic eye A. This is done by degrading the central
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part of the fixation feature in the first image, and progressively increasing the area
of the degradation region. The degradation takes the form of blurring of the
fixation feature. In the simplest approach, the degraded areas will, as illustrated in
Figure 2, have the luminance of all the pixels in the degraded region averaged, so
that the degraded region appears as a region of uniform luminance (the grey area
in Figure 2), with minimal contrast. The area of degradation would be the
equivalent of the image being passed through a low-bandwidth filter and the cut-off
for the bandwidth can be set.

Figure 2b illustrates the blurred area B with a diameter of intermediate size.

Figure 2c shows the blurred area B of large size. As described above, initially
(Figure 2a) it is the non-amblyopic eye N-A that fixes upon the fixation feature, the
directions of gaze of the non-amblyopic and amblyopic eyes N-A, A being
respectively along the lines X and Y1 in Figure 1. As the size of the blurred region
B increases, a point is reached at which fixation is taken up by the amblyopic eye
A. That point is detected as a change in the direction of gaze of the amblyopic eye
A, from line Y1 to line Y2 in Figure 1. The size of the blurred area B at which that
change is detected by the eye-tracking camera 17 is indicative of the size of the
central scotoma of the amblyopic eye A.

In addition to providing a qualitative indication of the take-up of fixation by the
amblyopic eye A, the change in the direction of gaze from Y1 to Y2 also provides
an indication of the magnitude of the subject’s strabismus, ie the angle of squint,
represented in Figure 1 by O.

An alternative approach is to keep the area of distortion fixed but to lower the
upper point of cut-off for the low bandwidth filter, thereby sequentially removing
more and more of the high spatial frequency end of the frequency range of the
image. This would determine the degree, or depth, of the scotoma.

These pieces of information are utilised in a second mode of operation of the
apparatus, which is schematically illustrated in Figure 3. The images are now
aligned so that the direction of gaze of both eyes land on the same point in the
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image. In this mode, the feature at the point of fixation is blurred (the size and
degree of the amount of blurring having been determined by the first mode of
operation) in the first image, which is viewed by the non-amblyopic eye N-A. The
location of the point of fixation is determined by the eye-tracker and this
determines the location of the area of degradation for the image viewed by the
non-amblyopic eye N-A. In addition, the second image, viewed by the amblyopic
eye A, is displaced relative to the first image by an angle that is equal to the
measured angle of squint ®. This ensures harmonious retinal correspondence,
yet the blurring of the fixation feature in the first image ensures that the amblyopic

eye A is stimulated.

Typically, the subject (who will most commonly be a child, often a small child of
eight years of age or less) will view the images in the second mode of operation of
the apparatus for protracted periods, perhaps of the order of hours at a time. To
retain the subject’s attention, the images may therefore be presented as an
interactive computer game or an entertaining video or the like. Protracted use of
the apparatus in this manner stimulates the central area of the amblyopic eye,
thereby treating the amblyopia and leading to an improvement in ocular function.



10

15

20

25

30

WO 2015/145111 PCT/GB2015/050790

20

Claims

1. Apparatus for use in the treatment of strabismic amblyopia in a subject
having a non-amblyopic eye that performs better and an amblyopic eye that
performs worse, the amblyopic eye having a central scotoma, the apparatus
comprising image presentation means adapted to display a first image to the non-
amblyopic eye and a second image to the amblyopic eye, the first and second
images being presented to the subject so as to be perceived as coincidental,
wherein the first image and the second image include a common background,

the apparatus further comprising eye-tracking means adapted to monitor the
direction of gaze of the non-amblyopic eye and the amblyopic eye on the first and
second images respectively, the apparatus further comprising means for creating
a region of degradation at the point of fixation of the first image, and for increasing
the area of said region of degradation, wherein, in use of the apparatus, the non-
amblyopic eye is fixed on the point of fixation prior to creation of the region of
degradation and until the area of the region of degradation reaches a certain
magnitude, whereupon the amblyopic eye takes up fixation, fixation of the
amblyopic eye being indicated by a change in the direction of gaze of the
amblyopic eye detected by the eye-tracking means, and the area of said region of
degradation at which said take-up of fixation by the amblyopic eye occurs
providing an indication of the size of the central scotoma of the amblyopic eye.

2. Apparatus as claimed in Claim 1, wherein the subject is visually immersed
in the displayed images.

3. Apparatus as claimed in Claim 1 or Claim 2, wherein the image
presentation means comprises one or more screens.

4, Apparatus as claimed in any preceding claim, wherein the first and second
images are substantially identical, the images differing from each other only in that
the first image may contain some degradation and the second image may be
angularly displaced relative to the first image.
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5. Apparatus as claimed in any preceding claim, wherein the first and second
images are presented to the subject alternately, sufficiently rapidly as to be
perceived to be simultaneously and continuously displayed.

