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Abstract

The present method describes a new method for the measurement of dark adaptation.
The dark adaptation status of subjects may then be used to identify those subjects who are at risk
of developing and/or who are currently suffering from a variety of disease states having their
clinical manifestations in impaired dark adaptation. The disease states include, but are not
limited to, age related macular degeneration, vitamin A deficiency, Sorsby's Fundus Dystrophy,
late autosomal dominant retinal degeneration, retinal impairment related to diabetes and diabetic

retinopathy. An apparatus for administering the test method described is also provided.
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METHOD AND APPARATUS FOR THE DETECTION OF IMPAIRED
DARK ADAPTATION

FIELD OF THE DISCLOSURE

- The present disclosure relates to methods and apparatus for the diagnosis of impaired dark
adaptation and/or the identification of individuals who are at-risk. of disease states related to

impaired dark adaptation.

BACKGROUND

The macula of the human eye, which is about 6 mm in diameter and covers the central
21.5 degrees of visual angle, is designed for detailed vision. The macula comprises a small cone-
dominated fovea surrounded by a rod-dominated parafovea (Curcio 1990, J. Comp. Neurol.
292:497). Rods are responsible for vision in dim light while cones are responsive to bright light
and colors. In young adults, the number of rods outnumbers cones by approximately 9:1. This
proportion of rods to cones changes as indivadual’s age. The health and function of the rod and
cone photoreceptors are maintained by the retinal pigment epithelium (RPE), the Bruch's
membrane and the choriocapillans (collectively referred to as the RPE/Bruch’s membrane
complex). The RPE is a dedicated layer of nurse cells behind the neural retina. The RPE sustains
photoreceptor health 1n a number of ways, including, but not limited to, maintaining proper ionic
balance, transporting and filtering nutrients, providing retinoid intermediates to replenish
photopigment bleached by light exposure and absorbing stray photons. The RPE and the
photoreceptors are separated by the choriocapillaris, which provides blood flow to the neural
retina. Further se;iarating the RPE and the choriocapillaris is the Bruch’s membrane, a delicate
vessel wall only 2-6 um thick.

As the function of the RPE/Bruch’s membrane complex is impaired, the result is deficient
nutrient and oxygen transport to the photoreceptors and reduced clearance of by-products of
bleachung, such as opsin. Therefore, as a result of the impairments of the function of the
RPE/Bruch’s membrane complex, the health and function of the photoreceptors may be impaired.
Thus 18 especially true with the rod photoreceptors, which are responsible for scotopic, or dark-
adapted vision. The impairment of the rod photoreceptors may lead to impairment in dark
adaptation. Dark adaptation is defined as the recovery of light sensitivity by the retina in the dark
after exposure to a bright light. In this regard, dark adaptation can essentially be viewed as a
bioassay of the health of the RPE, the Bruch’s membrane and the choriocapillaris, and 1mpaired
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dark adaptation may be used as a clinical marker of disease states that impair one or more of the
RPE, the Bruch’s membrane and the choriocapillaris, Such disease states include, but are not
limited to age-related macular degeneration (ARMD; which is also known as age-related
maculopathy ARM), vitamin A deficiency, Sorsby’s Fundus Dystrophy, late autosomal dominant
retinal degeneration, retinal impairment related to diabetes and diabetic retinopathy. Patients
with ARMD often have impaired dark adaptation as a result of the pathophysiology associated
with ARMD. Dark adaptation may be particularly useful in this regard since deficits in dark
adaptation generally occur before clinical manifestations of the disease state become evident.

Currently ARMD is the leading cause of new, untreatable vision loss in the elderly
populations of the industrialized world (Mitchell 1995, Ophthalmology, 102:1450; Vingerling
1995, Ophthalmology, 102:205). With the increasing proportion of old adults in industrialized
countries, the impact of ARMD on health care costs will worsen (Council 1998, Vision Research-
A National plan 1999-2003; Executive Summary). ARMD is a heterogeneous disorder and is
related to the breakdown of one or more components of the RPE/Bruch’s membrane complex.
As discussed above, impairment of the RPE/Bruch’s membrane complex can impact the health
and functionality of the photoreceptors and lead to impaired dark adaptation.

Early to intermediate ARMD 1s charactenzed by minor to moderate vision loss associated
with extracellular jesions, and changes in the RPE pigmentation and morphology. The lesions
between the RPE and the Bruch’s membrane can be either focal (referred to as drusen) or diffuse
(referred to as basal linear deposits). Advanced ARMD is characterized by severe vision loss
associated with extensive RPE atrophy with or without the squelea of choroidal
neavascularization (which is the mn-growth of choroidal vessels through the Bruch's membrane
and under the RPE in the plane of the drusen and/or the basal linear deposits). In the United
States late stage ARMD accounts for 22% of monocular blindness and 75% of legal blindness in
adults over the age of 50 (Klein 1995, Opthamol. Vis. Sci. 36:182). It is currently believed that
ARMD i1s a multi-factorial process mvolving a complex interplay of genetic and environmental
factors. The principal treatment for late stage ARMD is photocoagulation of the aberrant blood
vessels comprising the choroidal neovascularization. However, only a subset of patients with
existing neovascularization will qualify for such treatment.

A potential treatment approach is to prevent or delay the onset of late stage ARMD. For
example, the Age-related Bye Disease Study (2002) indicated that the intake of several anti-
oxidant compounds (such as beta-carotene, vitamin C and vitamin B in conjunction with zinc and
copper) was beneficial in preventing neovascularization in intermediate ARMD patients with
drusen in both eyes, which places them at high risk for developing advanced ARMD (AREDS
report no. 8, 2001). A number of therapeutics such as anecortave acetate (Retaane; Alcon Labs),
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pegaptabnib sodium (Macugen; Eyetech), ranibizumab (Lucentis; Genetech) and combretastatin
(CA4P; Oxigene) are in various stages of development. Other treatment options under
investigation range from brachytherapy to rheopheresis, and observational studies have been
examining possible protective roles for anti-inflammatory and lipid-lowering drugs.

However, these approaches require that patients at risk for ARMD or other disease states
that impact the RPE/Bruch’s membrane complex and/or dark adaptation be ideutified early
enough so that preventive measures can be undertaken. Furthermore, advising patients whether
the nsk and cost of a treatment is warranted requires the ability to monitor whether their disease
progression 1s affected by their course of freatment. Such a diagnostic method suitable for
widespread, clinical use is currently not available in the art. The present disclosure provides such
a method to identify deficits in dark adaptation and describes an apparatus capable of carrying out
gaid method. Such deficits in dark adaptation may be used to identify those at risk for developing
disease states that impact the RPE/Bruch’s membrane complex and/or dark adaptation and
tracking the discase/treatment progression among those already affected by the disease.

BRIEF DESCRIPTION OF THE FIGURES |
FIG. 1 is an exemplary dark adaptation curve illustrating the various components of dark
adaptation.
FIG. 2 compares exemplary dark adaptation curves for a normal old adult (closed circles), an
early-stage ARMD patient (open triangles) and a late-stage ARMD patient (open circles).
FIG. 3 1s an illustration of the determination of the rod intercept dark adaptation parameter.
FIG. 4 shows the results of varying the intensity of the bileaching light from a high intensity (open
circles and squares) to a low intensity (closed circles and squares) on dark adaptation curves.
FIG. 5A shows a schematic of one embodiment of the apparatus of the present disclosure
FIG. 5B shows a schematic of one embodiment of the interior of the apparatus of the present
disclosure as viewed by a subject.
FIG. 6 illustrates dark adaptation curves generated from a normal individual {closed circle), an
early ARMD patient {(open square) an intermediate ARMD patient {open triangle) and a late
ARMD patient (open diamond) and shows that impaired dark adaptation can be used to predict
ARMD disease severity and/or progression.

DETAILED DESCRIPTION

The human macula comprises a small cone-dominated fovea surrounded by a rod-
dominated parafovea. The function of the rod and cone photoreceptors is impacted by the health
of the components of the RPE/Bruch’s membrane complex. As the function of the RPE/Bruch’s
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membrano complex is impaired, the result is deficient nutrient and oxygen transport to the
photoreceptors and reduced clearance of by-products of bleaching, such as opsin. Therefore, as a
result of the impairments of the fanction of the RPE/Bruch’s membrane complex, the health and
fonction of the photoreceptors may be impaired. In many cascs, the rod photorecepions are
especially vuinerable. The rod photoreceptors are responsible for scotopic, or dark-adapted
vision. The result of damage to the rod photoreceptors is impaired dark adaptation in the subject.
Therefore, impaired dark adaptation can be a surogate mavrker for damage to the RPE/Bruch’s
membrane complex and may be used to diagnose individuals with disease states that have their
clinical manifestations via their impact on the RPE/Bruch’s membrane complex and/or to idesitify
those individuals who may be at risk for developing such disease states. Such disease states,
include but are not limited to, ARMD, vitamin A deficiency, Sorsby’s Fundus Dystrophy, late
antosomal dommant retinal degeneration, retinal mpatrment related to diabetes and diabetic
retinopathy. However, prior methods for determining impaired dark adaptation are cumbersome
and time consuming to administer.

