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Description

TECHNICAL FIELD

[0001] The present invention relates to assessment of the function of the nervous system using the pupil and its special
properties. A particular use of the pupil is as a means to assess the operation of the visual sensory system.
[0002] The invention has been developed primarily for use as a method and apparatus for improved assessment and
quantification of the visual fields field of human and animal subjects, 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. In particular,
the methods and apparatus described herein may also be applicable for assessment of visual accommodation, visual
acuity, hearing and audio-visual function, emotional state, drug use and mental health disorders.
[0003] Tan, Lei, et al, "Multifocal pupillary light response fields in normal subjects and patients with visual field defects",
Vision Research, Vol. 41, No. 8, 01 April 2011, pages 1073-1084, XP55041099 describes a multifocal stimulation
technique where many stimuli, presented at 80 cd/m2, are presented concurrently and the pupil responses are measured.
The optimal conditions for recording focal pupillary light responses with a multifocal stimulation technique are determined.
Thirty-seven hexagonal stimuli are presented on a TV monitor with a visual field of 40° diameter under a constant
background illumination, from 3-48 cd/m2. Using a slow (4.7 Hz) m-sequence, reliable focal responses are obtained in
both normal subjects and patients. Electrical evoked potentials are recorded. The pupillary field and visual field are
correlated in patients with retinal diseases, but the correlation is not strong in patients with optic-nerve diseases.
[0004] U.S. Patent Application Publication No. 2008/0108908 A1 (USSN 10/581,003) published in the name of Maddess
et al on 08 May 2008 and entitled "Assessment of neural function" describes a technique of assessing one of the sensory
nervous systems of a human subject using patterns of null and non-null stimuli. Parts of the visual system, for example,
are presented with two simultaneous sequences of stimuli. Each sequence is varied over time between a null stimulus
and one or more less frequent non-null stimuli. The variation of each sequence is also controlled so that neighbouring
parts of the sensory system are less likely to receive simultaneous non-null stimuli. The stimuli are therefore sparse both
in time and in some other aspect, typically a spatial dimension. One or more responses of the subject are measured
and weight functions are determined for assessment of the sensory system.
[0005] US 2003/163060 A1, WO 2009/059380 A1, SUNGPYO HONG ET AL: "Comparison of Pupil Perimetry and
Visual Perimetry in Normal Eyes: Decibel Sensitivity and Variability", INVESTIGATIVE OPHTHALMOLOGY & VISUAL
SCIENCE, ASSOCIATION FOR RESEARCH IN VISION AND OPHTHALMOLOGY, US, vol. 42, no. 5,April 2001, pages
957-965, ISSN: 0146-0404, and WILHELM, H. ET AL.: "Pupil perimetry using M-sequence stimulation technique", IN-
VESTIGATIVE OPHTHALMOLOGY AND VISUAL SCIENCE, vol. 41, no. 5, April 2000, pages 1229-1238, show further
types of visual stimuli.

BACKGROUND

[0006] 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.
[0007] The pupils of the eye are often thought to only serve the function of a camera aperture, regulating the flux of
light into the eye via a simple reflex mediated by parts of the mid-brain. In fact recent studies have shown that the input
to the pupil system from the visual nervous system is much more complex than previously thought. This complexity is
derived from the inputs from various brain areas that contribute to the pupillary response. The major site of pooling (i.e.
the combination of many component signals to give a single observed response) of brain signals that contribute to the
pupillary response is the pretectal olivary nucleus (PON). The two PONs then convey that information to both of the
Edinger-Westphal (EW) nuclei on the two sides of the brain which in turn innervate the pupils via the oculomotor nerves.
This means that each pupil receives information about the pooled activity of both retinas. Thus each pupil can independ-
ently provide information on the operation of both retinas. When a pupil gives a response to the retina of its own eye
this is said to be a direct response. When a pupil responds to activity from the retina of its fellow eye that is said to be
a consensual response.
[0008] About half the input to the PON is from melanopsin containing retinal ganglion cells (mcRGC) that come directly
from the eye [for further information see P. D. Gamlin, "The pretectum: connections and oculomotor-related roles", Prog
Brain Res, Volume 151, Pages 379-405]. The nerve fibres of these and all the other types of retinal ganglion cells make
up the optic nerve. The mcRGCs have two separate types of responses to light [for further information see D. M. Dacey,
H. W. Liao, B. B. Peterson, F. R. Robinson, V. C. Smith, J. Pokorny, K. W. Yau and P. D. Gamlin, "Melanopsin-expressing
ganglion cells in primate retina signal colour and irradiance and project to the LGN", Nature, Volume 433, Pages 749-754].
The first response type derives from melanopsin that is present in the retinal bodies of these ganglion cells. Unlike the
light responses of the photoreceptor cells of the retina the melanposin driven response of mcRGCs has no light adaptation
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mechanism and so increases steadily with increasing light level. The melanopsin pigment responds to blue light and the
response itself is very slow, taking several seconds to respond to a transient increase in blue light. This slow integrative
response is mainly responsible for the mean pupil size, small in the bright light, more dilated in darkness.
[0009] As with all other types of retinal ganglion cells (RGCs) the mcRGCs also convey signals derived from rod and
cone photoreceptor cells of the eye. The cone driven component responds positively to yellow light (luminance) and
negatively to blue light. This response type is often referred to as a Yellow-ON/Blue-OFF class of response. These
responses are much more transient following the time resolution of the cones. This system also necessarily embodies
the light adaptation mechanism possessed by the photoreceptors and cells that process photoreceptor information such
as bipolar and horizontal cells before those signals are passed to the RGCs. Other types of retinal ganglion cells convey
information to the brain about differential red and green content of images, and also the luminance (brightness) information
in images. The main luminance signals are conveyed to the brain by parasol ganglion cells. The red-green colour signal
is carried by midget ganglion cells. Together the parasol and midget cells make up the majority of the optic nerve fibres.
[0010] Most types of retinal ganglion cells, including parasol and midget cells, and also about half of the mcRGCs,
proceed to the visual cortex via the lateral geniculate nucleus (LGN). The visual cortex is a massively interconnected
set of visual processing areas. Many of these visual cortical areas are also multiply and reciprocally connected to the
midbrain via the pulvinar areas [for further information see S. Shipp, "The functional logic of cortico-pulvinar connections",
Philos Trans R Soc Lond B Biol Sci, Volume 358, Pages 1605-1624; and S. Clarke, S. Riahi-Arya, E. Tardif, A. C.
Eskenasy and A. Probst, "Thalamic projections of the fusiform gyrus in man", Eur J Neurosci, Volume 11, Pages
1835-1838].
[0011] Higher centres within the extrastriate visual cortex then communicate with the PON providing about half its
input nerve supply [refer to P. D. Gamlin, referenced above]. Among the various signals computed in the cortex is
distance information derived from the binocular disparity between the eyes.
[0012] Another function of the pupils is the accommodative reflex by which the pupils become small when persons
view objects that are close to them. Presumably this aids near vision by increasing the depth of field. Obviously the
accommodative response requires information about depth and is provided to the PON by its binocular cortical inputs.
The accommodative response is known to contain input from the luminance and red-green differential input systems
mentioned above [for further information see F. J. Rucker and P. B. Kruger, "Accommodation responses to stimuli in
cone contrast space", Vision Res, Volume 44, Pages 2931-2944]. The spectral colour sensitivity of the human luminance
system is provided by the sum of red and green sensitive cone inputs, leaving the net peak spectral sensitivity corre-
sponding to yellow hues.
[0013] Another input to the pupil that likely derives from the visual cortex are the pupillary responses to achromatic,
equiluminant, high spatial frequency patterns, which permit visual acuity to be assessed via the pupillary responses,
even in children [see J. Slooter and D. van Norren, "Visual acuity measured with pupil responses to checkerboard stimuli",
Invest Ophthalmol Vis Sci, Volume 19, Pages 105-8; or K. D. Cocker and M. J. Moseley, "Development of pupillary
responses to grating stimuli", Ophthalmic Physiol Opt, Volume 16, Pages 64-67].
[0014] Therefore, the pupil has at least two possible sources of sensitivity to yellow luminance stimuli: the Yellow-ON
response component of the mcRGCs and the parasol cells, the main constituents of the projection to the magnocellular
layers of the LGN. The parasol RGCs have a gain control mechanism that makes them preferentially responsive to low
spatial frequencies and high temporal frequencies [see E. A. Benardete, E. Kaplan and B. W. Knight, "Contrast gain
control in the primate retina: P cells are not X-like, some M cells are", Vis Neurosci, Volume 8, Pages 483-486]. The
yellow-ON component of the mcRGCs does not seem to have such a gain control mechanism.
[0015] Overall, the diverse nerve supply to the pupil means that potentially it can report on the activity of a large
proportion of the optic nerve fibres, and various parts of the visual thalamus and cortex. One common form of visual
testing done on human subjects is characterising the extent and function of the visual fields of the eyes.
[0016] Human visual fields are commonly assessed by static perimetry. The basic form of this assessment involves
sequentially presenting small test stimuli to each of a preset ensemble of locations across the visual field. During the
test subjects indicate subjectively whether or not they have seen each test stimulus that they have been presented with
whilst they maintain their gaze on a fixation target for the duration of the test. For most perimeters, subjects provide
behavioural responses, such as button presses, to indicate when they have seen a particular test stimulus. Component
parts of the visual field can have characteristic visual abilities. The goal of perimetry is thus to assess the visual ability
or abilities of each part of the measured portion of the visual field.
[0017] Unrelated technologies are used to assess properties of the pupils of the eye, for example, devices that measure
the static size of the pupil under particular viewing conditions are referred to as pupillometers and devices that monitor
the changing size of pupils of time are referred to as pupillographs, and the distinctions between such devices are
outlined by the USA Food and Drug Administration. Pupillographs have previously been used in conjunction with standard
perimetry stimuli to measure responses to those stimuli and provide perimetric maps of the visual fields, however, these
systems have proved to be unreliable and have not achieved commercial form or acceptance.
[0018] There are many reasons to assess the visual fields. For example the visual fields are fundamentally limited by
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physical features of the face such as the nose, brow ridges, and cheek bones, which change during development.
Therefore, assessing the visual fields can be useful for tracking facial development or examining if a normal person’s
facial features provide them with a suitable visual field, for example, for use in certain sports or occupations. The visual
nervous system continues to develop until adulthood and this can affect aspects of the visual field. Therefore, visual
field testing can be used to determine the state of a young person’s development. Physiological stress testing can also
reversibly alter the visual fields. Therefore, the availability of a rapid means to test the visual fields before during and
after the stress test is beneficial for stress level assessment. Visual field testing can also be useful in the management
of disease rather than assisting in diagnosis per se. For example, persons with diseases such as multiple sclerosis can
have periodic losses of vision due to transient conditions such as optic neuritis. The optic neuritis often resolves quickly
but this can be aided by treatment. Visual field testing can therefore be used to assist in the management of such problems.
[0019] Similarly other diseases, such as glaucoma, can cause localised damage to smaller areas of the visual field.
Again these diseases are amenable to current, and presumably future, treatments so visual field testing is useful to
determine the effectiveness of treatment over time. Of course, this means visual field testing can be useful in providing
data that would assist a physician, in conjunction with other data, to make a diagnosis of a disease such as glaucoma
or other disease which affects the visual function of the subject. In the case of glaucoma, other data that would assist
to confirm glaucoma, once a visual field defect had been observed with field testing, would include: eye pressure tests,
measurement of the thickness of the nerve fibre layer of the retina by means of polarimetry or optical coherence tom-
ography (OCT), and or the topography of the head of the optic nerve, often called the optic disc, by visual inspection,
stereo fundus photography, OCT or confocal microscopy. These would normally be performed in conjunction with other
tests such as magnetic resonance imaging, positron emission spectroscopy of the brain or electroencephalography, to
eliminate brain related sources of the visual field defect such as stroke.
[0020] The primary drawback with existing static perimeter systems, however, is the subjective nature of the testing
which causes the tests to suffer from inaccuracies and human/patient error since the current tests rely on the patient’s
ability to respond behaviourally to their detection of a stimulus (static perimeters do not use pupillary responses). Typically,
the patient has a limited window of time in which to respond to the stimulus, and is presented with a limited number of
stimuli. Therefore, if the patient is not concentrating some false positive or false negative responses will be delivered
and the perimetry device will not be able to establish visual sensitivity well, thus compromising the accuracy of the
diagnosis. The test may also be compromised by the patient’s inability, or lack of desire as in cases of malingering, to
respond to the stimulus accurately which may be caused by any number of variables for example whether the patient
suffers from autism, age-related disorders, and drug impairment or intoxication to name a few.
[0021] A further disadvantage of current tests is the time in which a test may be completed. Since the patient must
respond subjectively to each stimulus, this places a limit on the time in which the test may be conducted.
[0022] An objective alternate method for mapping the visual fields is to employ so-called multifocal methods. In these
methods one uses an ensemble of visual stimuli, each member of the ensemble being presented to a particular sub-
region of the visual field. The appearance or non-appearance of stimuli at each sub-region of the visual field is modulated
by aperiodic pseudorandom temporal sequences that are mutually statistically independent. Optimally the modulation
sequences should be completely statistically independent, that is the modulation sequences should be mutually orthog-
onal, which is to say having zero mutual correlation. A variety of patents related to various orthogonal (US Patent No.
5,539,482 to Maddess & James, the disclosure of which is wholly incorporated herein by cross-reference) and near
orthogonal sequences (for example US Patent No. 4,846,567 to Sutter) exist, but recent analysis methods permit more
general stimuli to be used (for example US Patent No. 6,315,414, US Patent No. 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).
[0023] The basic idea of multifocal methods is that the temporal statistical independence of the stimuli permits many
stimuli to be presented concurrently, for example at different locations in the visual field, or different stimulus conditions,
each driven by its own sequence. Then the estimated responses to presentations at all the test locations, or stimulus
conditions, may 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 detectors, changes to the absorption, scattering or polarization
infrared light or other electromagnetic radiation from parts of the nervous system, or functional magnetic resonance
imaging. As can be appreciated, sensors for detection of such neural responses are complex and rely on correct placement
for efficient operation, typically on the scalp of the patient. Also, methods such as electroencephalography suffer from
the fact that different subjects have different brain anatomy and this affects the signals measured on the scalp. Subjects
are also often averse to the placement of electrodes on their scalp or eyes, and there are health risks associated with
any such contact method. Responses to the stimuli may be detected through monitoring of the pupils, which have the
advantage of permitting non-contact assessment, however to date there are no commercial perimetry systems that use
pupillography.
[0024] Accordingly, there is a need for a rapid objective, non-contact visual field assessment, which can be used for
a variety of purposes, not just the assessment of the visual field of a subject, for example visual accommodation, visual
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acuity, hearing and audio-visual function, emotional state, drug use and mental health.
[0025] It is an object of the present invention therefore to substantially overcome or at least ameliorate one or more
of the disadvantages of the prior art, or at least to provide a useful alternative, particularly when it is desirable to test an
ensemble of stimuli (eg, visual, auditory or other stimulus detectable via a pupillary response) concurrently.

