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& (57) Abstract: A method for assessing the function of at least one sensory field of a subject, and apparatus and systems for carrying

& out the method, the method comprising: using a display, presenting stimuli to selected locations of the sensory field, the selected

& [ocations being centred at points on a sampling grid spanning a portion of the sensory field, wherein the individual stimuli if presented
simultaneously at the sampling grid points would overlap in the space defined by the sensory dimensions of the field; using a sensor,
detecting responses in the subject’s sensory field evoked by the stimuli; and processing the detected responses to relate them to the
function of the subject’s sensory field at the selected locations.
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METHOD AND APPARATUS FOR SENSORY FIELD ASSESSMENT

TECHNICAL FIELD

[0001] The present invention relates to assessment of the function of the nervous system and
in particular to the assessment of sensory fields of multiple sensory dimensions, and most

particularly the two dimensional visual sensory field.

[0002] The invention has been developed primarily for use as a method and apparatus for
improved assessment and quantification of the sensory fields field of human and animal subjects,
particularly the visual fields of eyes as and will be described hereinafter with reference to this
application. However, it will be appreciated that the invention is not limited to this particular
field of use. These sensory fields are defined in terms of measures of sensory neural ability at a
collection of points in the sensory field. The invention herein described provides methods and
apparatus for more accurately determining variations in these sensory fields which, in turn may
be related to disease processes or natural processes including growth, aging, eyelids, spectacle
frame position, or skull shape, all of which can either change the sensitivity of the fields or the
physical limits of the extent of the fields.

BACKGROUND OF THE INVENTION

[0003 ] Any discussion of the background art throughout the specification should in no way be
considered as an admission that such background art is prior art, nor that such background art is

widely known or forms part of the common general knowledge in the field.

[0004] The visual field of humans is commonly assessed by static perimetry. In static
perimetry it is common practice to sequentially present small spots of light at each of a preset
collection of points distributed across the visual field. Following each presentation of a test spot
subjects indicate whether or not they have seen the test light just presented while they maintain
their gaze on a fixation target. Typically subjects will give a behavioural response, such as
pressing a button, to indicate that they have seen the spot. Particular parts of the visual field can
have their own visual ability. The goal of perimetry is thus to assess the visual ability of each

part of the visual field.

[0005] Visual ability is often characterized by sensitivity or reliability for seeing the spot
stimuli. Thus for these behavioural based forms of perimetry two basic methods exist: supra-

threshold and threshold perimetry. In supra-threshold perimetry several presentations are made
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at each of a set of preset locations in the visual field, and then the frequency of correct responses
is used to estimate visual ability. In threshold perimetry the intensity or contrast of the test
stimuli is varied according to a strategy to determine the fraction of the starting stimulus
strength, i.e. a threshold, at which a criterion minimum frequency of seeing is obtained. Other
stimulus variables that are manipulated in order to determine local visual sensitivity are the
number of small objects presented to a given test region, or the size of the test stimuli presented.
Visual sensitivity is thus equated with the inverse of the threshold stimulus fraction, small

threshold values thus equating to large sensitivities.

[0006] An alternative and more objective method of mapping the visual field is to use so-
called multifocal methods. In these methods one uses an ensemble of stimuli each presented to a
different visual field location. The appearance or non-appearance of stimuli at each location is
modulated by temporal sequences that are mutually statistically independent. Ideally this
statistical independence should be complete, i.e. the modulation sequences should be orthogonal.
A variety of patents related to particular orthogonal (US 5,539,482 to Maddess & James, the
disclosure of which are wholly incorporated herein by cross-reference) and near orthogonal
sequences including (US 4,846,567 to Sutter), exist but recent analysis methods permit more
general stimuli to be used as described in US 6,315,414 US 7,006,863 and International Patent
Publication No. WO 2005/051193, all to Maddess & James, the disclosures of which are wholly

incorporated herein by cross-reference.

[0007] The general idea of multifocal methods is that the temporal statistical independence of
the stimuli permits many sequences to be presented concurrently, and for the estimated response
to presentations at each location to be recovered from recordings of neural activity of the visual
nervous system. The neural responses to the stimuli can be recorded by electrical or magnetic
sensor or detectors, changes to the absorption, scattering or polarization infrared light or other

electromagnetic radiation, functional magnetic resonance imaging, or responses of the pupils.

[ 0008 ] Static perimetry arose from dynamic perimetry in which handheld stimuli of fixed
sizes were moved from the peripheral visual field towards its centre, i.e. the point of gaze
fixation. In dynamic perimetry the subject indicates at what point the test stimulus is seen along
its centrally directed trajectory. The minimum sized stimulus that can be seen at a given distance
from the centre of the visual field is taken as an indication of visual sensitivity. The most
influential dynamic perimetry system is the 1945 Goldmann system. The Goldmann system

defined a set of standard stimulus spot sizes. These have subsequently been quite universally
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adopted as the standard stimulus sizes for most static perimeters. Static perimeters offer
automated standardization of the test procedure and mainly for that reason have largely
supplanted dynamic perimetry. The word static in the name derives from the test stimuli being
flashed at fixed points, these points typically being arranged in a regular sampling grid. The two
commonest systems for conducting static perimetry tests are various versions of the Humphrey
Field Analyser (HFA) produced by Carl Zeiss Meditec, and the various Octopus Perimeters
produced by Haag-Streit AG. As an indication of the influence of these devices perimeters
manufactured by other companies often claim substantial equivalence with the HFA to obtain

approval by the United States Food and Drug Administration.

[0009] The standard test stimulus for many static perimeters is the Goldman size III.
Occasionally the larger size V stimulus is used. Test grids employed in the most common static
perimetry tests cover the central 24 to 30 degrees of the visual field. The sample grid is a square
grid of points, with a typical separation of 6 degrees and 50 or more of these test locations are
examined. The axes of the test grids are oriented horizontally and vertically. Some static
perimeters permit the test grid to be uniformly shrunk or expanded to have a separation of 2
degrees. The HFA is frequently regarded as the gold standard and has been the largest selling
perimeter. The most commonly used HFA test, which others emulate, is the HFA 24-2 test
pattern with its 6 degree separation of test points. The Goldmann size III spot has a diameter of
0.431 degrees. The standard HFA 24-2 test grid has 54 test locations so the test spots
collectively cover 7.84 deg’. The area of the visual field spanned by the 24-2 pattern is 1368
deg’ (i.e. the grid of points in the 24-2 pattern defines 38 squares, each 6 degrees on a side hence
38*36 deg2=1368 deg?®). Thus the test spots collectively sample only 0.573% of the tested visual
field area. Most other perimeters have similarly low coverage of the visual field. Evidently
there is considerable scope to miss significant details of the visual field. This problem is
commonly referred to as undersampling. Undersampling was less of a problem when the same
spot sizes were used in dynamic perimetry but where the spot was swept with an unbroken
motion along paths across the visual field, there was the potential that no part of the retina was

missed.

[0010] If two-dimensional sampling techniques are considered, it is clear that the
consequences of undersampling are worse than simply missing valuable or important
information. Rather, when the sampling grid is too coarse to capture rapid changes in sensitivity

across the visual field, the HFA sampling scheme is capable of distorting the appearance of the
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measured visual field. This occurs when the sampling grid is too coarse to capture rapid changes
in sensitivity across the visual field. More specifically, any sampling grid with a regular spacing
of s degrees defines a critical sampling frequency, S., which is the highest spatial frequency the
sampling array can reliably represent. S is sometimes called the Nyquist sampling frequency.
For the 6 degree sampling spacing common in static perimeters S, varies between 1/12 cycles
per degrees (cpd) horizontally and vertically, to 1/(12 * V2) diagonally. Thus, if the visual field
has spatial modulations that vary faster than S, cycles per degrees (cpd) that these will appear in
the sampled field as lower spatial frequencies through a process called aliasing. Moiré pattens
and the ‘jazzing’ effects of thinly striped objects viewed on television are common examples of

artefacts caused by aliasing.