What the art is lacking is a method to determine impaired dark adaptation which is a
sensitive and accurate indicator of those patients suffering impaired dark adaptation, which
produces high test-retest reliability and reproductbility, which can be administered in the clinical
'set(ing with decreased burden on the subject and the healthcare provider, and which is simple to
administer. The subjects identified with impaired dark adaptation can then be evaluated for a
varicty of disease states, such as, but not limited to, those discussed herein. For example, patients
with impaired dark adaptation can be monitored for increased risk of ARMD. In addition,
patients identified with ARMD can be monitored to track ARMD disease progression, such as but
not limited to, the progression from early ARMD to intermediate ARMD or intermediate ARMD
to advanced/late ARMD Mmm. such mdividuals may be started on early intervention
strategies to prevent or delay the onset of ARMD and the effectiveness of such intervention
gtrategics can be monitored.

The present disclosure describes a new method for the measurement of rod-mediated dark
adaptation to prospectively identify subjects who have impaired dark adaptation and who are at-
risk for developing a varicty of disease states, such as ARMD, and which meets limitations
imposed by the clinical setting. The method can be administered in a ghort time (in as little ag 20
minutes or legs) in the clinical setting. As a result, healthcare providers will be able to offer the
test ou a practical and affordable basis, making application of the test and realization of its
benefits more widespread. In addition, the burden the test imposcs on the subject and the
healthcare provider will be significantly reduced. Importantly, the method and apparatus
described allows a broader range of subjects to be tested, for instance children or those with
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impaired cognitive abiity. Yurthermore, the subject meed not have prior exposure to
psychophysical test methods. An apparatus for administering such a method is also described.

In addition to 1ts use as a diagnostic tool, the method described herein can be used to
identify the structural, biochemical and physiological changes responsible for the visual
dysfunction associated with impaired dark adaptation and the progression of the disease states
associated with impaired dark adaptation, such as, but not limited to, ARMD, vitamin A
deficiency, Sorsby’s Pundus Dystrophy, late autosomal dominant retinal degeneration, retinal
unpairment related to diabetes and diabetic retinopathy. This is particularly useful since many of
such disease states are currently believed to be a heterogeneous rather than a unitary genetic
phenomenon and thus may have a variety of clinical manifestations depending on the underlying
cause, By the early and accurate identification of those individuals at risk for developing ARMD
and the other disease states discussed herein (by virtue of their identification as having impaired
dark adaptation) the structural, biochemical and physiological changes can be identified and
correlated with various stages of disease state progression. Such information can be used to
design theoretical models of the disease stato, evaluate animal models of the disease state and to
identify new opportunities for therapeutic intervention in the treatment of the disease state.

The present disclosure presents ARMD as an exemplary disease state to be studied using
topatrment of dark adaptation in a subject. However, the method of determining such dark
adaptation is applicable to the other disease states discussed herein and in any disease state that
impacts one or more components of the RPE/Bruch’s membrane complex.

The present disclosure shows that rod-mediated vision is more severely affected than
sone~-mediated vision in individuals at-risk for incident ARMD and in early ARMD patients. In
iddition, the impairment of rod-mediated vision appears to precede the impairment of cone-
nediated vision. This relationship is significant since the most debilitating vigion impairment
ssociated with ARMD is caused by the loss of cone photoreceptors. Therefore, by monitoring
he health of the rod-photoreceptors, which as discussed above is also indicative of the health of
be RPE/Bruch’s membrane complex, those individuals suffering from or at-risk for ARMD, can
e identified. This earlier detection will result in the initiation of preventive measure, increased
nonitoring and/or early initiation of treatment before cone-photoreceptors are impaired. As a
esult, the most significant agpect of ARMD-related vision impairment may be prevented or
lelayed.

Most ARMD patients exhibit more rod-mediated (scotopic) visual sensiﬁvity' loss than
:one-mediated (photopic) visual sensitivity loss. Rod-mediated dark adaptation is especially
usceptible to the effects of ARMD, as discussed in more detail below and many early ARMD
ratients exhibit abnormal dark adaptation in the absence of other vision function abnormalities
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such as reduced acuity, contrast sensitivity or visual semsitivity. Methods do exist for the
diagnosis and detection of ARMD. However, these methods are insensitive in that they generally
detect only visible lesions associated with early ARMD (which indicates later stages of disease
progression), and are subject to a large degree of clinical judgment, resulting in a range of
interpretations of the test vesults. Most of the tests are too sophisticated for the average
healthcare provider to administer. In addition, the interpretation of the test results requires years
of clinical experience and even then can be subject to substantial vanation. Current test methods
also place a significant burden on the patient and the healthcare provider. No suitable method 18
currently available for the detection of ARMD that overcomes these obstacles. Even if the
currenily available tests are administered, they still do not reliably identify patients at risk for
ARMD.

As an example, fundus photography and grading can be used to detect ARMD. However,
fundus photography is not capable of detecting microscopic Jesions or the biological changes
associated with ARMD. Anatomical and histopathological studies of donor eyes indicate that the
pathological processes underlying ARMD, and the subsequent damage caused by these processes,

" are well underway before fundus photography can detect signs of ARMD. In addition, the test is

relatively expensive, requires specialized equipment and training to administer and is subject to
variations in interpretation, Reliable interpretation of fundus photographs is possible by utilizing
a fundus reading center. However, the use of a fundus reading center for routine chnical use is
mpractical because of the cost and turm around time of the results, which generally takes several
months. As a result, fundus photography has not been widely used as a means to diagnose
ARMD. As an additional example, flourosceine angiography is currently used as the method of
choice for diagnosing late state ARMD. However, this method is invasive as the flourosceine
dye must be administered to the subject via the IV route. In addition, reactions to the
flourosceine dye occur for approximately 1-1000 subjects. These reactions may be severe and
may even be fatal in some cases. As a result, a physician is required to be in aftendance during
the procedure. Therefore, the burden on the subject and the healthcare professional is quite high.
General Description of Test Parameters

A general description of the method and the parameters involved in the method disclosed
is given below. In the method described, dark adaptation is measured with a custom,
computerized automated adaptometer. The subject undergoing testing is subject to a bleaching
protocol. The bleaching protocol may be varied as is known in the art. The bleaching protocol
adapts the test eye to a hight of a first luminance level (by desensitizing a portion of the rhodopsin
molecules in the test eye on exposure to the light of a first luminance level), Visual recovery (ie.

dark adaptation) is then meagured as the test eye adapts to a light of a secand luminance level.
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Therefore, the first luminance level serves as a standardized baseline from which visual recovery
is measured. Any bleaching protocol that provides this standardized baseline may be used in the
method and apparatus described herein. The first luminance level is brighter than the second
luminance level, but the absolute intensity values of the first and second lumingance levels may be
varied as desired. Generally, the greater the absolute value of the first luminance level, the shorter
the period of exposure of the test eye to the hght of the first luminance level to achieve the
baseline. For example, the light of the first luminance level may be an infense light, such as that
provided by an electronic strobe or flash, and the light of the second luminance level may be at or
close to 0 cd/m®, such as would occur in a dark room. Alternatively, the light of the first
luminance level may be a light produced by an ordinary light bulb or by the ambient hight in a
room, and the light of the second luminance level may be at or close to 0 cd/m’, such as would
occur in 8 dark room.

Many light delivery methods can be used to deliver the light of the first luminance level
(which is referred to hereafter as a bleaching light), such as photographic flashes, adapting fields,
illuminated backgrounds, direct projection into the cye, exposure to ambient light, or staring into
a light bulb. As discussed above, there are numerous possibilities. Classically, subjects viewed
an adapting field to bleach the photopigment This bleaching method causes discomfort to the
subject, and it is difficult to reliably deliver bleaches in psychophysically inexperienced subjects.
Another method of bleaching is to project Light into the eye using a Maxwellian view system.
This method causes less irritation, but requires the subjects to fixate very steadily and not blink
for 30 to 60 seconds. Many inexperienced subjects find this to be a difficult task. If the subject
changes fixation or blinks, it 18 necessary to wait up to 2 hours before the bleach 18 repeated to
avoid the cumulative effects of bleaching. Bleaching light delivered by an electronic strobe or
flash delivers a high intensity light in a short period of time. Because the hght exposure 1s brief
and can be localized outside the fovea, it is not irritating to the subjects and the subjects do not
need to maintain fixation for long period of time. With proper patient instructions blinking is not
an issue.