SUMMARY

[0026] The invention is defined by the claims. As mentioned above the pupils are an excellent substrate for recording
neural responses of the visual nervous system. Additionally the pupils are known to provide information about the mental
illness and emotional states, response to auditory stimuli, audio-visual interactions, visual acuity, and the visual distance
accommodation system. The inventors have surprisingly discovered that the pupillary system has special properties
described herein that can be harnessed to provide more reliable responses from parts of the visual field, or component
parts of other stimuli, such as accommodative stimuli, or stimuli that evoke particular emotions, as measured from
responses to those stimuli.
[0027] Secondarily, the method is designed to enhance the responses of the pupils to aid in other assessments of the
visual system that can employ one or both pupils in human or animal subjects. This method and apparatus or systems
for implementation of the method as described herein would be of use when the pupils are used to assess any collection
of these functions or collections of visual stimuli, allowing the pupillary responses to desired subsets of functions and
stimuli to be enhanced relative to the others in the total set being tested.
[0028] According to a first aspect, there is provided a method for assessing the nervous system of a subject. The
method may comprise the step of presenting a sequence of selected individual stimuli from at least one stimulus ensemble
to the nervous system of a subject. The sequence of selected individual stimuli may be adapted to evoke pupillary
responses in at least one pupil of the subject. The stimulus ensemble may comprise a plurality of individual stimuli.
Selected individual stimuli may be concurrently presented in the sequence. The individual stimuli may each be individually
balanced. The individual stimuli may each be individually balanced such that the pupillary responses evoked by individual
stimuli in the ensemble are balanced according to the strength of the neural responses evoked by the individual stimuli.
The method may further comprise the step of detecting using a sensor responses of at least one pupil evoked by the
stimuli. The method may further comprise the step of relating the detected pupillary responses to the function of the
subject’s neural responses to at least two of the individual stimuli of the ensemble.
[0029] According to an exemplary arrangement of the first aspect, there is provided a method for assessing the nervous
system of a subject, the method comprising the steps of: presenting a sequence of selected individual stimuli from at
least one stimulus ensemble to the nervous system of a subject adapted to evoke pupillary responses in at least one
pupil of the subject, said stimulus ensemble comprising a plurality of individual stimuli, selected individual stimuli being
concurrently presented in the sequence, the individual stimuli each being individually balanced such that the pupillary
responses evoked to each of the individual stimuli in the ensemble are balanced according to the strength of the neural
responses evoked by the individual stimuli; detecting using a sensor responses of at least one pupil evoked by the
stimuli; and relating the detected pupillary responses to the function of the subject’s neural responses to at least two of
the individual stimuli of the ensemble
[0030] The individual stimuli are each individually balanced such that responses of the pupils to more effective stimuli
in the ensemble are reduced and thereby producing larger responses of the pupils to less effective stimuli. The relationship
between stimulus intensity and pupillary response size may be described by nonlinear functions. The nonlinear functions
may define stimulus weights for balancing the pupillary response. The nonlinear functions may define stimulus weights
for balancing the pupillary response to each of the individual stimuli. Different nonlinear functions may be used for each
individual stimulus in the ensemble. The nonlinear stimulus/response function may be a power function of the form
Response = K 3 stimulusz.
[0031] The method may further comprise the step of obtaining attenuating weights for each of the stimuli in the
ensemble. The attenuating weights may be logarithmic. The weights may be obtained by expressing the responses
sizes of the stimuli in the ensemble in logarithmic form to provide linear balancing weights. The linear balancing weights
may be raised to the power z. Each individual stimulus in the ensemble may be associated with a unique exponent for
expression of the attenuating weight for each stimulus.
[0032] The stimuli may be visual stimuli. The visual stimuli may be presented to a subject at multiple locations in the
subject’s visual field concurrently. The visual stimuli may be presented to a subject at multiple locations in the visual
field of one or both of the subject’s eyes. The resulting set of pupillary responses evoked by each of the visual stimuli
may provide a map of visual function across the visual field of the one or both eyes. The visual stimuli may thus be
monocular or binocular presented separately or concurrently. The stimuli may be presented aperiodically, each controlled
by different sequences that are statistically independent, each with selected mean inter- stimulus symbol interval periods.
The mean inter-stimulus interval period may be selected to be either about 1 s/region or about 4 s/region, or more
generally between about 0.25 and about 16 s/region.
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[0033] The ensemble of visual stimuli may thus be an ensemble of multifocal stimuli. In a sequence of selected individual
stimuli of the multifocal stimuli ensemble, the appearance or non-appearance of individual stimuli in the ensemble or
other modulations of the stimuli such as intensity, colour (hue) or spatial frequency may be controlled by statistically
independent sequences.
[0034] Selected individual stimuli of the ensemble may be associated with a weighting function wherein the luminance
of the selected stimuli is controlled such that regions of the visual field in which unweighted stimuli evoke large neural
responses is decreased.
[0035] The visual stimuli at one or several locations may alternate between one of a number of stimulus conditions.
The stimulus conditions may be selected from the group consisting of stimulus luminance level, stimulus colour or hue.
The stimulus conditions for each stimulus in the ensemble may each be controlled by a unique statistically independent
sequence such that the pupillary responses are representative of the neural responses affected by a stimulus space
spanned by those stimulus conditions.
[0036] The ensemble of visual stimuli may be presented as an ensemble of grating or checkerboard stimuli. The grating
or checkerboard stimuli may be dominated by a range of different spatial frequencies for determination of the visual
acuity or spatial frequency tuning of the tested portion of a subject’s visual field.
[0037] The ensemble of stimuli may be presented at one or a plurality of spatially resolved locations in the visual field
of the subject. The pupillary responses to the spatially resolved stimuli may be representative of the neural responses
to the concurrently presented spatial frequencies thereby to obtain information about the visual acuity and spatial fre-
quency sensitivity of the subject.
[0038] The visual stimuli may be adapted to provide a measure of the distance to objects in the visual field. The
measure of the distance to objects in the visual field may be determined by presenting stereo disparity cues to each of
the subject’s eyes, such that the pupillary responses are representative of the function of the accommodative system
of the subject’s eyes.
[0039] The stimuli in the ensemble may be adapted such that the pupillary responses evoked by said stimuli are
substantially unsaturated.
[0040] The ensemble of visual stimuli may be a first ensemble for presentation to one eye of the subject. The method
may further comprise the step of concurrently presenting a second ensemble of unique visual stimuli to the other eye
of the subject. The method may further comprise the step of recording the pupillary responses of a selected one of the
two retinas. The method may further comprise the step of characterising the pupillary response of the retina associated
with the recorded pupil by the direct pupil response. The method may further comprise the step of and characterising
the pupillary response of the other retina by the consensual response of the recorded pupil.
[0041] In an exemplary arrangement, the method may further comprise the steps of: concurrently presenting a second
ensemble of unique visual stimuli to the other eye of the subject; recording the pupillary responses of a selected one of
the two retinas; characterising the pupillary response of the retina associated with the recorded pupil by the direct pupil
response; and characterising the pupillary response of the other retina by the consensual response of the recorded pupil.
[0042] The ensemble of stimuli may be an ensemble of auditory stimuli. The ensemble of stimuli may evoke particular
emotions, or modulate the mental health of a subject. The method may further comprise the step of recording the pupillary
response of the subjected evoked by the ensemble of stimuli. The method may further comprise the step of characterising
the function of those neural mediated emotional or mental health mechanisms of the subject from the recorded responses.
In an exemplary arrangement, the method may further comprise the steps of recording the pupillary response of the
subjected evoked by the ensemble of stimuli; and characterising the function of those neural mediated emotional or
mental health mechanisms of the subject from the recorded responses.
[0043] The ensemble of stimuli may be an ensemble of different drugs or other chemical substances, or difference
dosages of a drug or substance, that are known to affect the function of the pupils. The ensemble of stimuli may comprise
a mixture of visual, accommodative, auditory, emotional, or chemical stimuli.
[0044] According to a second aspect, there is provided a system for assessing the nervous system of a subject. The
system may comprise means for generating sequences of stimuli. The means may be a computer system. The sequences
of stimuli may be selected or derived from at least one stimulus ensemble. The sequences may be adapted to evoke
pupillary responses in at least one pupil of the subject. The stimulus ensemble may comprise a plurality of individual
stimuli. The stimulus generation means may individually select, determine or associate at least one weighting function
for each of the individual stimuli in the stimulus ensemble. The one weighting function for each of the individual stimuli
in the stimulus ensemble may be selected, determined or associated such that the pupillary responses to individual
stimuli in the ensemble are balanced. The pupillary responses to individual stimuli in the ensemble may be balanced
according to the strength of the neural responses evoked by the individual stimuli. The system may further comprise a
display means for presenting said sequence of balanced stimuli to the nervous system of a subject for the generation
of pupillary responses in at least one pupil of the subject. The system may further comprise a sensor for detecting the
pupillary responses of at least one pupil evoked by the sequence of balanced stimuli. The system may further comprise
a processor for recording and relating the detected pupillary responses to relate them to the function of the subject’s
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neural responses to at least two of the individual stimuli of the ensemble.
[0045] According to an exemplary arrangement of the second aspect, there is provided a system for assessing the
nervous system of a subject, the system comprising: means for generating sequences of stimuli from at least one stimulus
ensemble adapted to evoke pupillary responses in at least one pupil of the subject, said stimulus ensemble comprising
a plurality of individual stimuli, the stimulus generation means individually determining at least one weighting function
for each of the individual stimuli in the stimulus ensemble such that the pupillary responses to individual stimuli in the
ensemble are balanced according to the strength of the neural responses evoked by the individual stimuli; display means
for presenting said sequence of balanced stimuli to the nervous system of a subject for the generation of pupillary
responses in at least one pupil of the subject; a sensor for detecting the pupillary responses of at least one pupil evoked
by the sequence of balanced stimuli; and a processor for recording and relating the detected pupillary responses to
relate them to the function of the subject’s neural responses to at least two of the individual stimuli of the ensemble.
[0046] The system may further comprise a database of recorded data, the recorded data comprising information on
at least one or more of: the strength or mean strength of the neural responses evoked in at least one subject by the
individual stimuli; the strength or mean strength of the pupillary responses evoked in at least one subject by the individual
stimuli; wherein the stimulus generation means determines the at least one weighting function for each of the individual
stimuli from an analysis of the recorded data. The analysis of the recorded data for determination of the weighting
function(s) may provide a relationship between the intensity of the individual stimuli and pupillary responses evoked
therefrom in the form of one or more nonlinear functions. The nonlinear stimulus/response function may be a power
function of the form Response = K 3 stimulusz. Each individual stimulus in the ensemble may be associated with a
unique exponent for expression of the attenuating weight for each stimulus.
[0047] The individual stimuli of the ensemble may be visual stimuli. The visual stimuli may be presented to a subject
at multiple locations in the visual field of one or both of the subject’s eyes concurrently, such that the resulting set of
pupillary responses to each individual stimulus may provide a map of visual function across the visual field of the one
or both eyes.
[0048] The means for generating sequences of stimuli may be adapted to present the stimuli aperiodically, each
stimulus controlled by different sequences that are statistically independent, with selected mean inter- stimulus symbol
interval periods. The means for generating sequences of stimuli may be adapted to selectively present the aperiodic
stimuli with a mean inter-stimulus interval period of either about 1 s/region or about 4 s/region, or more generally between
about 0.25 and about 16 s/region.
[0049] According to a further aspect, there is provided an apparatus for the application of the method of the first aspect.
According to a still further aspect, there is provided an apparatus for the implementation of the system of the second
aspect. According to a further aspect, there is provided an apparatus for implementation of the system of the second
aspect with the method of the first aspect.