[0011] These distortions of the sampled image occur because the spatial frequencies that are
higher than S, S > S, that occur between than NS. and (N+1)S. (where the N are the odd
integers starting with 1) will appear to have frequencies S.-rem(S,S:), and at frequencies
rem(S,S;) for even N and beginning with 2, rem being the remainder function. More simply
frequencies in the visual field above S. appear as some frequency lower than S at various phases
and orientations producing spatially distorting effects. Because these higher frequencies
masquerade as low frequencies these incorrectly measured frequencies are sometimes referred to

as aliases, and the process as aliasing.

[0012] Anti-aliasing filters are very common in the front-end electronics of digitizing
systems. That is, higher frequencies that the sampling frequency can reconstruct are removed
before sampling, however, such temporal filters do not assist in the removal of any spatial
aliasing. Therefore, there is a need for an improved assessment method which can overcome the

effects of spatial aliasing in the test stimuli.
SUMMARY OF THE INVENTION

[0013] According to a first aspect, there is provided a method for assessing the function of at
least one sensory field of a subject. The method may comprise presenting stimuli to selected
locations of the at least one sensory field. The selected locations may be centred at points on a
sampling grid spanning a portion of the at least one sensory field. The individual stimuli, if
presented simultaneously at the sampling grid points, may be configured such that they would
overlap in the space defined by the sensory dimensions of the field. The stimuli presented to the

subject’s visual field may evoke associated response(s). The individual stimuli may be large and
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smooth sided such that they do not individually represent spatial frequencies higher than those

that can be represented by the sampling grid.

[0014] The method may further comprise the step of detecting the responses in the subject’s
sensory field(s) using a sensor. The method may further comprise the step of processing the
detected responses. The step of processing the detected response may be to relate the detected

responses to the function of the subject’s sensory field(s) at the selected locations.

[0015] In an arrangement of the first aspect, there is provided a method for assessing the

function of at least one sensory field of a subject, the method comprising:

presenting stimuli to selected locations of the sensory field, the selected locations
being centred at points on a sampling grid spanning a portion of the at least one sensory field,
wherein the individual stimuli if presented simultaneously at the sampling grid points would

overlap in the space defined by the sensory dimensions of the at least one field;

using a sensor, detecting responses in the subject’s sensory field evoked by the stimuli;

and

processing the detected responses to relate them to the function of the subject’s

sensory field at the selected locations.

[0016] The stimuli may be configured such that, if presented simultaneously, individual
stimuli may be sufficiently overlapping and smooth sided such that spatial aliasing of the stimuli
on the sampling grid is minimised. The individual stimuli may be sufficiently large and smooth
sided such that they do not individually represent spatial frequencies higher than those that can
be represented by the sampling grid. That is, the stimuli may transmit little to no spatial
frequencies that the sampling grid cannot represent accurately. The stimuli may alternatively or
concurrently be configured such that, if presented simultaneously, individual stimuli may be
sufficiently overlapping such that they transmit little to no spatial frequencies above the critical
sampling frequency of the sampling grid, referred to as the Nyquist rate and defined by the
geometry of the sampling grid. The profiles of the individual stimuli (particularly the edges
and/or corners of the profile) may be smoothly varying. The smoothly varying profiles of the
individual stimuli may be sufficiently smooth such that they comprise only low spatial frequency
Fourier components. The individual stimuli may be blurred. The profiles of the stimuli may be
smoothly varying such that the individual stimuli contain only spatial frequencies that are less

than or equal to the highest spatial frequency that can be represented by the sampling grid
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defined by the points of the sampling grid. The sufficiently smooth or blurred individual stimuli
have the significant advantage that the subject may not be well refracted (that is, may have
incorrect, insufficient or even no refractive correction) without significantly affecting the results

of the assessment of the subject’s visual field.

[0017] The sensory field may have a horizontal meridional axis and a vertical meridional
axis, and the stimuli may be adapted such that individual stimuli do not overlap with either the

vertical or horizontal meridional axes of the sensory field.

[0018] The stimuli may be presented in an arrangement that causes them to appear
perceptually as being spatially frequency doubled. The stimuli may be presented so as to
produce a perception of a spatially frequency doubled arrangement. The stimuli may be
presented in an arrangement which produces perceived spatial frequencies that are lower or
higher than frequency doubled frequencies. The stimuli may be presented in an arrangement
which produces the perception of spatial frequencies between 30% lower than frequency doubled
frequencies and 200% of the frequency doubled frequencies. The perceived spatial frequencies
may be in the range of 30% to 200% of a spatial frequency doubled perception. The sampling
grid may be presented in a polar representation. The stimuli may be chosen such that, in use,
each stimulus stimulates approximately equal numbers of sensory cells in the sensory field. The
size and shape of individual stimuli for each portion of the visual field may be estimated by
computing the spatial autocorrelation in the visual field changes of interest within a polar
representation. The coordinates of the polar representation may be linear or nonlinear functions

of radius and polar angle.

[0019] The method may further comprise the step of enhancing generally elongated features
within the polar representation by operation of one or more filters having an aspect ratio of about
3 to 1. The linear filters may comprise running means or Gaussian windows. The one or more
filters may be edge preserving filters. The edge preserving filters may be selected from one or

more of: median filters, forward-backward median filers, or iterative nonlinear filters.

[0020] The method may further comprise the step of recording the responses. The responses
may be recorded in a memory. The responses may be recorded either prior to the step of
processing of the responses, or post-processing of the responses. The processed responses may
be recorded post-processing. The memory may be a memory storage database or device and

may be a computer readable memory device.



WO 2009/059380 PCT/AU2008/001663

[0021] The responses in the subject’s sensory field evoked by the stimuli may be detected by
a method selected from the group of: detecting electrical potentials by detecting changes in
electric fields and/or potentials for example using an electroencephalograph (EEG) device
comprising a plurality of recording electrodes on the scalp of the subject for the detection of
cortical potentials evoked by the stimulus; magnetic fields and or potentials for example a
similar arrangement to the EEG of recording elements of a magnetoencephalograph (MEG); one
or both of electrical or magnetic fields induced by nuclear differential magnetic resonance
signals resulting from the flow of deoxyheamoglobin through the nervous system created by
sensory nervous system activity; or electromagnetic radiation for example by detecting infrared
radiation differentially scattered or absorbed by deoxyheamoglobin or oxyhaemoglobin created
by sensory nervous system activity, or a similar arrangement of detection method. Alternatively,
the responses in the subject’s sensory field evoked by the stimuli may be detected by detecting
changes in acoustic signals including acoustic spectroscopy in response to infrared signals
influenced by neural processes; by detecting changes in the responses of the subject’s pupil or

pupils; or by detecting changes in movements of the subject’s eye.

[0022] The processing may comprise the step of computing linear and/or nonlinear weighting
functions that characterise the response of each stimulated portion of the sensory field stimulated
by the stimuli. The processing may comprise the step of transforming the recorded responses to
a rectilinear representation of the stimulated portions of the sensory field. The processing may
comprise the step of transforming the recorded responses to a polar representation of the
stimulated portions of the sensory field. The processing may further comprise estimating the
size and shape of individual stimuli for each portion of the visual field by computing the spatial
autocorrelation in the visual field changes of interest, and transmitting the individual stimuli to
the display for presentation to the subject during a sensory field test. The processing may
comprise computing the spatial autocorrelation in the visual field changes of interest within a
polar representation. The coordinates of the polar representation may be computed as linear or

nonlinear functions of radius and polar angle.