6. Apparatus as claimed in Claim 5, wherein the image presentation means
involves alternate frame sequencing, in which the first and second images are
displayed alternately on a visual display unit, the images alternating in accordance
with the refresh rate of the unit.

7. Apparatus as claimed in Claim 5 or Claim 6, wherein the first and second
images are presented separately to the user’s eyes by an active shutter glass
system, by a head-mounted display, or by other technology capable of dichoptic
presentation.

8. Apparatus as claimed in Claim 7, wherein the images presented to the
subject’s eyes are such that each eye sees a spearate image.

9. Apparatus as claimed in Claim 8, wherein the first and second images are
presented such that the images are perceived by the subject as continuous.

10.  Apparatus as claimed in Claim 7 or Claim 8, wherein an active shutter glass
system is used that comprises a pair of eyeglasses arranged, in use, in front of the
subject’s eyes, each eyeglass incorporating a layer of liquid crystalline material
that has the property of becoming opaque when a voltage is applied to it, being

otherwise transparent (or vice versa).

11.  Apparatus as claimed in Claim 10, wherein the timing of the switching of
each eyeglass between the opaque and transparent states is synchronised with
the refresh rate of the visual display unit, and the first and second images are
displayed alternately on the visual display unit.

12.  Apparatus as claimed in Claim 11, wherein the frequency of alternation
between the opaque and transparent states for each eyeglass is 120Hz or greater.
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13.  Apparatus as claimed in any preceding claim, wherein fixation occurs on a
part of the first and second images that has relatively high spatial frequency.

14.  Apparatus as claimed in Claim 13, wherein said part of the first and second
images includes a regular pattern of visual elements such as lines or some other
geometric pattern.

15. Apparatus as claimed in Claim 13, wherein fixation occurs on a feature of
the image that attracts the eye due to its significance in the context of the images.

16.  Apparatus as claimed in Claim 15, wherein said feature is a facial image.

17. Apparatus as claimed in any preceding claim, wherein the images are
moving images.

18.  Apparatus as claimed in Claim 17, wherein the images form a video game
and fixation occurs on a character in that game.

19.  Apparatus as claimed in Claim 17, wherein the sources of the images are a
television signal or a DVD.

20. Apparatus as claimed in any preceding claim, wherein the degradation that
is created in the first image is a blurring at the point of fixation.

21. Apparatus as claimed in Claim 20, wherein another feature or features of
the first image may also be selectively degraded.

22. Apparatus as claimed in Claim 20 or Claim 21, wherein the blurring occurs
in a circular or generally circular area, the diameter of the blurred area gradually
being increased until the amblyopic eye takes up fixation.
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23. Apparatus as claimed in any one of Claims 18 to 22, wherein blurring is
brought about using a low-pass filter constrained within a Gaussian envelope.

24.  Apparatus as claimed in any one of Claims 20 to 23, wherein the blurring is
brought about by averaging the luminance of the pixels within the region of
distortion.

25. Apparatus as claimed in any one of Claims 20 to 24, which is capable of
selectively blurring features of interest to the normal eye, such as a face or any
other feature of interest.

26. Apparatus as claimed in any preceding claim, wherein the eye-tracking

means comprises means for tracking the movement of the eyes.

27. Apparatus as claimed in Claim 26, wherein the eye-tracking means
comprises video cameras that are focused on the eyes and record their movement
as the subject views the first and second images.

28. Apparatus as claimed in Claim 27, wherein the cameras are incorporated
into shutter glasses or a head-mounted display worn by the subject.

29. Apparatus as claimed in Claim 27, wherein the video cameras are
positioned remotely, and record the movement of the eyes through shutter glasses
worn by the subject.

30. Apparatus as claimed in any preceding claim, wherein the eye-tracking
means enables the direction of gaze to be monitored, and hence enables the
region of degradation to be moved accordingly within the image, so as to ensure
that the region of degradation is continually aligned with the direction of gaze.

31. A method for determining the size of the central scotoma of the amblyopic
eye of a subject having a non-amblyopic eye that performs better and an
amblyopic eye that performs worse, the method comprising presenting a first
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image to the non-amblyopic eye and a second image to the amblyopic eye, the
first and second images being presented to the subject so as to be perceived as
coincidental, and the first image and the second image including a common
background, creating a region of degradation within a fixation feature of the first
image, and increasing the area of said region of degradation until the amblyopic
eye takes up fixation, wherein the non-amblyopic eye is fixed on the fixation
feature prior to creation of the region of degradation and until the area of the
region of degradation reaches a certain magnitude, whereupon the amblyopic eye
takes up fixation, the area of said region of degradation when the amblyopic eye
takes up fixation providing an indication of the size of the central scotoma of the
amblyopic eye.

32. Method as claimed in Claim 31, wherein the taking up of fixation by the
amblyopic eye is detected by tracking the movement of the amblyopic eye.