BRIEF DESCRIPTION OF THE DRAWINGS

[0050] Arrangements of the methods, apparatus and systems will now be described, by way of an example only, with
reference to the accompanying drawings wherein:

Figures 1A and 1B together illustrate two sub-sets of a single ensemble of 44 stimuli that are designed to be
presented to an eye while a subject fixates the centre of the ensemble, wherein some of the stimuli would potentially
overlap if presented at the same time;

Figure 2 is an illustration of a particular exemplary arrangement of an apparatus designed to stimulate the two eyes
of a subject independently and to independently monitor the responses of each eye’s corresponding pupil by video
cameras under infrared illumination;

Figure 3 shows a graph depicting the saturation of the median pupillary contraction size computed across, eyes,
pupils, subjects and the 44 regions of the stimulus array of Figure 1, obtained from 16 normal subjects in responses
to 8 stimulus protocols examining pupil size as a function of the maximum luminance of the individual stimuli;

Figure 4 shows a graph of the same data as Figure 3 but where the responses are expressed as Z-scores indicating
the median signal to noise ratios achieved;

Figure 5 shows a graph similar to that of Figure 3 but where the median response sizes to the 4 luminance levels
are shown for each region and left and right eye stimuli for the fast stimulus condition presenting stimuli at a mean
inter-stimulus interval of 1 s/region;
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Figure 6 shows a graph similar to that of Figure 5 but where the stimuli were presented in the slow stimulus condition
presenting stimuli at a mean inter-stimulus interval of 4 s/region;

Figure 7 shows a graph similar to that of Figure 3 but the data was obtained from a different set of 18 subjects and
stimuli of different hue (colour) were presented;

Figure 8 shows the same data as Figure 7 but where the responses are expressed as Z-scores indicating the
median signal to noise ratios achieved;

Figure 9 gives a map of the median responses of 21 normal subjects to a stimulus array like Figure 1 for a fast
stimulus protocol with a mean presentation interval of 1 s/region, where the mapping of the stimulus regions of
Figure 1 to the current presentation format is shown as in Figure 11, indicating typical variation of the pupillary
responses across the visual field;

Figure 10 is similar to Figure 9 except that the data were obtained with a slow stimulus protocol having a mean
presentation interval of about 4 s/region;

Figure 11 is a correspondence map between the stimulus region numbers of Figure 1 and the maps of pupillary
responses shown Figure 9, Figure 10, Figure 15A and Figure 17A;

Figure 12 shows that as the number of stimuli presented to the visual field increases, the gain of the response to
a probe stimulus decreases, indicating the presence of a gain control mechanism that acts to keep the mean pupil
size relatively constant for a given person, light and accommodative level;

Figure 13 shows an exemplary arrangement of a balanced stimulus ensemble wherein the mean luminance of each
of the individual stimuli is set utilising a square root balancing system;

Figure 14A shows a graph of the mean pupil response sizes in decibels of the 44 regions of an unbalanced stimulus
ensemble to a fast stimulus protocol measured in 21 normal subjects sorted by region from least responsive to most
responsive;

Figure 14B shows a graph of the changes due to balancing the multifocal stimuli, expressed as decibel differences
from the unbalanced condition, due to stimulation with the balanced stimulus ensemble shown in Figure 13; again
sorted in the same order as the data of Figure 14A;

Figures 15A to 15C respectively show: the mean unbalanced data by region for the fast stimulus protocols; those
regions in the visual fields whose pupillary responses were significantly decreased by balancing; and those regions
whose pupillary responses were significantly increased by balancing;

Figure 16A shows a graph of the mean pupil response sizes in decibels of the 44 regions of an unbalanced stimulus
ensemble to a slow stimulus protocol measured in 21 normal subjects, sorted by region from least responsive to
most responsive, where the region number is identified in Figure 11;

Figure 16B shows a graph of the changes due to balancing the multifocal stimuli, expressed as decibel differences
from the unbalanced condition, due to stimulation with the balanced stimulus ensemble shown in Figure 13; using
the sort order of Figure 16A;

Figures 17A to 17C respectively show: the mean unbalanced data by region for the slow stimulus protocols; those
regions in the visual fields whose pupillary responses were significantly decreased by balancing; and those regions
whose pupillary responses were significantly increased by balancing;

Figure 18 shows the percent area under curves (AUC) from receiver operator characteristic (ROC) plots for the
four stimulus protocols in which normal and glaucoma subjects were tested, wherein for each eye, the deviations
from normative data were sorted and then ROC plots were constructed for the N-worst deviations;

Figure 19 shows the estimated percent standard errors in the graphs of Figure 18. indicating the that the estimates
of the AUC in Figure 18 are good, especially the value of 100 for the balanced fast stimulus; and
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Figure 20 is a graph of the age-related lens absorbance due to brunescence, one curve for each age in years from
30 to 90.

DETAILED DESCRIPTION

[0051] 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.
[0052] The articles "a" and "an" 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.
[0053] The term "about" is used herein to refer to 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 frequency or probability.
[0054] 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.
[0055] 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.
[0056] Figures 1A and 1B together show two sub-sets of a single ensemble of 44 polar scaled stimuli 1 for visual
presentation to a subject. Each of the individual stimuli 1 are presented at selected locations centred at points on a polar
sampling grid spanning a portion of the visual field. The individual stimuli, if presented simultaneously at the sampling
grid points, may be configured such that they would potentially overlap in some parts of the visual field but with no overlap
across the vertical and horizontal meridians of the sampling grid. The overlapping of the stimuli may be 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 smoothly varying and/or blurred. The smoothly
varying profiles of the individual stimuli (particularly at the edges and/or corners of the individual stimuli) may be sufficiently
smooth such that they comprise only low spatial frequency Fourier components. 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 assess-
ment of the subject’s visual field. These properties of the stimulus sampling grid and the individual stimuli are the subject
of International PCT application PCT/AU2008/001663 to Maddess and James, the contents of which are incorporated
herein by cross-reference.
[0057] The 44 stimulus regions in the array are numbered for reference from 1 to 44 as indicated in Figures 1A and
1B. The stimuli are intended to be presented in a desired sequence whilst a subject fixates the centre 5 of the array and
thus, when a given stimulus region appears its position in visual space it maps onto a particular part of the retina, thereby
establishing a correspondence between the resulting map of visual activity with corresponding parts of the retina and
retinotopically mapped parts of the visual brain. Notice that in this particular arrangement, each region has the same
maximum, central brightness, and that the array extends to approximately 30 degrees radius from the central fixation
point 5. Ordinarily, the stimuli 1 may be each be presented one at a time in a desired sequence as part of a test and a
subject being tested may subjectively respond to each stimulus region by a button press or other means.
[0058] In the present arrangement, the ensemble is presented in a multifocal stimulus arrangement where the appear-
ance or non-appearance of stimuli in individual regions is controlled by statistically independent aperiodic pseudorandom
sequences. Thus, although the regions in which the stimuli can appear within the ensemble can potentially overlap, in
practice the presentation of the stimuli may be controlled so that any such overlap of stimuli appearing at the same time
occurs rarely or never as desired. Note, however, that the multifocal presentation allows for several stimuli to appear in
selected regions at the same time due to the multifocal stimulus sequences being statically independent. In the present
example, particular care was taken that near neighbours were rarely stimulated on successive frames of the presentation
sequences of stimuli displayed for a test, such that the stimuli conformed to the spatially sparse stimulus arrangement
(described in greater detail in International Patent Publication No. WO 2005/051193, to Maddess & James). In principle,
multifocal methods can tolerate overlaps between adjacent stimuli, and indeed may benefit by the overlaps by permitting
nonlinear interactions to be characterised through nonlinear weighting functions, but in the examples described herein,
the amount of overlapping between successive or simultaneously appearing stimuli was kept to a minimum, however,
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persons skilled in the art of multifocal analysis will recognise that overlapping stimuli may have advantages for a particular
testing method or application.
[0059] An example of a suitable apparatus for presenting the multifocal stimulus and recording the pupillary responses
as per the methods disclosed herein is illustrated in Figure 2. The stimulus configuration in the present arrangement
was a dichoptic one, which provides independent stimuli to the two eyes (that is, each eye sees a different, independently
controlled stimulus pattern and or sequence during a test). The independent stimuli for the left and right eyes 16a and
16b respectively were displayed on two liquid crystal displays (LCDs) 10 and 11. Positive lenses 14 of equal focussing
power (focal length) are used with the focal length selected such that the displays appear to be at far focus. Corrective
lenses 15, possibly of different refractive properties (for example focal length), were provided to correct for refractive
errors of the eyes 16a and 16b. Infrared light to illuminate the eyes was provided by light emitting diodes (LEDs) 17,
and the pupillary contractions were recorded by detectors 18 and 19 for recording the responses of each eye separately.
The detectors may be video cameras, CCD detectors, photodiode detectors, simple power detectors or other suitable
detector for recording the reflected infrared light from the subjects’ eyes. Two dichroic mirrors 12 and 13 are used to
reflect the image of a respective LCD screen to one of the subject’s eyes whilst allowing infrared light from the LEDs 17
to pass through to illuminate the subject’s eyes and also to allow reflected infrared light to be transmitted through the
mirrors to be detected by detectors 18 and 19, and communicated to computer system 19 for analysis by respective
communication lines 18a and 19a.
[0060] In particular arrangements of the apparatus, a computer system 19 is used to generate stimulus sequences
wherein stimuli at particular stimuli regions (for example see Figures 1A and 1B) in the particular sequence are transmitted
to LCD displays 10 and 11 by respective communication lines 10a and 11a for display to the subjects respective eyes
16a and 16b. In preferred arrangements, the sequence of stimuli displayed on each of the LCD displays is generated
independently of each other such that each eye of the subject/patient is tested independently of the other eye (i.e.
dichoptic stimulation). Alternatively one may wish to implement a binocular test in which case stimulus regions presented
at the same positions in the visual fields of the two eyes would be presented simultaneously. The computer system may
also be adapted to record and fit a circle to the lower ª (i.e. about 75% or in the range of about 65% to 85%) of pupils
with diameters larger than about 3 to 4 mm, thereby providing a measure of the pupil diameters of each of the patient’s
eyes independently in real time and optionally also to estimate the responses of the retina of each eye to each of the
independently modulated stimulus regions that are presented to the two eyes 16 during a particular test. The lower ª
of the pupil is fitted to a circle because some persons, especially older persons display ptosis, or droopy upper eye lids
which can obscure the pupil. For very small pupil sizes fitting the whole pupil may be advantageous given that the upper
eye lids would be unlikely to obscure a smaller pupil. The stimuli sequence may be in the form of a video signal which
is displayed on the respective LCDs 10 and 11, which may be advantageously presented at 60 frames per second. In
the present examples, the detectors 18 and 19 sampled the responses of the pupils of each of the subjects’ eyes
independently at a rate of 30 frames per second. In the present examples, the sampling of the pupillary responses of
the patient by the detectors 18 and 19 was synchronised with every second frame of the stimulus sequence frames
displayed on the LCD displays. As described above, each of the subject’s pupils receives pooled input from the retina
of both eyes in the form of both direct and consensual responses. Hence the pupil contraction recorded by the detectors
18 and 19 provides information about both the direct and consensual responses for each retina.