[0023] The stimuli may be presented on the display either successively or one or more stimuli
may be presented concurrently/simultaneously. Concurrently presented stimuli may be
presented at statistically independent locations. Concurrently presented stimuli may be
presented in a multifocal arrangement. Successive or concurrently presented stimuli may be

spatially sparsely presented. Successive or concurrently presented stimuli may be temporally
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sparsely presented. Successive or concurrently presented stimuli may be sparsely presented both

spatially and temporally.

[0024] Two or more spatially sparse stimuli may be presented simultaneously. The stimuli

may be presented in a multifocal arrangement.

[0025] The stimuli may be presented at points on a multi-dimensional sampling grid. The
stimuli may be presented at locations on a regular sampling grid. The stimuli may be presented
at locations on an irregular sampling grid. The stimuli may be presented at locations on a

randomly varying sampling grid.

[0026] The sensory field under assessment may be selected from the group of at least one
visual sensory field, at least one auditory sensory field, or a tactile sensory field of the subject.
The sensory field under assessment may be two or more sensory fields selected from the group
of at least one visual sensory field, at least one auditory sensory field, and a tactile sensory field
of the subject. The sensory field under assessment may be a combination of any two, three, four,
five or more, or all of, the sensory fields selected from the group one or two visual sensory
fields, one or two auditory sensory field, and one or more tactile sensory fields of the subject.
The sensory field under assessment may be a composite sensory field comprising a subset of the
dimensions of those fields, for example the stimulus ensemble spans only the horizontal

dimensions of the visual and auditory sensory fields.

[6027] The sensory field under assessment may be at least one visual sensory field of the
subject. The visual sensory field under assessment may be the visual field sensitivity of one or
both retinas of the subject. The method of assessing the visual sensory field of one or both
retinas of the subject may be a method for diagnosing a condition causing visual impairment.
The method of assessing the visual sensory fields of one or both retinas of the subject may be a
method for diagnosing a condition causing localised visual impairment. The condition may be
one or more of glaucoma, age-related macular degeneration, or diabetic retinopathy, or localized

visual impairments caused by stoke, or neurological disorders such as multiple sclerosis.

[0028] According to a second aspect, there is provided an apparatus for assessing the function
of at least one sensory field of a subject. The apparatus may comprise a display for presenting
stimuli to selected locations of the at least one sensory field. The selected locations may be

centred at points on a sampling grid spanning a portion of the sensory field. The stimuli may be
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adapted such that, if presented simultaneously at the sampling grid points, individual stimuli may

overlap in the space defined by the sensory dimensions of the at least one sensory field.

[0029] The stimuli presented to the subject’s visual field may evoke associated response(s).
The apparatus may further comprise a sensor for detecting the responses in the subject’s sensory
field(s) evoked by the stimuli presented. The individual stimuli may be adapted such that they
are individual stimuli sufficiently large, as exemplified by features of interest in the he spatial
autocorrelation of the sensory field changes of interest, and smooth sided such that they do not
individually represent spatial frequencies higher than those that can be represented by the
sampling grid.

[0030] The apparatus may further comprise a processor for processing the detected responses.
The processing of the detected response may be for relating the detected responses to the

function of the subject’s sensory field(s) at the selected locations.

[0031] In an arrangement of the second aspect, there is provided an apparatus for assessing

the function of the sensory field of a subject, the apparatus comprising:

a display for presenting stimuli to selected locations of the sensory field, the selected
locations being centred at points on a sampling grid spanning a portion of the sensory field,
wherein the individual stimuli if presented simultaneously at the sampling grid points would

overlap in the space defined by the sensory dimensions of the field;

a sensor for detecting responses in the subject’s sensory field evoked by the stimuli

presented; and

a processor for processing the detected responses to relate them to the function of the

subject’s sensory field at the selected locations.

[0032] The display may be adapted for presentation of stimuli which may be configured such
that, if presented simultaneously, individual stimuli may be sufficiently overlapping such that
spatial aliasing of the stimuli on the sampling grid is minimised. That is, the stimuli may
transmit little to no spatial frequencies that the sampling grid cannot represent accurately. The
stimuli may alternatively or concurrently be configured such that, if presented simultaneously,
individual stimuli may be sufficiently overlapping such that they transmit little to no spatial
frequencies above the critical sampling frequency of the sampling grid, referred to as the Nyquist

rate and defined by the geometry of the sampling grid. The profiles of the stimuli may be
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smoothly varying. The smoothly varying profiles of the individual stimuli (particularly the
edges and/or corners of the profile) may be sufficiently smooth such that they comprise only low
spatial frequency Fourier components. The individual stimuli may be blurred. The profiles of
the stimuli may be smoothly varying such that the individual stimuli contain only spatial
frequencies that are less than or equal to the highest spatial frequency that can be represented by
the sampling grid defined by the points of the sampling grid. The sufficiently smooth or blurred
individual stimuli have the significant advantage that the subject may not be well refracted (that
is, may have incorrect, insufficient or even no refractive correction) without significantly

affecting the results of the assessment of the subject’s visual field.

[0033] The apparatus may be adapted for presentation of stimuli in an arrangement that
causes the stimuli to appear perceptually as being spatially frequency doubled. The apparatus
may be adapted for presentation of stimuli which produce a perception of a spatially frequency
doubled arrangement. The apparatus may be adapted for presentation of stimuli in an
arrangement which produces perceived spatial frequencies that are lower or higher than
frequency doubled frequencies. The apparatus may be adapted for presentation of stimuli in an
arrangement which produces the perception of spatial frequencies between 30% lower than
frequency doubled frequencies and 200% of the frequency doubled frequencies. The perceived
spatial frequencies may be in the range of 30% to 200% of a spatial frequency doubled

perception.

[0034] The sensory field(s) under assessment may have a horizontal meridional axis and a
vertical meridional axis, and the apparatus may be adapted for presenting individual stimuli
which may be adapted such the individual stimuli presented on the display do not overlap with

either the vertical or horizontal meridional axes of the sensory field.

[0035] The apparatus may be adapted for presentation of the sampling grid in a polar
representation. The stimuli may be designed such that, in use, each stimulus stimulates
approximately equal numbers of sensory cells in the sensory field. The display of the apparatus

may be adapted for presentation of the sampling grid in a polar representation.

[0036] The apparatus may further comprise one or more filters for enhancement of generally
elongated features with the polar sampling grid. The one or more filters may comprise one or

more linear filters which may be running means or Gaussian windows. The one or more filters
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may be edge preserving filters. The edge preserving filters may be selected from one or more of:

median filters, forward-backward median filers, or iterative nonlinear filters .

[0037] The apparatus may further comprise a sensor for detection of the responses in the
subject’s sensory field evoked by the stimuli. The sensor may be selected from the group of: a
sensor for detecting electrical potentials by detecting changes in electric fields and/or potentials
for example using an electroencephalograph (EEG) device comprising a plurality of recording
electrodes on the scalp of the subject for the detection of cortical potentials evoked by the
stimulus; magnetic fields and or potentials for example a similar arrangement to the EEG of
recording elements of a magnetoencephalograph (MEG); one or both of electrical or magnetic
fields induced by nuclear differential magnetic resonance signals resulting from the flow of
deoxyheamoglobin through the nervous system created by sensory nervous system activity; or
electromagnetic radiation for example by detecting infrared radiation differentially scattered or
absorbed by deoxyheamoglobin created by sensory nervous system activity; or a similar
arrangement of detection method. The sensor may be a sensor for detecting cortical neural
responses from the subject. Alternatively, the responses in the subject’s sensory field evoked by
the stimuli may be detected by; a sensor for detecting changes in acoustic signals including
acoustic spectroscopy in response to infrared signals influenced by neural processes; a sensor for
detecting changes in the responses of the subject’s pupil; or a sensor for detecting changes in

movements of the subject’s eye.