The bleaching protocol desensitizes the desired amount of rhodopsin molecules and
provides a standardized baseline to measure visual recovery to the second luminance level. The
intensity of the bleaching light or the time of exposure to the bleaching light can be modulated to
produce the desired amount of desensitization. In one embodiment, an equivalent of about 50% to
100% of the rhodopsin molecules is desensitized. The bleaching light may be an achromatic
camera flash. The intensity of the bleaching light can be adjusted to descuositize the appropriate
amount of rhodopsin molecules. For example, a bleaching light mtensity of 7.48 log scot Td/sec
will bleach approximately 98% of the rhodopsin molecules, while a bleaching light intensity of
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5.36 log scot Td/sec will bleach approximately 50% of the rhodopsin molecules, Alfernate
bleaching light intensities which desensitize less than 50% or more than 50% of the rhodopsn
molecules may also be used if desired.

After the bleaching protocol, visual recovery to the second luminance level is monitored.
This recovery of light sensitivity is mediated primarily by the retina and measures predominately
rod-mediated sensitivity. The subject provides a series of responses to the target stimulus (which
is varied in intensity as described herein) which is used to generate one or more index facfors.
The index factors are used in a comparison step to determine a dark adaptation status of the
subject. In one embodiment, the response of the subject is used to determine a threshold
measnrement. During threshold measurements, the subject is presented with a target stimulus.
The target stimulus may be a spot of light, including a light spot on a darker background or a dark
spot on a lighter background. Subjects may view the target stimutus with or without their best
optical correction for the test distance. A variety of classical methods can be used to determine
the threshold measurement, including but not limited to method of limits, just noticeable
difference, and method of adjustment, These techniques are well known in the art. Thresholds
measurements can be sampled in such a way as to provide sufficient data fo fit models of dark
adaptation. In one embodiment, threshold measurements are sampled once every 1 to 5 minutes,
Another embodiment would be to sample threshold measurements twice every muinute. Yet
another embaodiment would be to sample 2 threshold measurements per minute early during the
test then sample 1 threshold measurement every 2 minutes thereafter. Higher or lower sampling
rates may be used as desired to balance the need of producing an adequate dark adaptation
fanction for model fitting against subject burden. As an example of lower sampling rates, a small
number of threshold measurements may be sampled based on predictions of rod photoreceptor
fonction in normal individuals. For example, a threshold measurement may be obfained at 3-5
minutes {which in a normal individuals would be before the rod-cone break) and at 5-10 minutes
and 10-15 minutes, If these threshold measurements do not correlate with the rod photoreceptor
function 1n normal individuals, the subject is likely to have impaired dark adaptation. Such a
sampling schedule would further reduce subject burden.

In one embodiment, a modified staircase threshold procedure may be used to determine
the threshold measurement. In one embodiment, a 3-down l-up staircase procedure is utilized.
The “3-down” refers to the decrease in infensity of the target stimulus, while the “1-up™ refers to
the increase in intensity of the target stimulus during selected portions of the threshold
measurement. Variations in the decrease or increase in the intensity of the target stimulus may be
used without altering the scope of the present disclosure. An example illustrating the use of a
staircase procedure 18 given below as an example. In the staircase procedure, the initial target
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stimulus intensity starfs out at a predetermined intensity. In one embodiment, the mitia] target
stimulus intensity is 4.85 cd/m”, although other initial intensities may be used. The target
stimulus is presented at predetermined time infervals. In one embodiment the target stimulus is
presented every 1-5 seconds, while in an alternate embodiment, target stumulus is presented every
2-3 seconds. The duration of the target stimulus presentation may also be varied. In one
embodiment, the target stimulus duration is about 100 to 400 milliseconds, while in an alternate
embodiment, the target stimulus duration is about 200 milliseconds. If the subject does not
respond to the target stimulus, the target stimulus intensity remains at the initial intensity until the
subject responds that the target stimulus is visible. If the subject indicates the target stimulus is
visible, the target stimulns intensity is decreased by a predetermined amount until the subject
stops responding that the target stimulus is present. For example, in a 3-down 1-up staircase, the
target stimulus intensity is decreased by 3 “unit” increments, such as 0.3 log units, on successive
measurements. After the subject responds that the target stimulus is invisible (by failure to
respond to the presence of the target stimulus), the target stimulus mtensity is increased by a
predetermined amount until the subject responded that the target stimulus is once again visible.
For example, in a 3-down 1-up staircase, the target stimaulus intensity is increased by 1 “unit”
increments, such as 0.1 log units, on successive measurements. This target sttmulus intensity at
which the subject reports the target stimulus is again visible i1s defined as the threshold and is
recorded as the threshold measurement. The time and intensity level of the target stimulus are
recorded (either manually or automatically by a means for control on the test apparatus). No
threshold is recorded until the staircase is completed. Successive threshold measurements are
initiated with a target stimulus intensity a predetermined amount brighter than the previous
determined threshold measurement. For example, in a 3-down 1-up staircase, the target stimulus
matensity is increased by 3 “unit” increments, such as 0.3 log units, for the next threshold

measurement sequence. Alfternatively, it 18 pogsible fo use 8 traditional staircase technique in
which only the reversals are recorded, or to_record all of the subject responses to the target

stimulus (1.e.; all raw data igputs used to obtain the thresholds).The subject responses are
recorded as well as the time the response was determined. The subject responses may be used
directly in the comparison step as discussed below. The subject responses may also be used to
generate a plurality of threshold measurements as described herein, and said threshold

measurements used in the comparison step as discussed below. The subject responses may be

used in conjunction with an appropriate dark adaptation model (either with or without generating
threshold measorements) to generate one or more of the index factors and said index factors used
in the comparnson step as discussed below. The subject responses or threshold measurements
may be subject to certain noise reduction protocols to increase the quality of the threshold
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measurements and to eliminate artifacts that may be due to subject inattention or subject error.
Afier processing for noise reduction, the responses or threshold measurements may be used as
described. The noise reduction protocols may be applied as the responses or threshold
measurements are generated, after all responses or measurements are acquired, or at any
intermediate time point. '

A vatiety of noise reduction protocols may be used. A preferred embodiment is non-
destructive noise reduction, where outliers are deleted without altering the retained data. This
approach has the advantage of preserving the absolute and relative- information content of the
threshold curve subject to noise reduction, as opposed o smoothing algorithms or transformation
functions that alter the information content of the refained data. One such non-destructive noise
reduction protocol is termed “threshold gwidance”. With threshold guidance, each threshold
meagsurement obtained after the initial threshold measurement (referred to as & “presumptive
threshold measurement™) 18 compared to at least one preceding threshold measurement (referred
to as the “base threshold measurement”). For example, the tenth threshold measurement obtained
(the presumptive threshold measurement) may be compared with the ninth threshold
measurement obtained (the base threshold measurement). Alternatively, the tenth threshold
measurement obtained (the presumptive threshold measurement) may be compared to more than
one preceding threshold measurement, such as the seventh through ninth threshold measurement
(collectively, the base threshold measurement). Based on the physiological constraints of the
adaptation of the retina between the first luminance level and the second luminance level and the
time between the base threshold measurement and the presumptive threshold measurement, a
maximum change in presumptive threshold measurement can be estimated accurately using the
base threshold measurement. A range (referred to as the “window™)is established given the
maximum change possible and this range is applied to the base threshold measurement. The
presumptive threshold measurement is then examined to determine if the presumptive threshold
measurement falls with the established window. If the presumptive threshold measurement falls
within the window, the presumptive threshold measurement is considered a valid threshold
measurement and can be used as described. If the presumptive threshold measurement fells
outside the window, the threshold measurement 18 cousidered invalid and is not congidered
further. In an alternate embodiment of threshold guidance, each presumptive threshold

measurement 15 compared to a model fit of all or a portion of the base threshold measurement to
detentnine whether the presumptive thresbold measurement falls within an esteblished window
anchored to the model fit. For any embodment of threshold guidance, the process may be
automated by creating an algorithm that captures the desired criteria and applying the algorithm
to the threshold measurements. Such an algorithm may be applied by the means for control as
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described herein. The threshold guidance techmique may be applied as the threshold
measurements are acquired or may be applied after all or a portion of the threshold measurements
are acquired,

Another non-destructive noise reduction strategy is termed “curve guidance”. In curve
guidance, the threshold measurements are filtered using a statistical function of a defined width
anchored to the threshold measurements or a model fit of the threshold measurements. Any
threshold measurement that falls outside of the defined width is rejected and removed from
further consideration. The filter can then be reapplied to the threshold measurements (either with
the initial width or a modified width). Again, any threshold measurement that falls outside of the
width 18 rejected and removed from finther consideration. This process can be repeated as
desired in an iterative manner to further refine the threshold measurements. In one preferred
embodiment, the statistical function is a band pass filter or its equivalent having a width defined
by a first statistical parameter of the threshold function and anchored to a moving means function
of the threshold measurements. Other means of defining the filter width, such as cut points, Limnit
functons or windows can be uged. Other functions of the threshold measurements, such as
autoregressions and weighted moving averages, can be used as the anchar. In another
embodiment, the statistical function defining the filter width can be anchored to a model fit of
dark adaptation applied to the threshold measurements,

Such npise reduction strategies will allow the unbiased examination of threshold
measurements to determine their validity. As a result, invalid threshold measurements caused by
subject error or inattention can be removed before the threshold measurements are applied to the
appropriate dark adaptation mode). This will widen the scope of subjects who can are eligible to
undergo the described method and increase the reliability and reproducibility of the method
described. The noise reduction strategies described may be applied alone or in combination.