Pupillary Response Spatial Variation

[0061] Figure 3 shows results from a multifocal presentation of the stimulus array of Figures 1A and 1B whose
stimulus parameters were varied to define eight variant stimulus protocols wherein tests of 4 luminances are done at
each of 2 presentation rates as discussed below. Unlike in Figure 1 all eight classes of stimuli were yellow, which was
used to minimise the effects of the differential absorption in different persons/subjects of blue light which may occur due
to differential rates of yellowing (also known as brunescence) of the lens of the eyes of subjects and also as a result of
differential absorption of blue light by macular pigments of the subject’s retina. Note that white stimulus contains a
significant component of blue light whilst yellow stimuli contains little or no blue light component. The yellow stimuli are
formed as a combination of red and green stimuli (which contain no blue component, for example from the blue pixels
of the LCD displays) and generally have a wavelength of about 590 nm or more generally in the range of about 570 to
600 nm, however, it is accepted that the increased optical absorption of brunescent lenses is primarily at wavelengths
below 550 nm [see for example Tomoda A, Yoneyama Y, Yamaguchi T, Kakinuma K, Kawasaki K, Yonemura D.,
"Spectroscopic studies of brunescent cataractous lenses", FEBS Lett. 1987 Jul 27;219(2):472-6.] therefore using visual
stimuli with a wavelength greater than about 500 or greater than about 550 nm (see Figure 20 for a graph of the age-
related lens absorbance due to brunescence) up to about 700 nm would be beneficial in avoiding the effects of brunescent
degradation of the lens.
[0062] The eight stimulus variants, or protocols, were each tested on 16 visually normal persons i.e. each person was
tested eight times, once with each of the different protocols - two presentation rates (fast and slow), each at four different
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luminance levels. Both of the subject’s pupils yield both a direct and a consensual response (since each pupil reports
on responses from both retinas) to each of the regions providing 2816 responses for each of the 8 stimulus protocols.
The stimulus protocols differed in two ways. The first four protocols contained stimuli that had a mean interval between
stimuli present to each region of 1 second; this is referred to as the fast stimulus type. The other four protocols had mean
intervals between stimuli at each region of 4 seconds; this is referred to as the slow stimulus type. In all the protocols
the stimuli were not presented at periodic intervals, i.e. with a fixed repeated inter- stimulus symbol interval, but rather
were presented aperiodically, i.e. at aperiodic intervals, with a selected mean inter-stimulus interval period corresponding
to the mean interval of either the slow or fast stimulus type. Also, in all the protocols, when a given stimulus region was
presented, it was visible to the subject on the screen for about 33 ms. The contrast of the stimuli may also be temporally
modulated during their presentation at rates around 15 to 30 Hz and more generally longer presentation times up to
about 0.24 seconds may be employed. Thus, all protocols conformed to the temporally sparse stimulation method
described in US 7,006,863, to Maddess & James which also describes in greater detail the effects of presentation rates
upon signal to noise ratios for stimuli in the range covered by the fast and slow stimulus regimes. Each of these two
groups of protocols was present at one of 4 maximum luminance levels: 72, 144, 216 or 288 cd/m2. The total stimulus
duration was 240 seconds, but this was broken up into 8 segments of 30 seconds each.
[0063] Figure 3 shows median pupillary contractions, where the medians are computed across pupils, eyes, regions
and over each of the 16 subjects in the present study. These median constriction sizes for each stimulus luminance
describe a stimulus/response curve. In fact, as in all examples disclosed herein, the contraction sizes were contractions
scaled relative to a constant. The constant was set in the present example to be 3.5 divided by the midpoint of a trend
line through the 240 seconds of data for each test. This meant that the pupil contraction sizes were the peak contraction
in response to a stimulus scaled as if all pupils had a mean size of about 3.5 mm which was used in the present study
to render the scaled pupil sizes to be approximately equal to that of a standard subject, although it will be appreciated
that any other scaling factor may be used in accordance with requirements. It is, of course, not necessary to scale the
contraction sizes and it will be appreciated that unscaled results may also be used as desired. The main advantages of
scaling are that it largely compensates for differences in mean pupil size, especially in older persons who tend to have
smaller pupil diameters, and also compensates for pupils that are not circular, since only relative diameter is used.
[0064] The error bars on the data points of Figure 3 are each 99% confidence limits based upon median absolute
deviations, the equivalent of standard deviations for medians. The solid curve 23 depicts the stimulus-response curve
for the fast stimulus.
[0065] It has been surprisingly found that, at luminance levels of 216 cd/m2 and above, there is clear saturation of the
pupillary responses. Larger responses are indicted here by larger pupil contractions recorded in micrometers of peak
pupillary contraction. That is, the magnitude of the responses begins to stop increasing in size even though the stimulus
grows to 288 cd/m2. As would be appreciated, if a test of the responsiveness of a given part of the retina was desired,
then to use a stimulus that was so bright that it totally saturated the pupil response would not be advisable. If a saturating
stimulus was used, then regions of somewhat smaller or larger responsiveness would yield the much the same, near
maximal saturated response, making it difficult to measure small variations in responsiveness since the ability to detect
change at any particular luminance is related to the slope of the stimulus/response curve of the type shown in Figures
3 and 4. The responses to the slower stimuli, shown by the points on the dashed line 24 of Figure 3, show both larger
responses and less saturation. Figure 4 shows the same median response data as that shown in Figure 3, but where
the responses are expressed signal to noise ratios (SNRs) recorded as Z-scores of a normal distribution. The Z-scores
thus indicate the number of standard deviations away from zero response and hence indicate the median signal quality
and statistical significance. The Z-scores of Figure 4 also show saturation for both the fast and slow stimulus conditions
as seen in plots 25 and 26 respectively. It can be appreciated from the results of Figures 3 and 4, when testing the
pupillary response using the fast stimuli condition, presenting stimuli which have a maximum luminance of approximately
216 cd/m2 where the SNR is maximal, but where the saturation effects are not significant would be desirable (at least
under the present conditions of this example). When testing pupillary responses under the slow stimuli condition, pre-
senting stimuli with maximum luminances of even 150 cd/m2 would still provide SNRs of about 2.4, which on a singled
sided test of the significance of the median signal from zero responses would have a p-value of 0.009, which will be
appreciated is a high median level of significance.
[0066] At first it may seem odd that the responses to the slower stimuli could be large but also show less saturation
than the smaller responses to the fast stimuli. This indicates that saturation may occur at two levels, both at the final
pupil diameter regulating stage and at an earlier stage, which might differ from region to region. Evidence for this is
provided by plots in Figure 5 where the median response for each luminance and region are computed across subjects
and pupils in the fast stimulus condition wherein all the stimuli presented during the tests had mean presentation intervals
of about 1 s/region. Figure 5 shows there is one plot axis for each stimulus region of Figure 1, each axis being analogous
to Figure 3 but where the data graph only pertains to that stimulus region. Notice that for each plot axis there is one
curve plotted for responses to the left eye stimulus (LeftStim) and the right eye stimulus (RightStim) as indicated in the
legend 36. The confidence limits are of the same small magnitude as in Figure 3 but are not shown for clarity of
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presentation. Note that there is a rough correspondence between the position of the centre of the stimulus regions of
Figure 1 and each of the small plots of Figure 5. For example plot 31 shows responses from region 37 of Figure 1A,
and plot 32 shows responses from region 25 of Figure 1B. The axis scale bars 33 indicate the size of a 6 mm pupil
constriction on the ordinates of each of the 44 small plots, and that the maximum luminance on the abscissa of each of
the small plots is 288 cd/m2, beginning at 72 cd/m2 just as in Figure 2 and Figure 3. It has been surprisingly found that
some regions (for example region 34 of Figure 5) can give large, quite unsaturated responses while others (for example
region 35 of Figure 5) can be saturated even at small response levels.
[0067] Recall from above that the responses at any particular luminance level are measured concurrently for all stimulus
regions. These responses to individual regions therefore reflect responses from the visual fields before they are pooled
to produce the overall pupillary response. Hence, as suggested above, saturation occurs separately both before and
after pooling. Similar effects are also observed for responses to the four slower stimulus protocols as shown in Figure
6 where the statically independent multifocal stimuli were presented at a mean interval of about 4 s/region.
[0068] A similar set of experiments involving 12 stimulus protocols that were tested on a different set of 18 subjects
were also completed. Here the stimuli were only of the fast, mean interval of 1 second type but the stimuli could have
one of three different hues or colours: white, yellow and red. For the white and yellow stimuli the luminance levels were
36, 72, 144 and 288 cd/m2. Since the human luminance system is less sensitive to longer red wavelengths the LCD
display screens used in this example could only generate red stimuli that had luminances of 36 and 72 cd/m2. Figure
7 shows the results of the test where the pupil responses are displayed separately for the white, yellow or red (lines 41,
42 and 43 respectively of Figure 7) stimuli. It can be seen that for all colours, the median response size and saturation
of the observed responses depends mainly on the stimulus luminance level rather than the colour. This result would be
consistent if, as expected, the main factor in the observed response was due to the parasol cells via the visual cortex
given that their gain control system would enhance responses to low spatial frequency dominated, temporally transient,
stimuli as used here. It is also expected that the Yellow-ON component of the mcRGCs contributes strongly to the
observed pupillary responses. The error bars on the data points in Figure 7 are each representative of 99% confidence
limits. The same conclusions are reached when the data are plotted as Z-scores indicating the median SNRs, as seen
in Figure 8.
[0069] As can be seen in Figure 5 and Figure 6, the size of the pupillary responses produced to any particular
luminance level show consistent variations across the field. Additionally the pupil contraction amplitudes show a left-
right mirror symmetry between the two eyes and to create Figure 5 and Figure 6, right eye data was mirrored about
the vertical axis. Hence, the data in Figure 5 and Figure 6 had the data from right eyes presented to assume the
symmetry of responses shown by left eyes. The data from the two eyes can therefore be said to have been presented
in a left eye equivalent mapping. The mirror symmetry is best seen by presenting data separately for the two eyes.
Figure 9 shows the median pupillary contractions from a third set of 21 normal subjects where contraction size is indicated
by gray levels. The correspondence between the gray level and contraction response size is shown by the vertical
calibration bars 91. Here, the stimuli again had the faster 1 second mean interval but the maximum brightness of each
stimulus was 210 cd/m2. It can be seen that the left eye data (left figure) are at least approximately mirror symmetric
with the right eye data (right figure), leading to the surprising conclusion that the temporal visual fields, that is the halves
of the field closer to the subjects’ temples, always give larger responses than the nasal visual fields, that is the halves
of the fields closer to the subjects’ noses. This is also true for the slower 4 second mean interval version of the stimuli
as can be seen in the graph of Figure 10. Identification of the differences in the responses of the temporal and nasal
halves of the visual fields highlights a potential source of error for pupilliary visual field testing since the much smaller
responses of the nasal visual field leads to the result that the SNRs for these regions are also smaller which gives
reduced detection sensitivity in these regions. This significant finding leads to the highly desirable need for methods,
and apparatus specifically adapted for implementation of such methods, to increase the responses of these and other
less responsive regions of the visual field to pupillary response testing methods. Note that, in Figure 9 and Figure 10
the layout of the regions does not correspond exactly to that of Figure 1. Instead, the non-overlapping regions shown
here are roughly centred on the positions of the actual (sometimes overlapping) stimulus regions of Figure 1. The exact
correspondence between the regions is shown by the numbering scheme outlined in Figure 11, which shows which
region numbers in Figure 1 corresponding to the region numbers in Figure 9 and Figure 10.