[0038] The detected responses may be recorded in a memory. The responses may be
recorded either prior to the step of processing of the responses, or post-processing of the
responses. The processed responses may be recorded post-processing. The memory may be a

memory storage database or device and may be a computer readable memory device.:

[0039] The processor may be adapted for the computing of linear and/or nonlinear weighting
functions that characterise the response of each stimulated portion of the sensory field stimulated
by the stimuli. The system of any one of the arrangements may The processor may be adapted
for transforming the recorded responses to a rectilinear representation of the stimulated portions
of the sensory field. The processor may be adapted for transforming the recorded responses to a

polar representation of the stimulated portions of the sensory field.

[0040] The processor may further be adapted for estimating the size and shape of individual

stimuli for each portion of the visual field by computing the spatial autocorrelation in the visual
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field changes of interest, and may be adapted for presenting the stimuli on the display. The
processor may compute the spatial autocorrelation in the visual field changes of interest within a
polar representation. The coordinates of the polar representation may be linear or nonlinear

functions of radius and polar angle.

[0041] The display may be selected from the group of a CRT, LCD, plasma, LED, or OLED

image display screen.

[0042] The processor may be adapted for presenting individual stimuli on the display either
successively or, alternatively, one or more stimuli may be presented
concurrently/simultaneously. Concurrently presented stimuli may be presented at statistically
independent locations. Concurrently presented stimuli may be presented in a multifocal
arrangement. Successive or concurrently presented stimuli may be spatially sparsely presented.
Successive or concurrently presented stimuli may be temporally sparsely presented. Successive

or concurrently presented stimuli may be sparsely presented both spatially and temporally.

[0043 ] The apparatus may be adapted for simultaneous presentation of two or more spatially
sparse stimuli. Alternatively, the apparatus may be adapted for presentation of the stimuli in a

multifocal arrangement.

[0044] The apparatus may be adapted for simultaneous presentation of the stimuli at points on
a multi-dimensional sampling grid. The stimuli may be presented at locations on an regular
sampling grid. The stimuli may be presented at locations on an irregular sampling grid. The

stimuli may be presented at locations on a randomly varying sampling grid.

[0045] The apparatus may be adapted for assessment of a sensory field which may be selected
from the group of at least one visual sensory field, at least one auditory sensory field, or a tactile
sensory field of the subject. The apparatus may be adapted for assessment of two or more
sensory fields, which may be selected from the group of: at least one visual sensory field, at least
one auditory sensory field, and at least one tactile sensory field of the subject. The apparatus
may be adapted for assessment of a sensory field which may be a combination of any two, three,
four, five or more, or all of, the sensory fields selected from the group one or two visual sensory
fields, one or two auditory sensory field, and one or more tactile sensory fields of the subject.
The apparatus may be adapted for assessment of a sensory field which may be a composite
sensory field comprising a subset of the dimensions of those fields, for example the stimulus

ensemble spans only the horizontal dimensions of the visual and auditory sensory fields.
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[0046] The apparatus may be adapted for assessment of at least one visual sensory field of the
subject. The visual sensory field under assessment may be the visual field sensitivity of one or
both retinas of the subject. The apparatus may be adapted for assessing the visual sensory field
of one or both retinas of the subject and may be adapted for the diagnosis of a condition causing
visual impairment. The assessment of the visual sensory field of one or both retinas of the
subject may be adapted for diagnosis of a condition causing localised visual impairment. The
condition may be one or more of glaucoma, age-related macular degeneration, or diabetic
retinopathy in, or localized visual impairments caused by stoke, or neurological disorders such as

multiple sclerosis affecting one or both eyes of the subject.

[0047] In a third aspect, there is provided a system for the assessment of the function of a at
least one sensory field in a subject, the system comprising an apparatus of the second aspect,

wherein the apparatus is adapted for execution of the methods of the first aspect.

[0048 ] In a fourth aspect, there is provided a use of the apparatus or system of the second or
third aspects for assessment of one or more sensory fields of a subject. The sensory field(s)
under assessment may be a visual sensory field and the assessment may be assessment of any
one of more of glaucoma, age-related macular degeneration, diabetic rectinopathy, stroke or

multiple sclerosis affecting one or both eyes of the subject.

[0049] The use of the apparatus or the system of the second or third aspects respectively may
be accordance with the method of the first aspect for assessment of one or more sensory fields of
a subject. The sensory field(s) under assessment may be a visual sensory field and the
assessment may be assessment of any one of more of glaucoma, age-related macular
degeneration, diabetic rectinopathy, stroke or multiple sclerosis affecting one or both eyes of the

subject.

[0050] The aspects of the invention disclosed herein provide for improved methods for the
assessment and quantification of the sensory fields field of human and animal subjects,
particularly the visual fields of eyes, and apparatus and systems for carrying out the improved
assessment methods. Although mainly useful for detecting changes in visual sensitivity due to
disease processes such as glaucoma, diabetic retinopathy (DR) or age-related macular
degeneration (AMD) the method may also be used to determine such things as the location of the
normal blind spot, the absolute limits of the visual field for particular normal persons imposed by

skull shape, or reversible changes in the visual field as might occur in various forms of stress
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testing, or as a function of growth of the head, or neurological changes over the course of normal
childhood development. The methods may also be used for assessment of localized visual
impairments caused by stoke, or neurological disorders such as multiple sclerosis. Nevertheless
the examples given herein mainly relate to persons with the eye disease glaucoma because of the
readily available variants of visual field sensitivity that they can present. It will be appreciated,
however, that that the methods and apparatus described herein are also applicable to other causes
of loss of visual sensitivity such as age-related macular degeneration, diabetic rectinopathy,

stroke or multiple sclerosis.

[0051] The aspects of the invention disclosed herein are equally applicable to standard
behaviourally mediated perimetry or to multifocal methods for mapping the visual fields. More
generally the method may readily extend to the assessment of other sensory fields such as fields
defined on two tactile dimensions, or auditory and visual dimensions, or any combination or
number of such sensory dimensions. Irregular sampling grids have several advantages,
particularly the ability to estimate the power, if not the phase, of frequency components of the
sensory field that would be beyond the normal Nyquist rate.

[0052] It has been found by the inventors that visual fields may contain regions where the
changes in sensitivity vary rapidly over visual space and that these rapidly changing sensitivity
regions cause the combination of small test stimuli and coarse spatial sampling used in current
permitters to transform these high spatial frequencies into distortions of the measured visual
fields by aliasing. The ubiquitous nature of these design deficiencies indicates strongly that
persons skilled in the art surprisingly do not recognise potential problem of aliasing in standard
visual field test apparatus. Accordingly, in arrangements of the aspects disclosed herein, it is
realised that modification of the visual stimuli used for quantifying the visual field such that they
are designed so at to overlap when presented at adjacent locations in the particular sampling grid,
and should have blurred edges, provides significant advantages over commonly used methods
and apparatus. The combination of large size relative to the sample grid and edge blurring has
been found to prevent the potentially distorting effects of high spatial frequencies that cannot be
reliably represented by the density of the sampling grid, whether that grid is regular or random.

[0053] A further significant advantage of the methods and apparatus disclosed herein is that
by having many stimuli that would overlap if presented simultaneously, a particular stimulus
might overlap more exactly with a given patch of visual field sensitivity change, thereby

maximizing the ability of that stimulus to identify a localized difference in sensitivity.