The target stimulus 15 of 2 spectrum of light that is effective 1n isolating the rod response
(ie., stimulating the rods with no or little stimulation of the cones). A range of target stimulus
wavelengths can be used ‘to isolate the rod response. In one embodiment, the spectrum is
comprised of at least one wavelength in the range from 400 nm to 550 nm. In an altermate
embodiment, the spectrum is comprised of at least one wavelength in the range from 406 mm {o
300 nm. In yet another alternate embodiment, the spectrum has a single wavelength of 500 nm.
(a wavelength of light near the peak of rod photoreceptor sensitivity). The target stimulus may
cover about 1.5 to 7.0 degrees visual angle. In one embodiment, the target stimulus covers about
2.0 to 3.0 degrees of visual angle. In yet another alternate embodiment, the target stimulus covers
about 2 degrees of visual angle. As the size of the target stimulug increases to cover a wider
degree of visual angle, the sensitivity of the test may decrease, but such increased target stimulus
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gizes may be used if desired. The taxget stimulus may be presented at a variety of locations, so
long as the target stimulus is placed in an area where tod photoreceptors dominate. In one
embodiment the target stimulus is presented at a location from 20 degrees in the inferior visual
field on the vertical meridian to 2 degrees in the inferior vertical ficld on the meridian. In anather
embodiment, the target stimulus is located in the macula. In an alternate embodiment, the target
stimulus is located adjacent to the maculs. In yet another alternate embodiment, the target
stimilus is located in an avea of the macula that i not on ax ovedapping the fovea, such as the
parafovea. Positioning the target stimulugs on or overlapping the fovea may decrease the
sengitivity of the method, but such locations may be used if desired.

The threshold measurements may be used to generate a full or a partial dark adaptation
threshold function/curve. In such a threshold function/curve, one or more threshold
measurements (which indicate sensitivity of recovery) are plotted as a function of time to
generate the dark adaptation function/curve. Various scales for the senmuwty measurement may
be used, such as a senti-log unit scale. Tho curve is not required to be generated, but may be
helpful as a visual tool to aid the healihcare provider.

meommofmmmmgmmumenmmaym terminated based on a decision rule. A
number of decision rules are possible. For example, threshold measurements may be terminated
after defined period of time has elapsed, when the subject’s visual sensitivity ceases to change
aver a defined period of time or when the subject’s sensitivity returns to a previously cbtained
bascline value measured ptior to bleaching.  Additionzally, threshold measurements may be

terminated if a specific dark index factor, such as an adaptation parameter, does not
appear within a defined period of time (for example, if the rod-cone break or the rod
intercept does not appear within said defined period of time), on the inability to fit the
threshold measurements to an approptiate mode of dark adaptation, or on the failure to

make a sufficiently close match to the comparative database (discussed below).

The threshold measurements obtained as discussed above may be directly compared fo the
comparative database or may be applied to an appropriate dark adaptation model as discussed
below. A varicty of models may be used. These include models with one component oxr more
than one component. Examples of models that may used include, but are not limited to, a one-
linear, one-exponential model, a bi-linear model, and a tri-linear model. In one example of a two-
component model, one component models the cone photoreceptors and one component models
the rod photoreceptors. When more than two components are used in the model, the rods or the
cones may be analyzed by the additional compotents of the model. However, it is more common
for the rods to be analyzed by the additional components. In such a model, the cone
photoreceptors, and the second and third rod components may all be analyzed with a linear
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runction (a fr-lmear model). The various components may use linear or exponential fumctions
and may be fit using nonlinear regression or a least squares fit. Other statistical methods may
also be used. Dark adaptation parameters, individual threshold measurements or other data may
be extracted from the modeled data without providing a graphical threshold curve. Key dark
adaptation function parameters that can be extracted from the model fit inclade, but are not
limited to, the rod-cone break time, the rod intercept and the rod recovery time constant.

In one preferred embodiment of a two component model, a linear function is used to
analyze the cone photoreceptors while an exponential fumction is used to analyze the rod
photoreceptors. In this model the lincar component represents the rapid, cone-mediated portion
of the recovery and the exponential recovery represents the slower, rod-mediated portion of the
recovery. The pomnt that connects these two components is defined as the rod-cone break, a
parameter of interest in determining dark adaptation. The time constant of the exponential
component is defined as the rod time constant, an additional parameter of interest. Other
parameters may be analyzed as discussed below. This model has been shown to objectively
estimate the rod-cone break and the time constant of rod sensitivity recovery. While it is known
that the exponential rod-mediated recovery is actually comprised of second and third rod
components, more detailed modeling does not necessarily result in improved analysis of dark
adaptation. However, the second and third rod components may be analyzed by their own
modeling components if desired. For some patients with late ARMD, this two-component mode!
may not provide a satisfactory fit because insufficient sensitivity recovery after the rod-cone
break will cause the exponential portion of the model to fit poorly. For example, FIG. 2 shdws a
comparison of dark adaptation curves generated by the method disclosed from a normal subject
(closed circles), an early ARMD patient (open triangles) and a late ARMD patient (open circles).
As can be seen, the rod mediated component of the curve generated from the late ARMD patient
using the one-linear, one-exponential function would not provide a clear determination of the rod-
cone break. For cases such as these where the two-component model proves inadequate (R? <
0.9), a bilmear model may be applied to the data to accurately estimate rod-cone break, and the
other parameters of interest. The flexibility of employing mulitiple models will allow tracking of
disease progression further than strict adherence to a single model.

The threshold measurements may be applied to an appropriate model fit as the threshold
measurements are generated, after all threshold measurements are obtained or after a determined
number of threshold measurements are obtained. For example, every time a valid threshold
measurement is obtained, the threshold measurements may be applied to an appropriate dark
adaptation model to determine if a threshold model fit can be achieved. Using this approach, the
model may be generated instantancously as the test progresses. In addition, if a model fit is not
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achieved in a predetermined amount of time (such as 5-10 minutes, the time point at which the
rod-cone break should appear in a healthy mdividual), the threshold measuremenis may be
terminated and the subject comsidered to have impaired dark adaptation. Altematively, all
threshold measurements may be obtained before the threshold measurements are applied to an
appropriate model.

From the threshold measurements and the data generated during the modeling step, an
“index factor” may be extraclted. The index factor may be a threshold curve generated by the
appropriate model from the threshold measurements, a partial threshold curve generated by the
appropriate model from the threshold measurements, individnal threshold measurements selected
from the appropnate model, mmdividual threghold measurements selected prior to modeling, a dark
adaptation parameter determined from the appropriate model, or any combination of the
foregoing. One or more index factors may then be compared with corresponding index factors
detetmined from healthy individuals to determine the dark adaptation status of the subject.

The dark adaptation parameters include, but are not limited to, the time constant of the
cono-mediated sensitivity recovery, the time constant of rod-mediated sensitivity recovery, the
cone plateau, the rod plateau, the rod-cone break, the rod intercept, the slope and/or time constant
of the 2™ component of the rod-mediated recovery, the slope and/or time copstant of the 3™
component of the rod-mediated recovery, the transition time between the second and third rod-
mediated camponents, and the dusation from the bleaching fo the final threshold measurement.