Pupillary Response Gain Control Mechanism

[0070] A further surprising effect has been the discovery by the inventors of a gain control mechanism operating at
the level of the pooling of the individual response regions in the creation of the signal driving the pupil. This is illustrated
in Figure 12 which shows the pupil contraction size obtained to identical stimulation of a single probing test stimulus
region as a function of the total number of active stimulus regions (1, 2, 4, 8 and 16 regions are shown), that is as more
stimulus regions are included in the test. Background luminance was 10 cd/m2, the maximum luminance of each of the
stimuli was 290 cd/m2, and all stimuli were presented at a mean interval of 0.5 seconds in each test region. The regions
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tested were a selection from those shown in Figure 1. It is clear that as the number of stimulated regions increases the
response to each individual stimulus decreases. This indicates a gain control mechanism which reduces the response
gain per region when more stimuli are present. The consequences of this gain control mechanism are described in
greater detail below.
[0071] For a given person, and at a given ambient light level, their pupil has a capacity to respond to stimuli (eg, visual,
auditory or other) which is proportional to the mean pupil size K. In the present system there are N stimuli, si, presented
to an eye. For a given number of test regions being shown there is a particular gain, g. The responses within the brain,
ri, to these stimuli are a function or functions of the si, that is, ri = f(si). By inspection of Figure 5 and Figure 6 it can be
seen that the stimulus/response functions are approximated by a power law, that is f(si) ≈ a si

z, where the exponent z
is less than 1 (it is noted that the exponent most likely differs in each of the individual regions of the visual field, however,
for simplicity in the present examples, the same exponent has been used in all regions). The results presented in Figure
12 indicate that the f(si) are pooled together prior to application of a multiplicative gain factor, g, before the result is sent
via the fibres of the oculomotor nerve (cranial nerve III), each of the subject’s eyes to control the fluctuations in the pupil
diameter caused by a given stimulus si. Given that, for particular lighting, subject and accommodative conditions, the
mean pupil size is approximately constant, K, then approximating the pooling process as a simple summation the mean
pupil responses as be described as: 

indicating that the size of the response to a given si depends on all the other responses.
[0072] For the kth stimulus, sk, this can be written as : 

and the pooled of the responses to the sj≠k can be written as Pj≠k providing 

[0073] From this formulation, the combination of the gain control and the limited capacity of the pupil to respond at
any pupil size leads to the conclusion that, for a given response f(sk) to be increased in size, the others, Pj6k, must be
made smaller. Fortunately, as shown in Figure 5, Figure 6, Figure 9 and Figure 10 many of the responses, particularly
those responses from the temporal visual fields are very large. Therefore if the stimuli sk for those regions are made
less effective, then the responses of all the other regions can be increased.
[0074] Correlation of the results of Figure 12 with the proposed model equations above, it can be deduced that reducing
the luminance of the strongly responding regions, such as those of the temporal visual fields, consequently reduces the
overall pooled response. This in turn reduces the effects of the gain control mechanism which acts to reduce pupil gain
when presented with large sensory drive supplied to the pupils. This would increase the proportion of the total pupil
response contributed by the more weakly responding regions.

Balanced Stimuli

[0075] To demonstrate the effect of the pupillary response gain, a study with 4 stimulus protocols was designed. Two
of these protocols were designed such that they exhibited a regional luminance balancing scheme whereby the lumi-
nances of each region were weighted so as to reduce the brightness, and so to the contribution to the pooled response
of the more responsive regions. One of the balanced stimulus protocols operated at the fast stimulus mean rate of about
1 second per region) and the other at the slow stimulus mean rate of about 4 second per region (see US 7,006,863, to
Maddess & James). The remaining two protocols were designed to minimise the saturating proportion of the stimulus/re-
sponse curves, as illustrated by Figure 3 to Figure 8 by using a stimulus ensemble like that of Figure 1 which had a
maximal luminance for each of the 44 regions of about 210 cd/m2, again one each operating in the fast and slow stimulus
regimes. From Figure 4 it can be seen that mean luminances in the range of about 100 to about 240 cd/m2 would be
reasonable stimuli for presentation rates about equal to those used here.
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[0076] To determine the required region-wise luminance balancing attenuations a further set of 35 normal subjects
was tested with a fast, mean interval 1 second, stimulus protocol where the maximum luminance was 290 cd/m2. The
median pupil contraction responses of these subjects were computed for each region. On the assumption that the
individual regions respond linearly to luminance, the correct set of weight would be achieved by transforming those
median across subjects responses to decibels, dB = 10log10(response), and then attenuating the maximum brightness
of each region by its corresponding decibel weight. These attenuations are shown with their corresponding left eye
region numbers in the "Linear (dB)" column of Table 1 below.
[0077] Closer analysis of the region-specific data presented in Figures 5 and 6 indicates that the responses saturate
according to a relationship similar to a power law relationship between luminance and response of the form: 

or more generally: 

where the coefficient, z, is less than 1 or greater than 1.
[0078] A reasonable approximation would therefore be to multiply the decibel attenuations best suited to linear stim-
ulus/response functions by about 0.3 to 0.8. For this demonstration 0.5 was selected. Multiplying the decibel attenuations
by 0.5 is equivalent to assuming the exponent z for the power law is 0.5, that is the square root of the linear attenuations.
These new square root attenuations are shown in the "Square Root (dB)" column of Table 1 below. This is a non-limiting
design and an obvious extension of this method would be to fit a mean exponent all regions and use that to specify the
attenuations, or alternatively to fit separate exponents for each region and use them to provide a different coefficient for
each region. Alternatively some function other than a power law might be used, to take account of the stimulus/response
function shape when defining the attenuations. Note that for some stimuli, for examine non-visual stimuli that effect
changes in pupil size the shape of the stimulus/response function might be quite different. The present non-limiting
method is merely designed to demonstrate the principle.
[0079] With a maximum luminance of 290 cd/m2 in the unattenuated regions, that is regions 11 and 30 that had
attenuations of 0 dB, the mean luminance of the individual regions was 210.35 cd/m2, similar to that of the unbalanced
stimuli. The median luminance of the balanced region stimulus ensembles was 205.35 cd/m2. To the extent that the
mean pupil size depends on the global mean luminance, all four stimulus protocols would be expected to provide the
same mean pupil size.
[0080] An example of a version of this square root balanced stimulus ensemble is shown in Figure 13. The spatial
layout is very similar to Figure 1, being illustrated for here for a left eye stimulus, but now the regions that respond more
strongly, particularly those in the temporal field, are dimmer. The maximum luminance of each of the regions of the
balanced stimulus can be appreciated by inspecting the vertical calibration bars 101.

Table 1

Region Linear (dB) Square Root (dB) Region Linear (dB) Square Root (dB)

1 4 2 23 3 1.5

2 4 2 24 2 1

3 3 1.5 25 2 1

4 4 2 26 2 1

5 2 1 27 2 1

6 4 2 28 2 1

7 3 1.5 29 1 0.5

8 1 0.5 30 0 0

9 2 1 31 3 1.5

10 1 0.5 32 4 2

11 0 0 33 7 3.5
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Example

[0081] The four stimulus protocols, providing stimuli that were balanced or not balanced with mean presentation
intervals of either 1 or 4 seconds, were tested on 21 normal subjects and 21 subjects with primary open angle glaucoma.
The two groups of subjects were age and sex matched. The glaucoma patients had at least one eye whose visual field
severity was rated as being either moderate or severe. These severity classifications are standard and were based on
the so called mean defect (MD) of visual field data obtained from a Humphrey Field Analyser II (HFA II). The HFA II is
widely regarded as the standard subjective perimeter. The MD is a weighted mean of the decibel deviations from
normative data in sensitivity across the portion of the visual field measured.
[0082] In the present example, a 24-2 pattern of the HFA II was used to test all the subjects. The 24-2 pattern tests
locations on a 6 degree square lattice of points all inside the central 24 degrees of the visual field. A moderate field was
one with a MD ≥ 6dB and <12 dB and severe fields had MDs of >12 dB.
[0083] The purpose of including glaucoma subjects was to determine not only if the balancing method improved the
response sizes of less responsive regions, but also to see if this translated into better ability to detect changes in visual
fields, whether for assisting with diagnosis, treatment management, or detecting small variations in normal and non-
disease associated aspects of visual fields or other functions which can be measured by physiological responses.
[0084] It is found that the balancing strategy significantly improves the response size in normal subjects. To demonstrate
this, pupil constriction data obtained from normal subjects was submitted to a multivariate linear model. The data were
first transformed to decibels by a generalized logarithmic transform with a lambda value of 10. The linear model examined
various independent effects that might determine the observed responses. The data from the fast and slow protocols
were compared separately. Included in the fit were factors for each left eye equivalent region, and also an interaction
between each region and the balancing condition. This balancing interaction condition was fitted as contrast so that the
main regional effects were the means across subjects, pupils and eyes for the reference unbalanced condition and the
interactions gave the differences from the reference condition. T-statics for each of these interactions therefore indicated
the significance of the difference from the reference unbalanced condition at each of the 44 visual field regions/eye that
were tested.
[0085] Figure 14A shows a plot 111 of the fitted mean reference responses from the 44 regions per eye sorted from
smallest to largest. Note that the presentation order is taken from the sort order of Figure 14A, it is not the case the data
in 14B are themselves sorted. That is, if the data of the upper graph were originally d=[3 5 4], the sort order is s=[1 3 2]
so that d(s)=[3 4 5]. A new data set G=[X D F], if sorted in the same order as d gives G(s)=[X D F]. In the present case
the sort order of Figure 14A is applied to the data of Figure 14B so that they are comparable by inspection. Given that
the reference condition was the unbalanced case, these responses show the usual bias towards some regions giving
larger responses than others. The dashed horizontal line 112 is the median regional response level of about 8.7 dB.
[0086] Figure 14B shows the fitted interaction contrasts sorted in the same way. The ordinate shows the contraction
difference caused by the balancing strategy. The regions with smaller responses in the unbalanced case, on the left
side of the plot, show larger responses in the balanced case. The regions 113 with positive contraction differences,
indicating larger responses to balanced stimuli are significantly different at p = 0.05 or less. Similarly the regions 114

(continued)

Region Linear (dB) Square Root (dB) Region Linear (dB) Square Root (dB)

12 3 1.5 34 5 2.5

13 5 2.5 35 3 1.5

14 6 3 36 2 1

15 4 2 37 2 1

16 4 2 38 3 1.5

17 2 1 39 1 0.5

18 3 1.5 40 2 1

19 3 1.5 41 2 1

20 4 2 42 2 1

21 4 2 43 3 1.5

22 4 2 44 5 2.5
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with negative contraction differences, indicating smaller responses to balanced stimuli, are also significantly different at
p = 0.05 or less. The horizontal dashed line 115 indicates the level of no change from the unbalanced condition.
[0087] These results are consistent with the proposed model above of the pupil gain control system. That is, decreasing
the luminance of stimuli that are presented to more responsive regions in the visual field reduces the contributions to
the overall pooled driving signal to the, thereby increasing the absolute response size of normally less responsive regions.
[0088] The mean decibel responses of normal subjects to the unbalance fast stimulus are shown in left eye format in
Figure 15A. Like Figure 9 and Figure 10 this response map uses the method of Figure 11. This is the same data as
Figure 14A but presented in a two dimensional visual field map. Again larger responses are found in the temporal rim
of the visual field. Using the same mapping as Figure 15A the regions with responses that were significantly decreased
by the balancing method are shown in white in Figure 15B. Similarly the regions whose responses were increased by
the balancing method are shown in white in Figure 15C.
[0089] The same square root balancing method was used for the slower stimuli. Since this balancing method was
based on data from 35 normal subjects from a fast stimulus protocol it may not have been optimal for the slower stimuli.
Nevertheless, the same general pattern was found. Figure 16A shows the sorted mean responses of the unbalanced
condition. Figure 16B shows the regions that increased or decreased their responses where the regions have been
sorted in the same way as in Figure 16A. Again regions with large responses tend to decline and those with smaller
responses tend to increase. This is easily seen in Figure 17 which follows the same logic as Figure 15.