WO 2009/059380 PCT/AU2008/001663

—-15-

[0054] Through further consideration of the anatomy of retinal ganglion cells, in particular
the paths their axons take to the optic nerve head or disc, and the fact that each half the occipital
visual cortex only represents the left or right half of the visual field, it is realised that that steps
of visual sensitivity that are defined along the horizontal and vertical meridians of the visual field
are not uncommon. Therefore, while the stimuli should potentially overlap with each other, it
has been found that in particular arrangements of the methods and apparatus for visual field
assessment, particularly arrangements of the visual stimulus ensembles that do not overlap or
cross these meridians, the ability to detect such meridional steps of visual sensitivity may be

maximised.

[0055] In a further aspect, it is recognised by the inventors that polar maps of the visual field
are more suited to characterising patchy changes in sensitivity of the retina. Thus, if maps of the
visual field obtained with different sampling grids are to be transformed to a single standardised
representation for the purposes of comparing the differently measured fields, significant
advantages in the analysis of the visual field may be achieved if the that representation is a
standard polar representation. This also permits measures such as the spatial autocorrelation
function of visual field changes to be determined in a relevant coordinate system to determine
optimal stimulus size at each visual field location. Such polar representations of the visual field
are of particular utility in glaucoma where common changes to the sensitivity of the visual field
map to largely rectangular shapes or simple linear gradients that can be easily recognized.
Finally, radial representations are recognised to give appropriate weight to the central visual field
and polar stimuli are able to be designed such that each individual stimulus stimulates an

approximately equal number of sensory cells.

[0056] In one particular arrangement, there is provided a method for assessing the functional

status of component parts of the sensory field of a subject, the method comprising:

(a)  presenting stimuli to individual parts of the sensory field centred at points on a
potentially multi-dimensional, regular or irregular, sampling grid spanning tﬁe portion of the
sensory field that is of interest, where the individual stimuli are sufficiently large and have
sufficiently smoothly varying profiles that they do not transmit frequencies found within the
multi-dimensional sensory field, that are higher than those that can be represented accurately by
the density of the sampling grid, and so if presented together at the sampling grid points the

individual stimuli would overlap in space;
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(b)  overlapping more stimulus positions than would be required to significantly
reduce aliasing effects sampling so that particular stimuli may overlap well with a given patch of

changed sensitivity of the sensory field.

[0057] The size and shape of each stimulus for characterization of the visual field may be
chosen with regard to the radial symmetry and higher foveal density of the sensory neurons of
the retinally associated visual cortex or thalamic visual area. The size and shape of each
stimulus for characterization of the visual field may be chosen such that each individual stimulus
stimulates approximately the same number of sensory neurons of the retinally associated visual

cortex or thalamic visual area.

[0058 ] The optimal size and shape of individual stimuli for each part of the visual field may
be estimated by computing measures such as the spatial autocorrelation in the visual field
changes of interest within a polar representation of visual field data where the coordinates of the

transformed space may be linear or nonlinear functions of radius and polar angle.

[0059] The sizes of the stimuli may be larger than would be predicted as being optimal from
analysis in a polar space given that in a measurement situation the signal to noise ratio available,

especially in damaged fields may be lower.

[0060] The overlapping and smoothly varying (i.e. sufficiently smoothed or blurred) stimuli
may display the spatial frequency doubling illusion. The overlapping and blurred-edged stimuli
may display higher spatial frequencies than the actual stimulus spatial frequency. The higher
spatial frequencies may be higher than twice the actual stimulus spatial frequency. By virtue of a
preponderance of low spatial frequency content, the higher spatial frequencies may be generally
below 1 cpd. The overlapping and blurred stimuli may be coupled with temporal modulations
selected from the group of rapid contrast reversal, rapid onset and offset, or rapid translation
across the visual field within a region of the visual field. The temporal modulations may cause
the stimuli to be modulated at a rate of between 10 to 30 Hz, but may contain other frequencies
as well in any range providing they make up a relatively small proportion of frequencies in the

stimulus.

[0061] In particular arrangements, the individual stimuli may have insufficiently blurred
profiles or insufficient overlap such that they transmit some frequencies of interest providing the
sampling grid was suitably random to permit estimation of the power of frequencies in the

sensory field that would be above the normal Nyquist rate defined by the sampling grid density.
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[0062] In use, the individual stimuli may be presented individually to each part of the visual
field of a subject undergoing a visual field assessment. Behavioural responses of the subject
may be determined for stimuli presented to each location. The behavioural responses may be a
button press by the subject. A threshold of minimum contrast or intensity of the stimuli may be
determined for each stimulus location. The frequency of seeing a supra-threshold stimulus may

be determined for each stimulus location.

[0063] The method of presentation of the stimuli may be multifocal, wherein each stimulus at
its location is be modulated by temporal sequences. The temporal sequences may be sufficiently
statistically independent to permit estimation of linear and non-linear weighting functions
adapted to characterisation of measured responses to each stimulus presented to each part of the
nervous system of the subject under test. The measured responses may provide estimates of the
response of the nervous system of the subject under test to each stimulus. The measured
responses may including responses to interactions between a given stimulus sequence and itself
at different delays. The measured responses may include interactions a stimulus at a first
location and at least one other stimulus other locations and at several delays. The measured
responses may be estimated from objectively measured detection and recordings of neural
activity from the nervous system. The measured recordings may be detected and/or recorded by
a suitable sensor and/or recorder as required. The sensor may be selected from the group of an
electrical or magnetic sensor; a sensor suitable for detecting changes to the absorption, scattering
or polarization infrared or other electromagnetic radiation; a functional magnetic resonance
imaging sensor; or a sensor for detecting responses of the subject’s pupil or pupils. The detected

responses may then be recorded in a suitable recorder such as a memory device.

[0064] The visual field sensitivity may be transformed to a polar representation, such that
localized changes to the visual field sensitivity may be readily identified. The polar
representation may provide analysis for recognition of visual field changes in the polar domain.
Data from various perimetric sampling strategies may be transformed into a standard polar
representation for the comparison of data that would otherwise be described on different

sampling grids.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0065] Arrangements of the methods, apparatus and systems will now be described, by way

of an example only, with reference to the accompanying drawings wherein:

[0066 ] Figure 1 is a graph of three transects though the average difference spectra showing
the additional spatial frequencies that occur above the Nyquist rates for the more common and
spatially coarser 24-2 and 30-2 tests, with the mean of 511 HFA 10-2 visual field tests used to

compute the spectra shown in the insert;

[0067] Figure 2 shows a graph of the mean of the vertical, horizontal and diagonal transects
through the mean difference spectrum for 24 HFA 10-2 visual fields with a superior field defect

showing a step at the horizontal meridian;

[0068] Figure 3 shows a graph of the mean of the vertical, horizontal and diagonal transects
through the mean difference spectrum for 210 HFA 10-2 visual fields with an inferior field

defect showing a step at the horizontal meridian;

[0069] Figure 4 shows a graph of the mean of the vertical, horizontal and diagonal transects
through the mean difference spectrum for 277 HFA 10-2 visual fields with no significant step at

the horizontal meridian;

[0070] Figures SA and 5B respectively show an image and contour plot of a single two

degree-wide blurred visual field stimulus;

[0071] Figure 5C is a graph of the amplitude of an ensemble of the stimuli of Figure SA
arrayed in the visual field sampling grid of Figure 5D taken along line A-A, Figure SC showing
the degree of overall overlap between adjacent stimuli that would occur if a set of such stimuli
were set out on a sampling grid that sampled visual space at 1 degree intervals horizontally and

vertically;

[0072] Figure 6 shows an example of a model visual field containing high frequency spatial
modulations of sensitivity that vary more rapidly across space than a 1 degree sampling grid

similar to that of Figure SD can accurately represent;