The dark adaptation parameters above are, with the exception of the rod intercept,
described and known in the art and have the meanings known to one of ordmary skill in the art.
The rod intercept is a novel parameter. In any test of dark adaptation, the cone photoreceptors
contribute to the recovery of dark adaptation. While the rod-cone break is a sensitive indicator of
dark adaptation impairment, the rod-cone break is dependent, in part, on cone photoreceptor
function, The contmibution of the cone photoreceptors is not uniform between individuals and
impacts the ttming of the rod-cone break. The contribution of the cone photoreceptors may also
change over time, which may impact the data obtained over a period of time, such as might occur
when monttoring & subject. It would be desirable to eliminate the contribution of the cone
photoreceptors (which may be referred to as cone contamination) to the dark adaptation
parameters. The rod intercept addresses this need. The rod intercept is the time at which the rod
function would recover to (or “intercept”) a reference sensitivity level in the absence of any cone
function. Once the rod component of dark adaptation has been isolated or identified, an
exponential model is fitted to the component. The rod intercept parameter is the time at which
the exponential crosses the reference sensitivity value. The sensitivity value can be any value,

but 1s most useful when the value is greater than the cone plateau. For purposes of example, the
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reference sensitivity level may be the zero sensitivity level, ag this sensitivity level is above the
cone plateau in all individuals. The rod infercept parameter is completely independent of the
health and function of the cone photoreceptors and ideal for fracking the progression of dark
adaptation impairment of the rods. An example of the rod intercept and its method of
determunation are given in FIG. 3. In this manner, the use of the rod intercept eliminates a
confounding factor contributed by cone photoreceptor function and bnproves the sensitivity and
specificity of the diagnosis of impaired darck adaptation. '

The individuals in the comparative database may be aged matched to the subject, or may
be non-aged matched as compared to the subject. For example, if the subject is 65 years of age, in
one embodiment the comparative database may be composed of individuals with ages from 60 to
70 years, or in a second embodiment, the comparative database may be compased of individuals
with ages from 25 to 40 years. The use of a comparative database comprising 8 younger
population may offer cettain advantages since the younger subjects that comprise the popuiation
will be more likely to be fiee of disease states and other conditions that may impact their dark
adaptation. As discussed above, most prior techniques for diagnosing individuals with ARMD
and other disease states are not scusitive enough to detect individuals with early stages of the
disease states that can impact dark mediated adaptation. Therefore, using an age matched
population for the comparison may actually decrease the sensitivity of the method to identify
impairments in dark mediated adaptation since the age matched population of the comparative
database may in fact have a certair degree of impaired dark adaptation.

The 1ndividuals making up the comparative database may be healthy (i.c., disease free) or
they may be selected based on their diagnosis with ARMD or any of the other disease states
which have impaired dark adaptation as a clinical manifestation, or both. If healthy individuals
are selected, the mdex factors determined from the subject can be compared with the
correspondmg mndex factors for the healthy individuals. If individuals with a diagnosed disease
state are selected, the index factors determined from the subject can be compared with the
corresponding index factors for the individuals diagnosed with a disease states and/or defined
stages of a disease state. In this manner, the comparison may be able to predict if the subject has
impaired dark adaptetion (from a comparison with healthy individuals in the comparative
database), is suffering from a disease state (from a comparison with individuals in the
comparative database diagnosed with said disease state) or to diagnase the severity of the disease
state (from 2 comparison with individuals in the comparative database diagnosed with said stage
of the disease state). For example, if the disease state is ARMD, the index factors determined for
the subject may be compared to corresponding index factors from individuals in the comparative
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database who are diagnosed with early, intermediate or late stage ARMD. The stratification of
the database, as discussed below, may aid in making such comparisons.

The comparative database may be stratified based on a number of stratification crifena.
These criteria may be dark adaptation status, risk factors, demographic factors, other relevant
factors or a combination of the preceding. Examples, of risk factors include, but are not limited
to, age, smoking status, body mass index, and status with regard to health conditions (for example
diabetes and ARMD statug). Other risk factors may also be included. Demographic factors
include, but are not limited to, lens density, gender and ethnicity. The inclusion of & specific
stratification criteria as a risk factor or demographic factor may be modified (for example, age
may be considered both a risk factor and a demographic factor). The individuals in the
comparative database may be tagged or otherwise identified, such that the appropriate population
of individuals in the comparative database may be selected for the comparison to the subject.

Furthermore, the comparative database may be refined over time. The individuals in the
database may be followed over time and their health status monitored. If an individual no longer
meets an inclusion criterion for the comparative database, the individual may be removed. The
inclugion criteria may be development of a discase étate or impaired dark adaptation within a
defined time period of the inclusion of the individual in said comparative database. As one
example, if an individual who was diagnosed as healthy and included in the comparative database
as such develops a disease state or develops impaired dark adaptation within & time period (for
example 5 years of their inclusion), the individual may be removed from the comparative
database since it is possible that the data obtained from said mdividual may be tainted by early
clinical manifestations of the disease state or impaired dark adaptation. In this manner the quality
of the comparative database may be improved over time, resulting in a database with improved
sensitivity and specificity.

One or more of these index factors is then compared to the corregponding index factors
obtained from appropriately selected individuals in a comparative database. Appropriately
selected means that the index factor from a defined group of individuals in the comparative
database is selected for comparison to the index factor from the subject. The defined group may
be all the individuals in the database or less than all the individuals in the comparative database,
The defined group may be selected on the basis of stratification criteria as digcussed above. The
healthcare provider may select the defined group, with such selection based on one or more
defining characteristics of the subject. For example, if the subject is a 60 year old, non-smoking,
Caucasian male suspected of having ARMD, the stratification criteria may be used to select the
defined group from the comparative database for the comparison step. In one embodiment, the
defined group may be selected on the basis of ethnicity (Caucasian), gender (male), health status
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(disease free or diagnosed with ARMD), and age (20-45 years of age). Furthermore, the
comparison may be carried out multiple times for any given subject to various iterations of the
comparstive database. For example, given the same 60 year old, non-smoking, Caucasian male
subject suspected of having ARMD, a second comparison could be made using a defined group
from the database selected om the basis of gender (male) only, or selected to include all
individuals in the comparative database.

The comparison may be made to the absolute value of the appropriate index factor or to a
normal reference range of the appropriate index factor from the comparative database to
determine a dark adaptation status of the subject. The normal reference range is a statistical range
about said index factor. In one embodiment, the statistical range is the mean of the values for the
selected index factor from the comparative database + two standard deviations of the mean; other
statistical ranges may also be used. If the index factor determined for the subject satisfies an
“tmpairment criteria” the subjects is considered to have an impaired dark adaptation status, If the
index factor determined for the subject does not satisfy an “impairment criteria” the subjects is
not considered to have an impaired dark adaptation status,

The mmpaitment criteria may vary depending on the nature of the defined group selected
from the comparative database for the comparnson step. If a comparison is made to a defined
group of healthy mdividuals from the comparative database, the impairment criteria is satisfied if
one or more of the index factors determined for the subject fall outside of the normal reference
range for the comresponding mdex factors in the comparative database. In this case, the subject is
considered to have an impaired dark adaptation status and to be at risk for ARMD and the other
disease states described herein. If a companson is made W individuals from the comparative
database having a diagnosed disease state and/or a specific stage of a disease state, the
unpairment criteria 18 satisfied if one or more of the mndex factors determined for the subject fall
within the nommal reference range for the comesponding index factors in the comparative
database. Again, the subject is considered to have mmpaired dark adaptation and to be at risk for
ARMD and the other discase states described herein.

In addition, the method disclosed may incorporate certain “compensation strategies”.
These compensation strategies may be used to acocount for variations in lens density, pupil size
and other confounding factors that raay impact the results of the method. For example, increased
lens density may impact the resulfs of the method since as lens density increases, less light passes
through the lens to impact the photoreceptors. One method to account for this factor is to
determine the lens density prior to implementing the method, One method of determining lens
density 1s laser inferometry. The lens is scanned with a laser as is known in the art and a
determination of lens density is made. This determination may be used to adjust the data prior to
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the analysis or may be used to adjust one or more parameters of the method pror fo
implementing the method, such as the intensity of the bleaching light and the intensity of the
target stimulus, In this manner, the parameters may be adjusted so as to provide the same
intensity of bleaching light and target stimulus to the photoreceptors of subjects with altered lens
density as to those subjects with normal lens density. As another example, pupil size may also
jmpact the results of the method. The pupils may be dilated prior to implementation of the
method s0 as to provide a standardized baseline for the fest. Aliernatively, the dilation step may
be omitted and a mask or artificial pupil may be used fo aliow the bleaching light and target
stimulus to interact with a standardized portion of the pupil.

Reference Test Method |

An embodiment of the general test methodology will now be described. The method
described in this section was used to gencrate the data described in the Examples section below
and the specification should not be construed as limited to the embodiment described below.