[0090] As mentioned above, other independent effects were also simultaneously fitted in the linear models used here.
This was done to ensure that the regional visual field effects found were not confounded with other significant sources
of variance. Table 2 above summarises the other effects for the linear model characterising the responses to the two
fast stimulus protocols (one with balanced stimuli and one without), showing the probability (P) of a significant effect.
Values of 0.000 indicate P < 0.0005.
[0091] As can be seen from Table 2, there is no significant effect of which pupil was recorded (Pupilside), or the nasal
half of the visual field recorded by consensual responses (left pupil reporting the right eye, or right pupil reporting on the
left eye) recorded in the nasal visual field (Consensual3Nasal). There was a small effect of the stimulus side (Stimside),
left stimuli giving responses that were -0.87 dB smaller (0.9802 3 smaller) although this is probably an artefact of only
having 21 normal subjects in the test. Alternatively, this may be related to a genuine effect of the handedness of the
subjects, mainly right handed, and or an effect of eye dominance, which tends to follow handedness. In other data sets
these effects have been found to be significant. The temporal half of the visual field gave smaller responses for the
consensual rather than the direct responses (Consensual3Temporal), this is a well known effect and was highly signif-
icant, having a t-statistic of -11.41. Females had slightly smaller responses than males, and there was a small effect of
the covariate age that was 0.141 dB per decade of age relative to 60 years, or 1.4 dB per century.
[0092] The comparable results for the slow stimuli are shown in Table 3 below. The results were very similar although
there was no effect of being female, the Consensual3Temporal effect was larger, and the age effect was smaller.

Table 2

Fitted Variable Coeff (dB) SE (dB) t-stat P

Pupilside 0.009 0.018 0.48 0.631

Stimside -0.087 0.018 -4.89 0.000

Consensual3Temporal -0.286 0.025 -11.41 0.000

Consensual3Nasal -0.046 0.025 -1.82 0.069

Female -0.184 0.018 -10.20 0.000

DecadeRel60 0.141 0.013 10.69 0.000

Table 3

Fitted Variable Coeff (dB) SE (dB) t-stat P

Pupilside 0.015 0.027 0.55 0.582

Stimside -0.078 0.027 -2.86 0.004

Consensual∗Temporal -0.647 0.038 -16.93 0.000

Consensual∗Nasal -0.127 0.038 -3.33 0.001
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[0093] A common way of characterising the diagnostic efficacy of a test is to produce a receiver operator characteristic
(ROC) plot and then compute the area under the curve (AUC). An area of 1 indicates perfect diagnostic performance
in which all patients are correctly diagnosed, perfect diagnostic sensitivity, while no normal subjects are misdiagnosed,
that is a false positive rate of 0. An area of 0.5 indicates chance performance. Sometimes, as here, these areas are
reported as percentages where 100% corresponds to perfect diagnostic performance (efficiency).
[0094] To examine the diagnostic efficacy of the 4 stimulus protocols, normative data was created by fitting mean
effects of region, sex and consensual - temporal visual field. Direct and consensual responses for each eye were
compared and the response set with the best SNR for of these two was selected subject-wise. Deviations from the
normative data were then computed for both normal and glaucoma subjects. For each eye, the 44 deviations per eye
were sorted and then ROC plots were computed for the mean of the first N worst regions.
[0095] Figure 18 shows plots of AUC versus N, where N varied from 1, the worst deviation, to the 10 worst deviations.
The ROC plots examined data from patients from eyes with moderate to severely affected eyes, i.e. MD ≥ 6 dB. The
effect of balancing was particularly dramatic on the fast stimulus data, where percent AUC for the first few worst deviations
increased from about 76% to 100%. The effects were less dramatic for the slow stimuli, the main effect being that the
AUC values remained consistently higher as N increased. As can be seen from Figure 19, which shows the estimated
percent standard errors in the respective graphs of Figure 18, the estimates of the AUC in Figure 18 are good, especially
the value of 100 for the balanced fast stimulus.
[0096] Therefore, it can be clearly seen that the balancing method, in conjunction with avoiding the very saturating
part of the stimulus response function, gives significant improvement in the diagnostic efficacy, thus enhancing the ability
of multifocal pupil based perimetry to detect differences from particular sets of normative data.
[0097] The methods and apparatus described herein, and/or shown in the drawings and examples, are presented by
way of example only and are not limiting as to the scope of the invention. Unless otherwise specifically stated, individual
aspects and components of the methods and/or apparatus may be modified, or may have been substituted therefore
known equivalents, or as yet unknown substitutes such as may be developed in the future or such as may be found to
be acceptable substitutes in the future. The methods and/or apparatus may also be modified for a variety of applications
while remaining within the scope of the claimed invention, since the range of potential applications is great, and since
it is intended that the present methods and/or apparatus be adaptable to many such variations.

Claims

1. A method for assessing the nervous system of a subject, the method comprising:

presenting a sequence of selected individual stimuli from at least one stimulus ensemble to the nervous system
of a subject at multiple locations adapted to evoke pupillary responses in at least one pupil of the subject, said
stimulus ensemble comprising a plurality of individual stimuli, selected individual stimuli (1) being concurrently
presented in the sequence, the individual stimuli each being individually balanced such that the pupillary re-
sponses evoked by individual stimuli in the ensemble are balanced according to the strength of the neural
responses evoked by the individual stimuli;
detecting using a sensor (18, 19) responses of at least one pupil evoked by the stimuli; and relating the detected
pupillary responses to the function of the subject’s neural responses to at least two of the individual stimuli of
the ensemble;
wherein:

(a) the stimuli are visual stimuli presented to a subject at multiple locations in the visual field of one or both
of the subject’s eyes (16), the resulting set of pupillary responses providing a map of visual function across
the visual field of the one or both eyes (16);
(b) the ensemble of visual stimuli is a multifocal stimuli ensemble, the appearance or non-appearance of
individual stimuli in the ensemble or other modulations of the stimuli being controlled by statistically inde-

(continued)

Fitted Variable Coeff (dB) SE (dB) t-stat P

Female -0.010 0.028 -0.36 0.721

Fs 0.185 0.027 6.85 0.000

DecadeRel60 -0.050 0.020 -2.49 0.013
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pendent sequences; and
(c) the individual stimuli are each individually balanced such that responses of the pupils to more effective
stimuli in the ensemble are reduced to enable larger responses of the pupils to less effective stimuli.

2. A method as claimed in claim 1, wherein:

(a) nonlinear functions define weights for balancing the pupillary response; and/or
(b) the relationship between stimulus intensity and pupillary response size is nonlinear; and/or
(c) selected individual stimuli of the ensemble are associated with a weighting function, the luminance of the
selected stimuli being controlled such that regions of the visual field in which unweighted stimuli evoke large
neural responses is decreased; and/or
(d) the visual stimuli at one or several locations alternate between one of a number of stimulus conditions,
optionally, wherein the stimulus conditions are selected from the group consisting of stimulus luminance level,
stimulus colour or hue, and wherein the stimulus conditions for each stimulus in the ensemble is each controlled
by a unique statistically independent sequence such that the pupillary responses are representative of the neural
responses affected by a stimulus space spanned by those stimulus conditions; and/or
(e) wherein the stimuli in the ensemble are adapted such that the pupillary responses evoked by said stimuli
are substantially unsaturated; and/or
(f) the ensemble of stimuli evoke particular emotions, or modulate the mental health of a subject, the method
comprising recording the pupillary response of the subjected evoked by the ensemble of stimuli; and charac-
terising the function of those neural mediated emotional or mental health mechanisms of the subject from the
recorded responses; and/or
(g) the ensemble of stimuli comprises a mixture of visual, accommodative, or auditory stimuli.

3. A method as claimed in claim 2, wherein different nonlinear functions are used for each individual stimulus in the
ensemble, optionally wherein the nonlinear stimulus/response function is a power function of the form Response =
K x stimulusz.

4. A method as claimed in claim 3, further comprising the steps of:

obtaining attenuating weights that are logarithmic for each of the stimuli in the ensemble, the weights being
obtained by expressing the response sizes of the stimuli in the ensemble in logarithmic form to provide linear
balancing weights;
multiplying the linear balancing weights to the power z, optionally wherein each individual stimulus in the en-
semble is associated with a unique exponent for expression of the attenuating weight for each stimulus.

5. A method as claimed in any one of the preceding claims, wherein the ensemble of visual stimuli are presented as
an ensemble of grating or checkerboard stimuli that are dominated by a range of different spatial frequencies for
determination of the visual acuity or spatial frequency tuning of the tested portion of a subject’s visual field, preferably
wherein the ensemble of stimuli are presented at one or a plurality of spatially resolved locations in the visual field
of the subject, such that the pupillary responses to the spatially resolved stimuli are representative of the neural
responses to the concurrently presented spatial frequencies thereby to obtain information about the visual acuity
and spatial frequency sensitivity of the subject.

6. A method as claimed in claim 5, wherein the visual stimuli are adapted to provide a measure of the distance to
objects in the visual field, by presenting stereo disparity cues to each of the subject’s eyes (16), such that the pupillary
responses are representative of the function of the accommodative system of the subject’s eyes (16).

7. A method as claimed in any one of the preceding claims, wherein the ensemble of visual stimuli is a first ensemble
for presentation to one eye (16) of the subject, the method further comprising:

concurrently presenting a second ensemble of unique visual stimuli to the other eye (16) of the subject;
recording the pupillary responses of a selected one of the two retinas;
characterising the pupillary response of the retina associated with the recorded pupil by the direct pupil response;
and
characterising the pupillary response of the other retina by the consensual response of the recorded pupil.

8. A method as claimed in any one of the preceding claims, wherein the ensemble of stimuli comprises auditory stimuli.
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9. A method as claimed in any one of the preceding claims, wherein the ensemble of stimuli comprises an ensemble
of different drugs, or difference dosages of a drug, that are known to affect the function of the pupils.

10. A system for assessing the nervous system of a subject, the system comprising:
means for generating sequences of stimuli from at least one stimulus ensemble adapted to evoke pupillary responses
in at least one pupil of the subject, said stimulus ensemble comprising a plurality of individual stimuli (1), the stimulus
generation means individually determining at least one weighting function for each of the individual stimuli in the
stimulus ensemble such that the pupillary responses to individual stimuli in the ensemble are balanced according
to the strength of the neural responses evoked by the individual stimuli;

display means (10, 11, 12, 13) for presenting said sequence of balanced stimuli to the nervous system of a
subject at multiple locations for the generation of pupillary responses in at least one pupil of the subject;
a sensor (18, 19) for detecting the pupillary responses of at least one pupil evoked by the sequence of balanced
stimuli; and
a processor (19) for recording and relating the detected pupillary responses to relate them to the function of the
subject’s neural responses to at least two of the individual stimuli of the ensemble;
wherein:

(a) the stimuli are visual stimuli presented to a subject at multiple locations in the visual field of one or both
of the subject’s eyes (16), the resulting set of pupillary responses providing a map of visual function across
the visual field of the one or both eyes (16);
(b) the ensemble of visual stimuli is a multifocal stimuli ensemble, the appearance or non-appearance of
individual stimuli in the ensemble or other modulations of the stimuli being controlled by statistically inde-
pendent sequences; and
(c) the individual stimuli are each individually balanced such that responses of the pupils to more effective
stimuli in the ensemble are reduced to enable larger responses of the pupils to less effective stimuli.