[0073] Figure 7A shows an example of aliasing in a two dimensional amplitude spectrum of
a visual field similar to that of Figure 6 containing high spatial frequencies following sampling

by the stimuli of Figure SA and arranged in the sampling grid of Figure 5D;
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[0074] Figure 7B is an amplitude cross section of the amplitude spectrum of Figure 7A taken

near zero cycles/degree along line B-B;

[0075] Figures 8A and 8B respectively show an image and contour plot of a single two
degree-wide blurred visual field stimulus of twice the angular width as the stimulus of Figure
5A;

[0076] Figure 8C is a graph of the amplitude of an ensemble of the stimuli of Figure 8A
arrayed in the visual field sampling grid of Figure 8D taken along line C-C, Figure 8C showing
the degree of overall overlap between adjacent stimuli that would occur if a set of such stimuli
were set out on a sampling grid that sampled visual space at 1 degree intervals horizontally and

vertically;

[0077] Figure 9A shows an example of aliasing in a two dimensional amplitude spectrum of
" a visual field test stimulus similar to that of Figure 6 containing high spatial frequencies

following sampling by the stimuli of Figure 8A and arranged in the sampling grid of Figure 8D;

[0078] Figure 9B is an amplitude cross section of the amplitude spectrum of Figure 7A taken

near zero cycles/degree along line D-D;

[0079] Figures 10A to 10C respectively show an image, contour plot and amplitude
distribution of an example of a square visual field stimulus with blurred edges of width 9 degrees

for use in an HFA 30-2 test pattern with a 6 degree sampling;
[0080] Figure 11A shows a HFA 30-2 test pattern with a 6 degree sampling grid;

[0081] Figure 11B is a schematic representation of the 50% contour lines of the stimuli of
Figure 10A arrayed in the HFA 30-2 test pattern of Figure 11A showing the spatial overlap of

the stimuli if they were to be presented simultaneously;

[0082] Figures 11C and 11D show respectively half the stimuli of Figure 11B permitting the

overlapping contours to be more clearly seen,

[0083] Figures 12A to 12D are schematic representations of a retina displaying the paths of
the retinal ganglion cells across the retina to the optic nerve head or disc, and their possible
influence on the shape of visual field sensitivity changes in response to damage to parts of the

optic disc;

[0084] Figures 13A to 13D show a schematic representation of a stimulus ensemble similar

to that of Figures 11A to 11D using the stimulus of Figure 10A where the sampling grid has
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been adjusted so that the stimuli do not overlap the horizontal and vertical meridians of the

visual field;

[0085] Figures 14A to 14D shows an example of a FDT N-30 stimulus ensemble modified to
have overlapping stimuli, the stimulus contours being representative of the outer boundaries of

the stimuli, the stimuli do not overlap with the horizontal and vertical meridians of the visual
field;

[0086] Figures 15A and 15B respectively show an example visual field as measured with a

HFA 24-2 pattern in rectilinear and polar representations;

[0087] Figures 16A and 16B respectively show rectilinear and polar representations of a

further example visual field with glaucomatous damage;

[0088 ] Figures 17A and 17B respectively show rectilinear and polar representations of a

further example visual field with glaucomatous damage;

[0089] Figures 18A and 18B respectively show rectilinear and polar representations of a

further example visual field with glaucomatous damage;

[0090] Figures 19A and 19B each show a respective half of an ensemble of large stimuli with
blurred edges arranged in a 030-44 grid which respect the horizontal and vertical meridians of

the visual field and showing an increase in the size of the stimuli with increasing with radius;

[0091] Figure 19C shows the stimuli of Figures 19A and 19B showing the substantial spatial

overlapping of adjacent stimuli if they were to be presented simultaneously;

[0092] Figure 19D shows a image of the polar stimulus ensemble of Figure 19C where the
left half of the image shows the left half of the stimuli of Figure 19A and the right half of the
image shows the right half of the stimuli of Figure 19B;

[ 0093 ] Figure 20A is a schematic diagram indicating components of an apparatus and system

for visual field assessment;

[0094] Figure 20B is a schematic diagram of a stereoscopic arrangement of an exemplary

apparatus and system for visual field assessment;

[0095] Figures 21A and 21B respectively show responses of the left and right pupils of a
subject to a multifocal polar visual field stimulus with the 030-44 arrangement of Figure 19C

displaying a pair of responses to each visual field location from the left and right pupils;
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[0096] Figure 22 shows the probability of normal function as a function of retinal location as
measured by a HFA 24-2 test for comparison with the polar overlapping visual field stimulus

method described herein;

[0097] Figures 23A to 23D depict the effect of using median filters of various sizes and

aspect ratios on an image matrix (Figure 23A) having relatively few pixels;

[0098] Figure 24 is a representation of two exemplary operators for linear filtering of an

image for assessment of a subject’s visual sensory field; and

[0099 ] Figure 25A to 25D depict the effect of using the linear Gaussian filters of Figure 24
in different combinations to produce two dimensional filters with varying sizes and aspect ratios

on an image matrix (Figure 25A) having relatively few pixels.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[00100] Unless defined otherwise, all technical and scientific terms used herein have the same
meaning as commonly understood by those of ordinary skill in the art to which the invention

belongs. For the purposes of the present invention, the following terms are defined below.

[00101] The articles “a” and “a” are used herein to refer to one or to more than one (i.e. to at
least one) of the grammatical object of the article. By way of example, "an element" refers to

one element or more than one element.

[00102] The term ‘“about” is used herein to refer to quantities (e.g. frequencies or
probabilities) that vary by as much as 30%, preferably by as much as 20%, and more preferably
by as much as 10% to a reference quantity or quantities.

[00103] Throughout this specification, unless the context requires otherwise, the words
“comprise”, “comprises” and “comprising” will be understood to imply the inclusion of a stated

step or element or group of steps or elements but not the exclusion of any other step or element

or group of steps or elements.

[00104] Although any methods and materials similar or equivalent to those described herein
can be used in the practice or testing of the present invention, preferred methods and materials
are described. It will be appreciated that the methods, apparatus and systems described herein
may be implemented in a variety of ways and for a variety of purposes. The description here is

by way of example only.
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[00105] Referring to Figures 1 to 4, it can be see that current perimeter designs exhibit
undersampling and aliasing effects due to the presence of spatial frequencies above S as defined
by their sampling lattice. In particular, referring to Figure 1 based on the measurement of 511
HFA 10-2 visual fields obtained from many different subjects. The 10-2 pattern is an optional
test pattern that has a square lattice of test points separated horizontally and vertically by 2
degrees, 3 times finer than the standard test grid. Thus, S for the finer grid is 3 times higher
making it possible to see if frequencies in visual field sensitivity exist above S for the standard,
coarse, 6 degree grid. The insert 10 at top right of Figure 1 shows the mean sensitivity across
the visual field of the measured fields (511 in total) from a sample of patients with glaucoma.
Glaucoma is a disease that in its earlier stages produces localized damage to the retina leading to
localized visual impairment or blindness. Localized blind regions of the visual field are referred
to as scotomas. The three traces 12, 14 and 16 of Figure 1 are respectively the horizontal,
vertical and diagonal transects through functions derived from the 511 two dimensional
amplitude spectra of the 511 measured visual fields. These derived functions will be referred to

as the difference spectra.