The target stimulus, in this case a spot of light, was preseunted to the subject as a S00-nm,
circular spot of light covering 1.7 degrees of visual angle. The target stimulus was presented at
12° in the inferior visual field on the vertical meridian, which is adjacent to the macula. The test
eye was subject to a bleach (0.25 ms in duration) using an electronic flash of achromatic light that
produced a measured infensity of 7.65 log scotopic Trolands-sec, equivalent to inactivating ~98%
of rhodopsin molecules in the test eye. |

Threshold measurements were obtained immediately after flash offset. The control means
on the test apparatug controls the psychophysical procedure and the parameters of the various
steps and records the subject’s responses. In this embodiment, a 3-down 1-up modified staircase
threshold procedure was used to defermine the threshold measurement. The initial tarpet stimulus

intensity was 4.85 cd/m” and the target stimulus was presented at 2-3 second time intervals for
200 nuiliseconds duration. If the subject did not respond to the target stimutus (indicating the

target stimulus was visible), the target stimulus intensity rernained at 4.85 cd/m” until the subjeot
responded. If the subject indicated the target stimulus was visible, the target stimulus intensity
was decreased by 0.3 log umit steps on successive threshold measurements until the subject
stopped responding that the target stimulus was present. After the gubject responded that the
target sttmulus was invigible (by failure to respond to the presence of the target stimnlus), the
target stimulus intensity was increased by 0.1 log units until the subject responded that the target
stimulus was once again visible. This target stimulus intensity was defined as the threshold and
the threshold measurement was recorded. No threshold was recorded until the staircase was
completed. Successive threshold measurements were initiated with a target stimulus intensity 0.3
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log units brighter than the previous determined threshold measurement. Successive threshold
measurements were obtained as described above. Threghold estimates were obftained twice every
minute for the first 25 minutes and twice every 2 minutes thereafier until termination. Threshold
measurements were ferminated when the subject’s threshold measurements (which are an
indication of rod sensitivity) were within 0.3 log umits of the subject's previously measured
baseline sensitivity.

To immterpret the dark adaptation data (ie., the threshold measyrements), the thresholds
were expressed as log sensitivity as a function of time (minutes) after the bleaching. Each
subject’s rod-mediated function was fit using a nvonlinear regression technique with a one-
exponential, two-linear component model (McGwin, and Jackson 1999, Behavior Research

Methods. Instruments, and Computers 31: 712). In this embodiment, the index factors were the
dark adaptation parametess described above, One or more of these dark adaptation parameters

was then compared to the reference ranges of the corresponding dark adaptation parameters
obtained from an appropriately selected population of heaithy subjects in a comparative database.
From this comparison, a determination was made whether the subject’s rod mediated dark
adaptation process was impaired (i.e.; ouigide the reference range). A determipation that a
subject’s rod-mediated dark adaptation was impaired suggests that the individual is at-risk for
ARMD or is suffering from ARMD.

The decision tule for determining whether a dark adaptation parameter is abnormal was
based on comparison of the subject’s dark adaptation parameter(s) to corresponding dark
adaptation parameters in a well-defined comparative database. In the Examples below, the
comparative database was composed of adults of normal retinal health in the age range of 20
years old to 45 years old. The comparison was made to the reference range of the comparative
database for the selected dark adaptation parameter. The reference range was the mean of the
valueg for the selected dark adaptation parameter from the comparative database + two standard
deviatious of the mean. If the subj ect’s dark adaptation parameter fell outside the reference range
for the corresponding dark adaptation parameter from the comparative database, dark adaptation
is considered impaired and the subject is considered to be at-risk for ARMD, If several dark
adaptation parameters were estimated, and any one the subject’s determined dark adaptation
parameters fell outside the reference range for the corresponding dark adaptation parameter from
the comparative database for any single parameter, dark adaptation is considered impaired and
the subject 1s considered to be at-risk for ARMD.

Optunization of Test Parameters
As previously discussed, one drawback to the current methods for analyzing dark adaptation
impairment is the length of times the cumrent methods require, Cument methodologies may
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require 90 minutes or more for completion. Using the methods of the current disclosure,
determination of dark adaptation impairment may be determined in less than 20 minutes. At least
two variables influence the time taken to analyze dark adaptation impaument: 1) the intensity of
the bleaching light; 2) and the location at which the target stimulus is presented. The lower the
bleaching light intensity, the faster scotopic sensitivity will recover. Similarly, moving the
location at which the target stimulus is presented info the macula from just outside the macula
will shorten the time to recovery m normal patients.

Previous studies indicated that weaker bleaching protocols may provide less sensitive
results for dark adaptation studies. However, surpnsingly, a weaker bleaching protocol using &
desensitizing flagh of 5.36 log scot Td/sec decreased the time required to determine the rod-cone
break and increased the ability to discriminate between early ARMD subjects and normal adults.
In one study, dark adaptation curves were generated from an early ARMD subject and & subject
with normal retinal health (using the reference test method described above) using identical
parameters, with the exception that the mtensity of the bleaching flash was varied between 7.48
log scot Td/sec (high intensity bleachmg procedure, mactivating approximately 98% of the
thodopsin molecules) and 5.36 log scot Td/sec (low intensity bleaching procedure, inactivating
approximately 50% of the rhodopsin molecules). Dark adaptation curves were generated as
described berein and the rod-cone break and rod time constant dark adaptation parameters were
analyzed for each patient under each condition. The results of the study are shown in Table ] and
FIG. 4.

Table 1 shows that the time to the rod-cone break was shortened by more than 8 minutes
for both the normal subject and the early ARMD subject (to under 14 minutes in both cases). For
the normal subject, the time to reach the rod-cone break using the high intensity bleaching
protocol was 15.41 minutes, while the time to reach the rod-cone break in the earty ARMD
subject was 23.42 minutes. Using the low intensity bleaching procedure, the times were reduced
to 7.15 minutes and 13.56 minutes, respectively. Despite the decreased timescale to determine
the rod-cone break parameter, the ability to discriminate between those with early ARMD and
normal subjects was increased using the low intensity bleaching procedure. As shown in table 1,
using the high intensity bleaching procedure the early ARMD patient showed a 52% impairment.
In contrast, when the low intensity bleaching procedure was used, the early ARMD patient
showed a 90% impairment. Furthermore, the subjects exhibited well defined dark adaptation
functions in response to the low intensity bleaching procedure. Such well defined dark
adaptation functions with a prominent rod-cone break patatneter aid in the analysis of the data
and enhance repeatability and case of use. FIG. 4 shows that the dark adaptation curves
generated using the different bleaching parameters. In FIG. 4, the squares represent a 66-year-old
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normal adult while the circles represent a 79-year-old ARMD patient. The closed circles and
square indicate the low intensity bleaching procedure was used, while the open circles and
squares indicate the high intensity bleaching protocol was used. As can be seen, the low intensity
bleaching procedure resulied in a quicker dark adaptation response, which as discussed above,
actually increased the sensitivity of the discrimination befween those subjects with early ARMD
and those subjects with normal retinal health.

The mmpact of changing the location at which the target stimulus is presented was also
evaluated. The standard research protocol described above tests dark adaptation with the target
stimulus presented at 12° in the inferior visual field on the vertical meridian, comresponding to a
pertpheral location just adjacent to the macula. Because ARMD-related impairment of the rod
photoreceptors is greatest near the fovea and decreases as a function of eccentricity towards the
peripberal retina, testing dark adaptation at a more central location within the fovea should
exhibit greater impairment than at a peripheral location. Dark adaptation curves were measured
for a cohort of 10 ARMD patients (mean 73 years old) and a cohort of 11 normal old adulis
(mean 70 years old). Each subject’s dark adaptation was measured twice: once using a target
stmulus presented at 12° on the inferior vertical meridian and one using a target stimulus
presented at 5° on the inferior vertical meridian. All other test parameters were unchanged from
the reference method described above. The two measurements were counterbalanced and
conducted on separate days to avoid practice effects or carryover effects. Several dark adaptation
parameters generated from the dark adaptation curves using the two-component dark adaptation
model are listed in Table 2.

As can be seen in Table 2, the times to rod-cone break changed in opposite directions for the
two cohorts. It decreased (as expected) by 0.78 minutes for the normal old adults, but increased
by 3.55 minutes for the ARMD patients. These opposing shifts further increased the ability to
discriminate ARMD patients from normal old adults. Specifically, the ARMD cohort showed &
31% dark adaptation impairment relative to the normal old adults when the target stimulus was
presented at 12° on the'inferior vertical meridian (20.48 minute rod-cone break vs. 15.61 minutes
for nomal old adulis), but the impairment increased to 62% when the target stimulug was
presented at the more central 5° inferior field location (20.48 minute rod-cone break vs. 15.61

minutes for the normal old adults).

These modifications may be incorporated into the method described above to further decrease
the time to implement the method and to further increase the ability of the method to discriminate
between patients with impaired dark adaptation and those patients with normal dark adaptation.