11. A system as claimed in claim 10, further comprising a database of recorded data, the recorded data comprising
information on at least one or more of: the strength or mean strength of the neural responses evoked in at least one
subject by the individual stimuli; the strength or mean strength of the pupillary responses evoked in at least one
subject by the individual stimuli; wherein the stimulus generation means determines the at least one weighting
function for each of the individual stimuli from an analysis of the recorded data.

12. A system as claimed in claim 11, wherein the analysis of the recorded data for determination of the weighting
function(s) provides a relationship between the intensity of the individual stimuli and pupillary responses evoked
therefrom in the form of one or more nonlinear functions,
optionally wherein the nonlinear stimulus/response function is a power function of the form Response = K x stimulusz,
preferably wherein each individual stimulus in the ensemble is associated with a unique exponent for expression of
the attenuating weight for each stimulus.

13. A method or system as claimed in any one of claims 1, 2 (d) to (g), 7 or 14, wherein the statistically independent
sequences are statistically independent aperiodic pseudorandom sequences.

14. A method or system as claimed in any one of claims 1 to 8 and 10 to 13, wherein the stimuli are controlled by
statistically independent sequences with a selected mean inter-stimulus symbol interval period,
optionally wherein the mean inter-stimulus interval period is selected to be in the range of about 0.25 s/region to
about 16 s/region, preferably selected to be either about 1 s/region or about 4 s/region.

Patentansprüche

1. Verfahren zur Beurteilung des Nervensystems eines Subjekts, das Verfahren umfassend:

Präsentieren einer Sequenz ausgewählter individueller Reizen von mindestens einem Reizensemble an das
Nervensystem eines Subjekts an mehreren Stellen, die Pupillenreaktionen in mindestens einer Pupille des
Subjekts hervorrufen können, wobei das Reizensemble eine Vielzahl von individuellen Reizen umfasst, aus-
gewählte individuelle Reize (1) gleichzeitig in der Sequenz präsentiert werden, wobei die individuellen Reize
jeweils individuell ausgeglichen sind, so dass die Pupillenreaktionen, die durch individuelle Reize im Ensemble
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hervorgerufen werden, gemäß der Stärke der neuronalen Reaktionen ausgeglichen werden, die durch die
individuellen Reize hervorgerufen werden;
Erfassen von Reaktionen von mindestens einer durch die Reize hervorgerufenen Pupille unter Verwendung
eines Sensors (18, 19); und Beziehen der erfassten Pupillenreaktionen auf die Funktion der neurale Reaktionen
des Subjekts auf mindestens zwei der individuellen Reize des Ensembles;
wobei:

(a) die Reize visuelle Reize sind, die einem Subjekt an mehreren Stellen im Gesichtsfeld eines oder beider
Augen (16) des Subjekts präsentiert werden, wobei der resultierende Satz von Pupillenreaktionen eine
Karte der visuellen Funktion über das Gesichtsfeld des einen oder beider Augen (16) bereitstellt;
(b) das Ensemble visueller Reize ein Ensemble von multifokalen Reizen ist, wobei das Auftreten oder Nicht-
Auftreten individueller Reize im Ensemble oder andere Modulationen der Reize durch statistisch unabhän-
gige Sequenzen gesteuert werden; und
(c) die individuellen Reize jeweils individuell ausgeglichen sind, so dass Reaktionen der Pupillen auf wirk-
samere Reize im Ensemble verringert werden, um größere Reaktionen der Pupillen auf weniger wirksame
Reize zu ermöglichen.

2. Verfahren nach Anspruch 1, wobei:

(a) nichtlineare Funktionen Gewichte zum Ausgleichen der Pupillenreaktion definieren; und/oder
(b) das Verhältnis zwischen Reizintensität und Pupillenreaktionsgröße nichtlinear ist; und/oder
(c) ausgewählte individuelle Reize des Ensembles einer Gewichtungsfunktion zugeordnet sind, wobei die
Leuchtdichte der ausgewählten Reize derart gesteuert wird, dass Bereiche des Gesichtsfelds, in denen unge-
wichtete Reize große neurale Reaktion hervorrufen, verringert werden; und/oder
(d) die visuellen Reize an einer oder mehreren Stellen zwischen einer von mehreren Reizbedingungen abwech-
seln, wobei die Reizbedingungen wahlweise aus der Gruppe ausgewählt sind, die aus dem Reizleuchtdichten-
pegel, der Reizfarbe oder -farbton besteht, und wobei die Reizbedingungen für jeden Reiz in dem Ensemble
jeweils durch eine eindeutige statistisch unabhängige Sequenz gesteuert wird, so dass die Pupillenreaktionen
repräsentativ für die neuralen Reaktionen sind, die von einem Reizraum beeinflusst werden, der von diesen
Reizbedingungen überspannt wird; und/oder
(e) wobei die Reize in dem Ensemble so angepasst sind, dass die Pupillenreaktionen, die durch die Reize
hervorgerufen werden, im Wesentlichen ungesättigt sind; und/oder
(f) das Ensemble von Reizen bestimmte Emotionen hervorruft oder die psychische Gesundheit eines Subjekts
moduliert, wobei das Verfahren Aufzeichnen der Pupillenreaktion des Subjekts umfasst, die durch das Ensemble
von Reizen hervorgerufen wird; und Kennzeichnen der Funktion solcher neural vermittelten emotionalen oder
psychischen Gesundheitsmechanismen des Subjekts aus den aufgezeichneten Reaktionen; und/oder
(g) das Ensemble von Reizen eine Mischung aus visuellen, akkommodierenden oder akustischen Reizen um-
fasst.

3. Verfahren nach Anspruch 2, wobei für jeden individuellen Reiz in dem Ensemble unterschiedliche nichtlineare
Funktionen verwendet werden, wobei die nichtlineare Reiz/Reaktionsfunktion eine Potenzfunktion der Form Reak-
tion = K x Reizz ist.

4. Verfahren nach Anspruch 3, ferner umfassend die Schritte des:

Erhaltens von Abschwächungsgewichten, die für jeden der Reize in dem Ensemble logarithmisch sind, wobei
die Gewichte erhalten werden, indem die Reaktionsgrößen der Reize in dem Ensemble in logarithmischer Form
ausgedrückt werden, um lineare Ausgleichsgewichte bereitzustellen;
Multiplizierens der linearen Ausgleichsgewichte mit der Potenz z, wahlweise wobei jeder individuelle Reiz im
Ensemble einem eindeutigen Exponent zum Ausdruck des Abschwächungsgewichts für jeden Reiz zugeordnet
ist.

5. Verfahren nach einem der vorhergehenden Ansprüche, wobei das Ensemble von visuellen Reizen als ein Ensemble
von Gitter- oder Schachbrettreizen präsentiert wird, die von einem Bereich unterschiedlicher räumlicher Frequenzen
zur Bestimmung der Sehschärfe oder der räumlichen Frequenzabstimmung des getesteten Abschnitts des Ge-
sichtsfelds eines Subjekts beherrscht sind, bevorzugt wobei das Ensemble von Reizen an einer oder einer Vielzahl
von räumlichen aufgelösten Stellen im Gesichtsfeld des Subjekts präsentiert wird, so dass die Pupillenreaktionen
auf die räumlichen aufgelösten Reizen repräsentativ für die neuralen Reaktionen auf die gleichzeitig präsentierten
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Raumfrequenzen sind, um dabei Informationen über die Sehschärfe und die Raumfrequenzempfindlichkeit des
Subjekts zu erhalten.

6. Verfahren nach Anspruch 5, wobei die visuellen Reize angepasst sind, um ein Maß für den Abstand zu Objekten
im visuellen Feld bereitzustellen, indem jedem der Augen (16) des Subjekts Stereodisparitätshinweise präsentiert
werden, so dass die Pupillenreaktionen für die Funktion des akkommodierenden Systems der Augen (16) des
Subjekts repräsentativ sind.

7. Verfahren nach einem der vorhergehenden Ansprüche, wobei das Ensemble von visuellen Reizen ein erstes En-
semble zur Präsentation an ein Auge (16) des Subjekts ist, das Verfahren ferner umfassend:

gleichzeitiges Präsentieren eines zweiten Ensembles eindeutiger visueller Reize für das andere Auge (16) des
Subjekts;
Aufzeichnen der Pupillenreaktionen einer ausgewählten der beiden Netzhäute;
Kennzeichnen der Pupillenreaktion der mit der aufgezeichneten Pupille verbundenen Netzhaut durch die direkte
Pupillenreaktion; und
Kennzeichnen der Pupillenreaktion der anderen Netzhaut durch die einvernehmliche Reaktion der erfassten
Pupille.

8. Verfahren nach einem der vorhergehenden Ansprüche, wobei das Ensemble von Reizen akustische Reize umfasst.

9. Verfahren nach einem der vorhergehenden Ansprüche, wobei das Ensemble von Reizen ein Ensemble von ver-
schiedenen Medikamenten oder unterschiedliche Dosierungen eines Medikaments umfasst, von denen bekannt
ist, dass sie die Funktion der Pupillen beeinflussen.

10. System zur Beurteilung des Nervensystems eines Subjekts, das System umfassend:

Mittel zum Erzeugen von Sequenzen von mindestens einem Reizensemble, die Pupillenreaktionen in mindes-
tens einer Pupille des Subjekts hervorrufen können, wobei das Reizensemble eine Vielzahl von individuellen
Reizen (1) umfasst, das Reizerzeugungsmittel individuell mindestens eine Wichtungsfunktion für jeden der
individuellen Reize in dem Reizensemble bestimmt, so dass die Pupillenreaktionen auf individuelle Reize in
dem Ensemble gemäß der Stärke der neuronalen Reaktionen ausgeglichen werden, die durch die individuellen
Reize hervorgerufen werden;
Anzeigemittel (10, 11, 12, 13) zum Präsentieren der Sequenz von ausgeglichenen Reizen an das Nervensystem
eines Subjekts an mehreren Stellen zur Erzeugung von Pupillenreaktionen in mindestens einer Pupille des
Subjekts;
einen Sensor (18, 19) zum Erfassen der Pupillenreaktionen von mindestens einer Pupille, die durch die Abfolge
ausgeglichener Reize hervorgerufen werden; und
einen Prozessor (19) zum Aufzeichnen und Beziehen der erfassten Pupillenreaktionen, um sie mit der Funktion
der neuralen Reaktionen des Subjekts auf mindestens zwei der einzelnen Reize des Ensembles in Beziehung
zu setzen;
wobei:

(a) die Reize visuelle Reize sind, die einem Subjekt an mehreren Stellen im Gesichtsfeld eines oder beider
Augen (16) des Subjekts präsentiert werden, wobei der resultierende Satz von Pupillenreaktionen eine
Karte der visuellen Funktion über das Gesichtsfeld des einen oder beiden Augen (16) bereitstellt;
(b) das Ensemble visueller Reize ein Ensemble von multifokalen Reizen ist, wobei das Auftreten oder Nicht-
Auftreten individueller Reize im Ensemble oder andere Modulationen der Reize durch statistisch unabhän-
gige Sequenzen gesteuert werden; und
(c) die individuellen Reize jeweils individuell ausgeglichen sind, so dass Reaktionen der Pupillen auf wirk-
samere Reize im Ensemble verringert werden, um größere Reaktionen der Pupillen auf weniger wirksame
Reize zu ermöglichen.

11. System nach Anspruch 10, ferner umfassend eine Datenbank von aufgezeichneten Daten, wobei die aufgezeich-
neten Daten Informationen über mindestens eines oder mehrere der folgenden Elemente umfassen: Stärke oder
mittlere Stärke der neuralen Reaktionen, die in mindestens einem Subjekt durch die individuellen Reize hervorge-
rufen werden; die Stärke oder mittlere Stärke der Pupillenreaktionen, die in mindestens einem Subjekt durch die
individuellen Reize hervorgerufen werden; wobei das Reizerzeugungsmittel die mindestens eine Wichtungsfunktion
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für jeden der individuellen Reize aus einer Analyse der aufgezeichneten Daten bestimmt.