[00106] As shown in inset 10 of Figure 1 all the fields are bounded by a roughly circular
window of 10 degrees radius. This windowing will cause some artefacts with higher spatial
frequencies in the spectra. To minimize this effect one dummy field was constructed for each
actual glaucomatous visual field. The dummy fields had the exact shape of the circular window
of the real fields, where each point in the dummy field was replaced with the mean of points
from a given real field. Thus, for each real field, its dummy had the same mean sensitivity value
as that real field. The amplitude spectra from each of the 511 dummy fields were then
computed. Notice that these dummy fields have all the spatial properties of the real field except
for any structure within the field. The difference spectra were then formed by subtracting the
dummy spectra from each of their corresponding real field spectra. The difference spectra thus

indicate any extra frequencies that would not be predicted from a flat circular field.

[00107] Figure 1 shows two vertical dotted lines 11 and 13 below the horizontal dotted line
15 that marks zero (0) amplitude. The left vertical line denotes the S. for the diagonal separation
of a 6 degree sample grid, 1/(12 * V2) cycles per degrees (cpd) . The right vertical line denotes
the S. for the horizontal and vertical directions, 1/12 cpd. The three traces 12, 14 and 16
illustrate the mean frequency content of the difference spectra. The efror bars are standard

errors. The very small error bars, especially at frequencies above S for the 6 degree sample
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grid, indicate these frequencies are almost all highly significantly differently different from zero
amplitude. As can be inferred from the mean field presented in the insert 10, many of the fields
of the glaucoma subjects showed a step in sensitivity at the horizontal meridian of the field
which is common in glaucoma. The step would enhance increase the high spatial frequency
content in the vertical direction. This is demonstrated by the mean vertical transect through the
difference spectra (trace 12). This effect is minimized by considering transects corresponding to
the horizontal meridian of the difference spectrum (trace 16), any such frequencies being
orthogonal to the step of sensitivity in the fields. The diagonal transect through the difference
spectra (trace 14) will also be less affected by any horizontally oriented steps in the fields.

[00108] Another way to examine the relative contribution of visual field steps is to compare
difference spectra for fields that do or do not contain definite steps. Figure 2 shows the results
for the 24 fields that had sensitivity suppression in the superior visual field that produced a step.
Again the mean real glaucomatous field is given in the insert 20 at top right. Trace 22 of Figure
2 shows the mean of the horizontal, vertical and diagonal transects through mean difference
spectrum of Figure 1. The dashed and dot-dashed vertical lines (21 and 23 respectively)
indicate the S; values for the 6 degree sample grid. Figure 3 shows the mean of the horizontal,
vertical and diagonal transects through mean difference spectrum of 210 measured glaucomatous
visual fields that showed a vertically inverted step as can be seen in insert 30. Figure 4 shows
the mean of the horizontal, vertical and diagonal transects through mean difference spectrum of
for 277 glaucomatous fields that had no distinct step, as can be inferred from the mean field in

the insert 31. Even here frequencies exist well above the Nyquist rate, S, for the 6 degree grid.

[00109] It is significant that these test data came from an HFA test instrument that used the
same methods that are used in the standard 24-2 test. It is clear that frequencies of modulation of
the visual field across space exist well above the Nyquist rate for the 6 degree sample grid. As
mentioned above these higher frequencies will appear in the band 0 to S. as lower, aliased,
spatial frequencies. Note that this folding back will occur at least three times since the visual
field modulation extend to frequencies aboui 3 times the Nyquist frequency. The amplitudes of
the super-Nyquist frequencies are around 1 dB. Since multiple fold backs occur this can
multiply the amplitude of the resulting distortion patterns. The various frequencies can add
constructively depending on their phases. Overall then, false patterns that could distort the fields
can occur with amplitudes around 6 dB. Static perimeters are noted for their poor

reproducibility, which becomes worse as visual fields become more damaged. It is possible that
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this damage is creating higher spatial frequency modulations of the visual field and these
increasingly large high frequency components are tending to distort the measured fields, possibly
contributing to the lack of reproducibility.

Large Overlapping Stimuli with Low-spatial Frequency Content

[00110] Figure SA shows a potential stimulus for a perimeter. In this case the stimulus is a
two dimensional Gaussian shaped spot of light. Figure SB shows the same stimulus as a contour
plot, where the contours are in steps of 10% of the maximum brightness of the stimulus. Figure
5D shows an ensemble of these Gaussian stimuli arranged in a regular square grid. The grid
points are separated by 1 degree of visual angle. Figure SD represents the possible positions of
the perimetry stimulus across the visual field. Figure 5C is a horizontal transect through the
ensemble at 0 degrees elevation showing that at this separation the Gaussian stimuli would

overlap.

[00111] Figure 6 shows a model random visual field which contains spatial frequencies
higher than those in the modulations of the Gaussian stimuli. Persons skilled in the art will
understand that sampling the visual field with stimuli similar to that of either Figure 5D or
Figure 6 will result in a two dimensional spatial frequency spectrum that contains low pass
filtered copies spectrum of the visual field spaced at intervals 2 times the Nquist rate, in this case
at intervals of 1 cpd. If the sample grid is too coarse for the frequency content of the spectrum of
the fields then high frequencies in the copies of the spectrum of the visual field will add to low
frequencies in the main spectrum, this is the source of aliasing. An example spectrum is shown
in Figure 7A and a horizontal transect through the spectrum at A-A near 0 cpd is shown in
Figure 7B showing that the overlap of the spectra is very large producing abundant aliased
frequencies. As suggested above, making the perimetric stimuli larger and more smooth sided
should moderate this effect which could seriously distort the measured visual field. It can
clearly be seen that the narrow, and so relatively spatially sharp, stimuli and coarse square
sampling lattice cause copies of the spectrum of the visual field to overlap, thus high spatial
frequencies beyond the Nyquist rate, here 0.5 cycles per degree horizontally and vertically,
causing frequencies from higher order copies to leak into the main spectrum, appearing as lower

“aliased” spatial frequencies that could distort the measured visual field.

[00112] The effects of sampling with a regular grid highlight the possible advantages of

sampling with an irregular, random grid. The main advantages are that for a two dimensional
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sensory field aliased frequencies are scattered into a ring spectrum that is uniformly distant from
the origin and the aliased frequencies have random phases that may be less likely to add
constructively. For higher dimensional sensory fields the ring will be a multi-dimensional
sphere. Moreover, if only the power and not the phase, of the frequency spectrum of the sensory
field are required this can be done up to arbitrarily high frequencies provided the sampling gird
is suitably random. Although this is predicated on sampling in the time domain, it is reasonable

that the concepts can readily be extended to multiple dimensions.

[00113] This opens up the possibility that the sampling grid could be random and possibly
changing within the region of the sensory field of interest during the course of a testing session,
again minimizing the effects of aliasing and potentially providing accurate information on the
power of higher frequencies in the sensory field beyond the normal Nyquist rate. This
information may be useful in characterizing departures from population norms caused either by
diseases such as glaucoma or by such normal process as belonging to particular racial groups of
humans or species of animals with differing skull shapes that determine the limits of the visual
field, or reversible changes in sensory fields imposed by various forms of stress testing in normal

humans, or changes that occur with normal childhood development.