General Description of Test Apparatus
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The exact form and nature of the apparatus for conducting the method described herein may
jary, as would be known to one of oxdinary skiil m the art. An exemplary ammrangement of an
wpparatus capable of applying the method described herein is provided below. The apparatus
nay be modified and altered as would be obvious to one of ordinary skill in the art without
jeviating from the teachings disclosed herein.

In its most basic form, the apparatus comprises & means for generating a target stimulus,
neans for displaying a target stimulus (which is used to measure the recovery of visual
semsitivity) and a means for input to ellow the subject fo convey to the healthcare provider
nformation regarding the target stimulus (such as that the target stimulus is visible or the target
stimulus is not visible). Other functions may be incorporated tuto the apparatus, such as a means
‘or bleaching the test eye, a means for aligning the test eye, a means for confirming alignment
ind similar items. In one embodiment, the means for displaying may be an optical system. In
such embodiment, a light source prodaces a light that is acted on by one ot more optical elements
20 produce the target stimulus and project the target stimulus onto a screen or other display or
hrough a diffuser for visualization by the subject. In an slternate embodiment, the means for
Misplaying may be an electronic system. In such embodiment, the ta.fget stinulus is produced by
1n electronic means and is digplayed on a CRT display, a liquid crystal display, a plasma display
o an LED display for visualization by the subject. Each of these embodiments is described
selow.,

In the embodiment where the means for generating is an optical system, the optical system
somprises the elements to generate and act on the target stimulus such that the target stimulus has
he desired characteristics. The mesns for generating comprises at least one of a light source, one
T more optical elements and a screen or other display. The light source will be used to pencrate
2 light beam which will become the target stimulus, referred to as the target spot. There may be
multiple ot single light sources to generate the light beam. In one embodiment, the light source is
a bank of light emitting-diodes (LEDs). The light soﬁrce may also be a tungsten lamp or any
other appropriate light source. The light source may emit white light and the light beam (in this
case white light) produced may be acted upon by various optical elements to produce a light
beam of a desired spectrumn, or there may be multiple light sources to generate light of various
wavelengths directly such that the light beamm has a particular spectrum of wavelengths
determined by the light emifted from the selected light source. Such light sources could be
placed on a means for rotation so that the appropriate light source could be selected as desired.

The light beam generated by the light source may be acted upon by a series of optical
clements to produce the target spot. A variety of optical elements may be used in various
combinations to determine the properties of the light beam. These include directing means to
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lirect the light beam, refining means to collimate and shape the light beam, selecting means to
elect the desired spectrum of the light beam, and modulating means to control the intensity of
he light beam. In one embodiment, the directing means are mirrors, the refining meauns is
haping optics, the selecting means is an optical filter, and the modulating means is a neutral
lensity filter or an electronic modulator. Additional optical elements may also be incorporated,
uch ag an optical splitter to direct a portion of the light beam to a calibration detector to record
he charactenistics of the light beam and to ensure the characteristics of the light beam are as
lesired. The target spot is then directed {0 a means for display, which may be a screen or other

In the altemative, the means for generating may be electronic in nature. The target stimulng
nay be generated by electronic rather than optical means as described above. In this embodiment
he target stimulus is generated electromically. The electronics produce the approprate
vavelength of light for the target stimulus. Altematively, a filter may be insoerted over the CRT
lisplay, the liquid crystal display, the plasma display or an LLED di.splay, or other appropriate
lisplay to impart to the target stimulus the appropriate wavelength. The target stimulus is then
lisplayed on a means for display, which may be a CRT or LED screen, or other appropriate
lisplay.

The apparatus may be portable or fixed in a peroanent location. In one embodiment, the
ubject may be confined in a testing booth and the apparatus may be a part of the testing booth or
laced in the testing booth. The healthcare provider may be located ouiside the testing booth to
apervise the operation of the apparatus. An advantage of this embodiment is that the healthcare

yrovider will be in normal light during the implementation of the method and can better monitor
e method.

3xem Test Apparatus
One embodument of the apparatus 18 shown in FIGS, SA and 5B. This embodiment illustrates

he means for generating as an optical system. The apparatus 1 comprises a housing 10 having a
front side 12 and a rear side 14 joined by side walls and bottom and top walls. The housing 10
288 & viewmg opening 50 to receive the bead of the subject and allow the subject to view the
Hisplay means, such as screen 34. The viewing opening S0 may be adapted to eliminate or reduce
imbient light from entering the viewing opening and apparatus. The housing 10 is adapted with
means for alignment to align the subject eye of the subject as desired. In one embodiment, the
means for alignment comprises a chinrest 52 fo receive the chin of the subject, The chinrest 52 is
adjustable to aid in the alignment of the subject’s eyes with the target spot 16 (as discussed
below). The housing 10 also contains a headrest 54A and 54B to support the subject’s forehead
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while using the machine. Headrests 54A and 54B are selected for use depending on which eye of
the subject is bemg tested.

The housing 10 contamns the basic components of the apparatus. A bleaching light source 40
is provided within the housing 10 to generate the bleaching light 42. The function of the
bleaching light source 40 ig as discussed above. The bleaching hight source 40 may be adjusted to
provide a high intensity or a low intensity bleach. Alternatively, the apparatus 1 may omit the
bleaching light source 40 and the bleaching step carried out independently of the apparatus.

In the embodiment illustrated m FIG. SA, the light source is a bank of LEDs 20 which emit a
white light beam 3 and an optical element acts on the emitted white light beam 3 so that the target
spot 16 is of the desired spectrum. The use of LEDs 20 as the light source may provide several
advantages. First, LEDs are exceeding robust, generate almost no heat load, require little or no
gafoty hazard protection, and are very low-cost. In addition, LEDs provide an opportunity for
fine-scale intensity control via electronics, ehminating the complexity and expense of fine-~scale
control via neutral density wedges and other methods.

The light beam 3 is acted upon by one or more optical elements. These optical elements
inclu de, but are not limited to, directing means to direct the light beam, refining means to
collimate and shape the light beam, selecting means to select the desired spectrum of the light
beam, and modulating means to control the intensity of the light beam. In one embodiment, the
duectmg means are mirrors, the refining means are shaping optics, the selecting means is an
optical filter, and the modulating means is a neuiral density filter or an electronic modulator. The
light beam 3 is acted upon by a first mirror 24 to direct the light beam 3 to the shaping optics 25.
The shaping optics 25 collimates and shapes the light beam 3 so that the target spot 16 produced
is of the desired size and shape. The operation of such shaping optics 25 is well known in the art
and is not discussed further herein. As the light beam 3 emerges from the shaping optics 25 it
passes through an optical filter 26 so that the appropriate spectrum of light is selected for
production of the target spot 16. The optical filter 26 may be & color filter. The operation of such
optical filters 26 is well known in the art and is not discussed further herein. As the light beam 3
emerges from the optical filter 26, it passes through an optical splitter 30. The optical splitter 30
directs a portion of the light to a calibration detector 32. The calibration detector 32 reconds the
characteristics of the light beam 3 (such -4s, but not limited to, the spectrum and intensity) and
passes a portion of the light beam 3 further along the light path of the instrument. The calibration
detector 32 may be a photodiode calibration detector or other calibration detector as is known in
the art. As the light beam 3 emerges from the optical spiitter 30, it is acted on by neutral density
filter 28. The neutral density filter 28 modulates the beam of light 3 to produce the desired
mntensity. The use of the neutral density filter 28 will allow control of the intensity of the light
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beam 3 over six logs of dynamic range, with a maximum projected intensity of ~ 5 cd m™. As
the light emerges from the neutral density filter 28, it is further directed by one or more mirrors
24 and is ultimately projected as the target spot 16 onto a screen or other display. The location of
the target spot can be located at the desired area of the subject’s eye as discussed above. The
directing means may be adjusted to achieve such localization. In the embodiment illustrated, the
display is a screen 34. The display can be visualized by the subject.