33.  Apparatus for use in the treatment of strabismic amblyopia in a subject
having a non-amblyopic eye that performs better and an amblyopic eye that
performs worse, the amblyopic eye having a central scotoma, the apparatus
comprising image presentation means adapted to display a first image to the non-
amblyopic eye and a second image to the amblyopic eye, the first and second
images being presented to the subject so as to be perceived as a composite
image, wherein the first image and the second image include a common
background, the apparatus further comprising means for creating a region of
degradation within a fixation feature of the first image, and the apparatus further
comprising means for angularly displacing the second image relative to the first
image by an angle corresponding to the subject’s angle of squint, such that
harmonious retinal correspondence is achieved.

34. A method for the treatment of strabismic amblyopia in a subject having a
non-amblyopic eye that performs better and an amblyopic eye that performs
worse, the amblyopic eye having a central scotoma, the method comprising
presenting a first image to the non-amblyopic eye and a second image to the
amblyopic eye, the first and second images being presented to the subject so as
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to be perceived as a composite image, and the first image and the second image
including a common background, wherein a region of degradation is created within
a fixation feature of the first image, and wherein the second image is angularly
displaced relative to the first image by an angle corresponding to the subject’s
angle of squint, such that harmonious retinal correspondence is achieved.

35. Method as claimed in Claim 34, wherein the region of degradation has a
sufficient area to cause the amblyopic eye to take up fixation.

36. Method as claimed in Claim 35, wherein the size of the region of
degradation necessary to cause the amblyopic eye to take up fixation is
determined by the method of Claim 31.

37. Apparatus for use in the treatment of strabismic amblyopia in a subject
having a non-amblyopic eye that performs better and an amblyopic eye that
performs worse, the amblyopic eye having a central scotoma, the apparatus
comprising image presentation means adapted to display a first image to the non-
amblyopic eye and a second image to the amblyopic eye, wherein the first image
and the second image include a common background, the apparatus further
comprising eye-tracking means adapted to monitor the direction of gaze of the
non-amblyopic eye and the amblyopic eye on the first and second images
respectively, the apparatus further comprising means for creating a region of
degradation within a fixation feature of the first image, and for increasing the area
of said region of degradation , and the apparatus further comprising means for
angularly displacing the second image relative to the first image by an angle
corresponding to the subject’s angle of squint, such that harmonious retinal
correspondence is achieved, wherein, in a first mode of use of the apparatus, the
non-amblyopic eye is fixed on the fixation feature prior to creation of the region of
degradation and until the area of the region of degradation reaches a certain
magnitude, whereupon the amblyopic eye takes up fixation upon the fixation
feature, fixation of the amblyopic eye being indicated by a change in the direction
of gaze of the amblyopic eye detected by the eye-tracking means, and the area of
said region of degradation at which said take-up of fixation by the amblyopic eye
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occurs providing an indication of the size of the central scotoma of the amblyopic
eye, and wherein, in a second mode of use of the apparatus, a region of
degradation is created within the fixation feature of the first image, said region of
degradation being of sufficient size to cause the amblyopic eye to take up fixation,
and the second image is angularly displaced relative to the first image by an angle
corresponding to the subject’s angle of squint, such that harmonious retinal
correspondence is achieved.

38. A method for the treatment of strabismic amblyopia in a subject having a
non-amblyopic eye that performs better and an amblyopic eye that performs
worse, the method comprising

a) determining the size of the central scotoma of the amblyopic eye of the
subject, by

a1) presenting a first image to the non-amblyopic eye and a second image
to the amblyopic eye, the first and second images being presented to the subject
so as to be perceived as coincidental, and the first image and the second image
including a common background,

a2) creating a region of degradation within a fixation feature of the first
image, and increasing the area of said region of degradation until the amblyopic
eye takes up fixation, wherein the non-amblyopic eye is fixed on the fixation
feature prior to creation of the region of degradation and until the area of the
region of degradation reaches a certain magnitude, whereupon the amblyopic eye
takes up fixation, the area of said region of degradation when the amblyopic eye
takes up fixation providing an indication of the size of the central scotoma of the
amblyopic eye,

a3) detecting a change in the direction of gaze of the amblyopic eye that is
indicative of the amblyopic eye taking up fixation, and measuring the angular
change in the direction of gaze; and

b) treating the strabismic amblyopia, by

b1) presenting a first image to the non-amblyopic eye and a second image
to the amblyopic eye, the first and second images being presented to the subject
so as to be perceived as a composite image, and the first image and the second
image including a common background,
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b2) creating a region of degradation within a fixation feature of the first
image, the size of the region of degradation being at least as great as that
determined in step a) to cause the amblyopic eye to take up fixation, and

b3) angularly displacing the second image relative to the first image by an
angle corresponding to the angular change in the direction of gaze measured in
step a3), such that harmonious retinal correspondence is achieved.
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