12. System nach Anspruch 11, wobei die Analyse der aufgezeichneten Daten zur Bestimmung der Wichtungsfunkti-
on(en) eine Beziehung zwischen der Intensität der individuellen Reize und den daraus hervorgerufenen Pupillen-
reaktionen in Form einer oder mehrerer nichtlinearer Funktionen liefert,
wahlweise wobei die nichtlineare Reiz/Reaktionsfunktion eine Potenzfunktion der Form Reaktion = K x Reizz ist,
bevorzugt wobei jeder individuelle Reiz im Ensemble einem eindeutigen Exponent zum Ausdruck des Abschwä-
chungsgewichts für jeden Reiz zugeordnet ist.

13. Verfahren oder System nach einem der Ansprüche 1, 2 (d) bis (g), 7 oder 14, wobei die statistisch unabhängigen
Sequenzen statistisch unabhängige aperiodische Pseudozufallssequenzen sind.

14. Verfahren oder System nach einem der Ansprüche 1 bis 8 und 10 bis 13, wobei die Reize durch statistisch unab-
hängige Sequenzen mit einer ausgewählten mittleren Zwischenreiz-Symbolintervallperiode gesteuert werden,
wahlweise wobei die mittlere Zwischenreiz-Intervallperiode so ausgewählt wird, dass sie im Bereich von ungefähr
0,25 s/Bereich bis ungefähr 16 s/Bereich liegt, vorzugsweise so ausgewählt wird, dass sie entweder ungefähr 1
s/Bereich oder ungefähr 4 s/Bereich ist.

Revendications

1. Procédé d’évaluation du système nerveux d’un sujet, le procédé comprenant

la présentation d’une séquence de stimuli individuels choisis parmi au moins un ensemble de stimuli au système
nerveux d’un sujet dans de multiples emplacements conçue pour susciter des réactions pupillaires dans au
moins une pupille du sujet, ledit ensemble de stimuli comprenant une pluralité de stimuli individuels, les stimuli
individuels sélectionnés (1) étant présentés simultanément dans la séquence, les stimuli individuels étant chacun
équilibrés individuellement de manière que les réactions pupillaires suscitées par des stimuli individuels dans
l’ensemble sont équilibrées en fonction de la force des réponses neuronales suscitées par les stimuli individuels ;
la détection à l’aide d’un capteur (18, 19) de réactions d’au moins une pupille suscitées par les stimuli ; et le
fait de lier des réactions pupillaires détectées à la fonction des réactions neuronales du sujet à au moins deux
des stimuli individuels de l’ensemble ;
dans lequel :

(a) les stimuli sont des stimuli visuels présentés à un sujet dans de multiples emplacements dans le champ
visuel d’un œil ou des deux yeux du sujet (16), l’ensemble obtenu de réactions pupillaires fournissant une
carte de fonction visuelle sur le champ visuel dudit œil ou des deux yeux (16) ;
(b) l’ensemble de stimuli visuels est un ensemble de stimuli multifocaux, l’apparence ou la non-apparence
de stimuli individuels dans l’ensemble ou d’autres modulations des stimuli étant contrôlée par des séquences
statistiquement indépendantes ; et
(c) les stimuli individuels sont chacun équilibrés individuellement de manière que des réactions des pupilles
à des stimuli plus efficaces dans l’ensemble sont réduites pour permettre de plus grandes réactions des
pupilles à des stimuli moins efficaces.

2. Procédé tel que défini dans la revendication 1, dans lequel :

(a) des fonctions non linéaires définissent des poids permettant d’équilibrer la réponse pupillaire ; et/ou
(b) la relation entre une intensité de stimulus et l’ampleur d’une réaction pupillaire est non linéaire ; et/ou
(c) des stimuli individuels sélectionnés de l’ensemble sont associés à une fonction de pondération, la luminance
des stimuli sélectionnés étant régulée de manière que des régions du champ visuel dans lequel des stimuli non
pondérés suscitent de grandes réactions neuronales sont réduites ; et/ou
(d) les stimuli visuels à au moins un emplacement alternent entre une d’un nombre de conditions de stimulus,
éventuellement, les conditions de stimulus étant choisies dans le groupe constitué par un niveau de luminance
de stimulus, une couleur ou teinte de stimulus et les conditions de stimulus pour chaque stimulus dans l’ensemble
étant chacune contrôlées par une séquence unique statistiquement indépendante de manière que les réactions
pupillaires sont représentatives des réactions neuronales affectées par un espace de stimulus couvert par ces
conditions de stimulus ; et/ou
(e) les stimuli dans l’ensemble étant conçus de manière que les réactions pupillaires suscitées par lesdits stimuli
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sont sensiblement insaturées ; et/ou
(f) l’ensemble de stimuli suscitent des émotions particulières, ou modulent la santé mentale d’un sujet, le procédé
comprenant l’enregistrement de la réaction pupillaire du sujet suscitée par l’ensemble de stimuli ; et la carac-
térisation de la fonction de ces mécanismes de santé émotionnelle ou mentale à médiation neuronale du sujet
à partir des réactions enregistrées ; et/ou
(g) l’ensemble de stimuli comprend un mélange de stimuli visuels, accommodatifs ou auditifs.

3. Procédé tel que défini dans la revendication 2, dans lequel différentes fonctions non linéaires sont utilisées pour
chaque stimulus individuel dans l’ensemble, la fonction de réaction à un stimulus non linéaire étant éventuellement
une fonction de puissance de forme Réponse = K x stimulusz.

4. Procédé tel que défini dans la revendication 3, comprenant en outre les étapes consistant à :

obtenir des poids atténuants qui sont logarithmiques pour chacun des stimuli dans l’ensemble, les poids étant
obtenus par l’expression des ampleurs de réaction des stimuli dans l’ensemble sous forme logarithmique pour
fournir des poids d’équilibrage linéaire ;
la multiplication des poids d’équilibrage linéaire par la puissance z, chaque stimulus individuel dans l’ensemble
étant éventuellement associé à un exposant unique pour une expression du poids atténuant pour chaque
stimulus.

5. Procédé tel que défini dans l’une quelconque des revendications précédentes, dans lequel l’ensemble de stimuli
visuels sont présentés en tant qu’ensemble de stimuli en réseau ou damiers qui sont dominés par une plage de
différentes fréquences spatiales en vue d’une détermination d’un réglage de l’acuité visuelle ou de la fréquence
spatiale de la partie testée du champ visuel d’un sujet, l’ensemble de stimuli étant de préférence présentés au
niveau d’au moins un emplacement spatialement résolu dans le champ visuel du sujet, de manière que les réactions
pupillaires aux stimuli spatialement résolus sont représentatives des réactions neuronales aux fréquences spatiales
présentées simultanément, permettant ainsi d’obtenir des informations sur la sensibilité d’acuité visuelle et de
fréquence spatiale du sujet.

6. Procédé tel que défini dans la revendication 5, dans lequel les stimuli visuels sont conçus pour fournir une mesure
de la distance aux objets dans le champ visuel, par la présentation d’indices de disparité stéréo à chacun des yeux
(16) du sujet, de manière que les réactions pupillaires sont représentatives de la fonction du système d’accommo-
dation des yeux (16) du sujet.

7. Procédé tel que défini dans l’une quelconque des revendications précédentes, dans lequel l’ensemble de stimuli
visuels est un premier ensemble pour une présentation à un œil (16) du sujet, le procédé comprenant en outre :

la présentation simultanée d’un deuxième ensemble de stimuli visuels uniques à l’autre œil (16) du sujet ;
l’enregistrement des réactions pupillaires d’une rétine sélectionnée des deux rétines ;
la caractérisation de la réaction pupillaire de la rétine associée à la pupille enregistrée par la réaction de pupille
directe ; et
la caractérisation de la réaction pupillaire de l’autre rétine par la réaction consensuelle de la pupille enregistrée.

8. Procédé tel que défini dans l’une quelconque des revendications précédentes, dans lequel l’ensemble de stimuli
comprend des stimuli auditifs.

9. Procédé tel que défini dans l’une quelconque des revendications précédentes, dans lequel l’ensemble de stimuli
comprend un ensemble de médicaments différents, ou de dosages différents d’un médicament, qui sont connus
pour affecter la fonction des pupilles.

10. Système d’évaluation du système nerveux d’un sujet, le système comprenant :

un moyen de génération de séquences de stimuli individuels à partir d’au moins un ensemble de stimuli conçues
pour susciter des réactions pupillaires dans au moins une pupille du sujet, ledit ensemble de stimuli comprenant
une pluralité de stimuli individuels (1), le moyen de génération de stimulus déterminant individuellement au
moins une fonction de pondération pour chacun des stimuli individuels dans l’ensemble de stimuli de manière
que les réactions pupillaires à des stimuli individuels dans l’ensemble sont équilibrées en fonction de la force
des réactions neuronales suscitées par les stimuli individuels ;
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un moyen d’affichage (10, 11, 12, 13) destiné à présenter ladite séquence de stimuli équilibrés au système
nerveux d’un sujet dans de multiples emplacements pour la génération de réactions pupillaires dans au moins
une pupille du sujet ;
un capteur (18, 19) destiné à détecter les réactions pupillaires d’au moins une pupille suscitées par la séquence
de stimuli équilibrés ; et
un processeur (19) destiné à enregistrer et relier les réactions pupillaires détectées pour les relier à la fonction
des réactions neuronales du sujet à au moins deux des stimuli individuels de l’ensemble ;
dans lequel :

(a) les stimuli sont des stimuli visuels présentés à un sujet dans de multiples emplacements dans le champ
visuel d’un œil ou des deux yeux du sujet (16), l’ensemble obtenu de réactions pupillaires fournissant une
carte de fonction visuelle sur le champ visuel dudit œil ou des deux yeux (16) ;
(b) l’ensemble de stimuli visuels est un ensemble de stimuli multifocaux, l’apparence ou la non-apparence
de stimuli individuels dans l’ensemble ou d’autres modulations des stimuli étant contrôlée par des séquences
statistiquement indépendantes ; et
(c) les stimuli individuels sont chacun équilibrés individuellement de manière que des réactions des pupilles
à des stimuli plus efficaces dans l’ensemble sont réduites pour permettre de plus grandes réactions des
pupilles à des stimuli moins efficaces.

11. Système tel que défini dans la revendication 10, comprenant en outre une base de sonnées de données enregistrées
comprenant des informations sur au moins des éléments suivants : la force ou la force moyenne des réactions
neuronales suscitées chez au moins un sujet par les stimuli individuels ; la force ou la force moyenne des réactions
pupillaires suscitées chez au moins un sujet par les stimuli individuels ; le moyen de génération de stimulus déter-
minant l’au moins une fonction de pondération pour chacun des stimuli individuels à partir d’une analyse des données
enregistrées.

12. Système tel que défini dans la revendication 11, dans lequel l’analyse des données enregistrées pour la détermination
de la ou des fonction (s) de pondération fournit une relation entre l’intensité des stimuli individuels et les réactions
pupillaires suscitées à partir de ceux-ci sous forme d’au moins une fonction non linéaire,
la fonction de réaction à un stimulus non linéaire étant éventuellement une fonction de puissance sous forme
Réaction = K x stimulusz,
chaque stimulus individuel dans l’ensemble étant de préférence associé à un exposant unique pour une expression
du poids atténuant pour chaque stimulus.

13. Procédé ou système tel que défini dans l’une quelconque des revendications 1, 2 (d) à (g), 7 ou 14, dans lequel les
séquences statistiquement indépendantes sont des séquences pseudo-aléatoires apériodiques statistiquement
indépendantes.

14. Procédé ou système tel que défini dans l’une quelconque des revendications 1 à 8 et 10 à 13, dans lequel les stimuli
sont contrôlés par des séquences statistiquement indépendantes avec une période moyenne sélectionnée d’inter-
valle inter-stimulus de symbole,
la période moyenne d’intervalle inter-stimulus de symbole étant éventuellement sélectionnée pour se situer dans
la plage d’environ 0,25 s/région à environ 16 s/région, de préférence sélectionnée pour être soit d’environ 1 s/région
soit d’environ 4 s/région.
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