[00114] Figure 8A and 8B show Gaussian stimuli that are twice as large as those in Figure S.
When placed at the same 1 degree intervals as in Figure 5, Figure 8C shows that the overlap of
the stimuli, if they were to be presented simultaneously, is almost complete. Nevertheless the
anti-aliasing filtering effects of these larger stimuli is still not quite sufficient to separate the
copies of the spectrum as shown in the amplitude spectrum of Figure 9A, indicating that the
effects of aliasing still occur. The larger stimuli of Figure 8 have reduced the amplitude of the
super-Nyquist spatial frequencies but not enough to prevent aliasing. This illustrates the need for
substantial overlap of the blurred stimuli to reduce aliasing and it has been found that a quite
large overlap relative to the sample grid’s spacing is required to eliminate this distorting effect.
The exact overlap will depend on the spatial frequency content of the stimuli and the visual field,
i.e. of the anti-aliasing filters. For stimuli that have a spatially low-pass spatial frequency
spectrum, the overlap should minimally be such that adjacent stimuli touch at half height and can
extend to 5 or more times the average distance between sampling locations in the grid. Of
course the effect will be less when the modulations of the visual field are not as rapid as in the

examples used here (Figure 6).
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[00115] Broadly therefore, a method that has been found to provide significant advantages in
overcoming spatial aliasing in visual fields is to make the test stimuli much larger than that used
in conventional perimeters and for the stimuli to have smoothed edges. These larger, smooth-
edged, stimuli spatially filter the visual field, effectively removing shorter range fluctuations of
the visual field, thus eliminating aliasing effects. Note that smoothing after sampling, as
partially done by the linear interpolation of grey scale plots of thresholds on HFA reports, does
not fix the problem of aliasing because by that time all frequencies above S; have already been
translated into aliased frequencies below S.. Smoothing must occur in the sampling process or
before. Current perimeter designs, in not having any form of anti-aliasing filter, therefore are
thus tacitly predicated on the concept that there are no spatial frequencies above S as defined by

their sampling lattice.

[00116] Thus, due to the presence of higher spatial frequencies than the Nyquist rate for the
standard 6 degree perimeter grid within glaucomatous visual fields it has been found that
overlapping stimuli provides significant advantages in the assessment of the visual field by
minimising the effects of aliasing. Beyond the beneficial effects of reducing aliasing, the use of
overlapping stimuli for perimetry also has additional significant advantages such as it enables the
restoration of some of the utility of dynamic perimetry, because with many translations of a
single stimulus there is the prospect of one stimulus occurring in the optimum position to
identify a localized region of damage. This leads to the question: what is the optimum size or

shape for the stimuli?

[00117] The anatomy of the eye itself is used for determining the optimum stimulus shape for
a given part of the visual field. For example, in the case of the disease glaucoma, the disease
causes the progressive loss of the retinal ganglion cells whose nerve fibres, also called axons,
make up the optic nerve. These cells are at their densest at the fovea and their density falls with
retinal eccentricity outward from the fovea. The density function of eccentricity, ecc, D(ecc) is
closely approximated by D(ecc) = a ( ¢ + ecc )* where the exponent z is typically about 2 or
less, where ¢ governs the foveal retinal density and z the extrafoveal roll-off in density with
increasing retinal eccentricity, a is just an overall scaling factor [the relationship between D(ecc)
and the Nyqust rate at each eccentricity is discussed in T. Maddess et al “Evidence for spatial

aliasing effects in the Y-like cells of the magnocellular visual pathway”, Vision Research,

Volume 38, Pages 1843-1859, 1998]. The high central density of retinal ganglion cells implies

that that if glaucoma creates two scotomas of the same size, one in peripheral retina, and one in
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central retina, then the central scotoma has been produced by the death of many more retinal
ganglion cells. For this reason central scotoma are generally regarded as more diagnostic of
serious glaucoma [see for example E. Hodapp, et al, “The asymptomatic patient with elevated

pressure”, Clinical decisions in glaucoma, Pages 52-61, 1993].

[00118] Several other methods of grading of the severity visual field damage by glaucoma
also give extra weight to the central visual fields, notably the Glaucoma Hemifield Index of the
Humpbhrey Field analyser, and grading schemes based on that such as the “structure and function
evaluation” (SAFE) method [see C.A. Johnson, et al, “Structure and function evaluation (SAFE):
I. criteria for glaucomatous visual field loss using standard automated perimetry (SAP) and short
wavelength automated perimetry (SWAP)”, American Journal of Ophthalmology, Volume 134,

Pages 177-185, 2002] and the somewhat similar scheme published by the Advanced Glaucoma
Intervention Study (AIGS) Group [“The Advanced Glaucoma Intervention Study (AGIS): 1.
Study design and methods and baseline characteristics of study patients", Control Clinical Trials,
Volume 15, Pages 299-325, 1994].

[00119] Both the SAFE and AIGS methods pool clusters of HFA visual field points. This
suggests that overall larger test regions, corresponding to the size and shape of the SAFE and

AIGS pooling regions, may provide an additional advantage in the analysis of the visual field.

[00120] The Frequency Doubling Technology (FDT) perimeter, and the newer Matrix
perimeter, both use test stimuli about the size of those pooling regions, about 10 degrees square,
however the FDT test regions do not overlap in space, and the stimuli have sharp edges [see for
example US 5,065,767 and US 5,912,723, each to Maddess].

[00121] It has been recognized by the inventors that by using a greater number of individual
stimuli and positioning them in the visual field so that they would overlap in space (if the stimuli
were presented simultaneously although this does not occur in practice except for multifocal
methods of stimulus presentation where occasional overlap can be allowed) then not only could
aliasing effects be minimized, but the processes of overlapping would mean that one of the large
stimuli, of potentially the optimum size, would more often be presented centred on a region of
damage within the visual field. Whilst US 5,065,767 and US 5,912,723 both indicate the
benefits of testing with large stimuli but require the stimuli to exhibit the spatial frequency
doubling illusion and do not disclose or suggest the use of overlapping stimuli to more correctly

identify the location of patches of visual insensitivity, and guard against aliasing.
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[00122] One form of perimetry, known as High-Pass Resolution perimetry (HPR), can
include stimuli that overlap in space where ring-shaped stimuli of different sizes are presented
centred on each visual field location of the HPR sample grid. The task in this method is to find
the minimum stimulus size that is visible at each location where, in principle, larger ring stimuli
could overlap. This overlap, however, would not reduce the effects of aliasing since each of the
HPR ring targets contains only high spatial frequencies and thus would transmit to the measured
field the high spatial frequencies contained in the visual field leading to aliasing.

[00123] By contrast, the stimuli described herein contain only lower spatial frequencies than

the sampling grid can reconstruct.

[00124] Figures 10A to 10C show an example overlapping spatial stimuli in accordancé with
the methods described herein that may be presented on a 6 degree grid of visual field locations
similar to those in the HFA 30-2 test pattern. The grid of the centres of the 30-2 test locations is
shown in Figure 11A, the small circles approximating the size of standard HFA stimuli. The 24-

2 pattern described above represents a subset of those test points on the same grid.

[00125] The stimulus example of Figures 10A to 10C show an example of an overlapping
stimulus. In particular, Figure 10A is a grey-scale plot showing the relative amplitude of
stimulus patch 70 as a function of visual field position relative to the centre of the stimulus patch
70; Figure 10B is a contour plot of the stimulus of Figure 10A with iso-amplitude contours 72
at 20% intervals; and Figure 10C shows many transects 74 through the stimulus patch 70 where
amplitude is described as contrast. The transects 74 are indicative of the profile of the stimuli
70. Note that in this example, the stimulus 70 is large enough, i.e. greater than 6 degrees full-
width-half-maximum (FWHM) 71) to create substantial overlap between adjacent stimulated
regidns on the 6 degree grid. Also, the edges 73 and or corners 75 of the profile of stimuli 70 are
smoothly varying (i.e. sufficiently smooth or blurred). The degree to which the individual
stimuli 70 are smoothly varying is chosen so as not to transmit higher spatial frequencies in the
visual field that could otherwise form aliasing effects that could distort the shape of the measured
visual field. The use of sufficiently smooth or blurred individual stimuli has been found to have
the significant advantage that the subject does not need to be well refracted (that is, the subject
under test may require refractive correction) when being tested. That is, incorrect, insufficient or
even no refractive correction does not significantly affect the results of the assessment of the

subject’s visual field.
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[00126] The smoothness of the stimulus is adequate if the Fourier transform of the stimulus
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