A means for comtrol is in communication with the various components of the apparatus 1,
such as, but not limited to, the bleaching light source, the light source, the directing means, the
refining means, the selecting means, and the modulating means. In addition, the means for
coutrol miay be in communication with the calibration deteotor and the subject input means (as
described below). For example, the control means may control the light emission from the hight
source so that the pulses of light emitted by the light source correspond to the configuration
required by the test method and emissions from the bleaching light source to ensure that the
percent bleaching desired is obtained. In addition, the control means could adjust the refining
means, the selecting means and the modulating means to produce a light beam with the desired
characteristics. Furthermore, the control means may adjust the directing means to provide
desired localization of the target spot. Therefore, the means for control 1s capable of adjusting the
parameters of the components of the apparatus as dictated by the method descnibed. Furthenmore,
the control means also records the status and output of each of the components of the apparatus.
For example, the control means may record the intensity of the target stimulus. The control
means also records the input from the subject mmput means, which is used to allow the subject to
input bis/her responses to the target stimulus, for use in generating the threshold values. The
control means may further measure and record the time elapsed during the mnplementation of the
method (said timing to start in one embodiment immediately after the bleaching step is
accomplished) and the time at which subject mputs are received from the subject input means and
the time at which the various paramefers of the method are changed (guch as the changing
intensity of the target stimulus). By comparing the timing of the subject response to the target
stimulus as received from the subject input means and correlating said subject responses to the
status of the parameters of the apparatus, the control means may then determine and record the
threshold measurements and execute calculations required for noise reduction in the threshold

measurements.
A means for comparison may be in communication with the means for control. The means for

comparison may be scparate from or integral with the means for control. The means for
comparnson may use the threshold measurements and the information from the components of the
system for subsequent analysis. The means for comparison may be capable of executing
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calculations to fit the threshold measurements to a desired model of dark adaptation (such as, but
not limited to, the one-linear, one-exponential model described above) and generating a full or
partial dak adapfation model fit and/or the desired index factors from said threshold
measyrements and then recording and storing said information. As discussed above, the means
for comparison meay execufe such calculations as the threshold measurements are collected, or
may execute such calculations after all desired threshold measurements are obtained. The means
for comparison may be an external device in communication with the comfrol means via the
internet.

The desired index factors may them be compared to cormresponding index factors in a
comparative database and the result recorded and stored. The comparative database index factors
and companson results may be contained within the means for comparison allowing the process
to be automated or may be separate from and in communication with the means for comparison.
The means for comparison may oufput the information to a visual display as desired. The output
may be in the form of a full or partial threshold curve and dark adaptation model fit or other
graphical format. In addition, the mndividual index factors may be displayed as well, The oufput
may be further conveyed to a storage device or an output device, such as a printer,

The configuration of the embodiment described in FIG. $ is for illustrative purposes only.
Other configurations containing additional elements or similar substitutions for the elements
described may be envisioned. In addition, the order of the elements described may be re-
arranged as desired.

The apparatus 1 may also contain a means for confirming alighment of the subjects test eye.
In one embodiment, such a means 1s an mnfrared camera which can be used to verify that the
subject’s test eye is properly aligned to view the target spot 16 and the photobleaching light 42.
To aid the subject in achieving such alignment, a target fixation Yight 17 and s bleaching fixation
light 43 may be provided (see FIG. 5B). As the subject fixes the test eye on the bleaching
fixation light 43, the subject can be assured the test eye is in the proper position to receive the
desired photobleaching effect. Likewise, as the subject fixes the test eye on the target fixation
light 17, the subject can be assured the test eye is in the proper position to view the target spot 16.
The target fixation light 17 and the bleaching fixation light 43 may be produced by additional
light sources, such as LEDs incorporated at the desired locations inside the apparatus or may be
projected onto the screen 34.

This design of the apparatus 1 will allow investigation of a broad range of target stimulus
parameters by simple adjustment or change-out of the mirrors, shaping optics and color filters.
The target spot size, location and spectrum therefore can be varied as desired by the healthcare
provider. Furthermore, the intensity of the bleaching light source can also be controlled
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Overview of Method Implementation |

The use of the apparetus 1 to employ the method of the present disclosuse will now be
discussed. The operation of the apparatus and execution of the method can be viewed as having 5
steps: 1) aligning the subject; 2), photobleaching of the test eye; 3) monitoring recovery of visual
sensitivity (i.e. scotopic recovery); 4) optionally fitting the data obtained to an appropriate model
to generate the dark adaptation parameters; and 5) comparing the threshold measurements or
optionally the the index facfors, such as the dark adaptation parameters, from the subject 1o 2
compatative database. The steps should not be construed as limiting descriptions, but are simply
coﬁvcnicut areas for further detailed discussion. Each of these steps will be discussed in greatex
detail below. Purthermore, the hardware required to carry out each of these steps need not be
incorporated into the test apparatus, but may be if desired.

In the alignment process, the subject is aligned by adjustment of the chin rest 52 vertically,
horizontally or both vertically and hotizontally. Correct positioning of the subject is achieved by
viewing the subject’s test eye with an infrared camera 70 mounted inside the housing 10 while
the subject focuses on the target fixation light 17. The optical system is arranged such that this
single step aligns the subject correctly with respect to both the bleaching light 42 and the target
spot 16. The infrared camera 70 can be used as needed to confirm continued alignment of the
subject. FIG. 5B shows a view of one embodiment of the interior of the housing 10 as viewed
through opening 50 and represents the view a subject would encounter on using the device.

Once alignment of the subject is achieved, the subject’s test eye is subject to a bleaching
protocol by exposure to the bleaching light 42. In this embodiment, the bleaching light 42 is a
bnef, high intensity camera flash or electronic strobe (typically 5 to 8 log scot Td/sec for 0.25 ms)
that 1s generated while the subject is focused on the bleaching fixation light 43 to ensure the
proper portion of the rhodopsin molecules of the retina i1s bleached. The amount of bleaching
produced can be determined by the healthcare provider by varying the desired intensity of the
bleaching light 42, which is confrolled by the means for control as discussed above. In one
embodiment, 50% to 98% of the rhodopsin molecules are bleached.

The dark adaptation measurements begin immediately after the bleaching protocol is
administered by obtaining a series of threshold measurements. With the subject once again
focusing on the target fixation light 17, the threshold measurements are obtained. In one
embodiment, the threshold measurements are obtained using a 3-down/1-up modified staircase
procedure. Starting at a first intensity (such as 4.85 cd m™), target spots 16 are presented on the
screen 34 to the subject every 2 to 3 sec for a defined duration (such as a 200 ms pulse). If the
subject does not respond to the target spot 16 (such as by activating the input means), the light
intensity of the target spot 16 remains unchanged until the subject responds. If the subject
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indicates the target spot 16 is visible (such as by activating the input means), the light intensity of
the target spot 16 is decreased for each successive pulse in 0.3 log units (“3-down”) until the
subject stops responding that the target spot 16 is present.  After the subject indicates that the
target spot 16 is invigible, the light intensity of the target spot 16 is increased for each successive
pulse in steps of 0.1 log units (“1-up™) unti} the subject responds that the target spot 16 is once
again visible. This light intensity of the target spot 16 at the completion of this sequence is
defined as the threshold measurement. Successive threshold measurements start with a target
spot 16 light intensity 0.3 log units brighter than the previous threshold measurement. Threshald
measurements are made once ot twice every minute for the duration of the measurement protocol.
During this process, the threshold measurements are subjected to a noise reduction protocol as
discussed above. Other implementations of the staircase protocol may also be used as described
ebove and methods other than a staircase procedure may also be employed as would be kmown to
one of skill in the art.

To focus on rod-mediated fumction, a target stiulus 16 with a wavelength near the peak rod
sensitivity (~ 500 nm) is used. Corrective lenses can be wtroduced between the test eye and the
target spot 16 as appropriate by means of a lens holder inside the machine (not shown). The
duration of the measurement protocol can be vaned and may be terminated i accordance with
the decision rules as discussed above. |

In one embodiment, the threshold measurements are then fit to a desired model of dark
adaptation. The desired model may be used to generate one or more index factors. As discussed
above, the index factors may be 2 plurality of threshold megsurements, & full ot partial ﬁ;mshold
curve or a dark adaptation parameter. Any of the darck adaptation models described hetein or
known to those of skill in the art may be used, such as the two-component, one-lincar one-
exponential model. As previousty described, the initial cone-mediated (photopic) portion of the
threshold curve is modeled with a linear component, and the subsequent rod-mediated (scotopic)
portion of the curve is modeled with an exponeatial component. The comparison means may be
programmed to record the appropriate parameters, to fit the data to the desired model and to
automatically extract such index factors from the model. For some subjects with late ARMD,
this two-component model may not provide a satisfactory fit. Insufficient sensitivity recovery
after the rod-cone break will cause the exponential portion of the model to fit poorly. For cases
where the two-corponent madel proves inadequate (R” < 0.9), a bilinear fit can be appliod to the
data to sccurately estimate the desired dark adaptation parameters, such as the rod-cone break,
and the slope of the rod recovery will be recorded, The flexibility of employing multiple models
allows tracking of disecase progression more accurately than strict adherence to a single model.
Alternatively, the threshold measurcments may be output to the bealthcare provider (in the form
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of a partial or full threshold curve, a dark adaptation model fit or table describing the index
factors) and the healthcare provider may extract the dark adaptation petameters manually.

Aficr the desired index factors are determined, one or more of the subject’s index factors
are compared to the coresponding index factors from individuals in a comparative datebase. In
one embodiment, the subject’s dark adaptation parameters are compared to a reference range of
the comespondmg parameters in the comparative databasc. The reference range may be a
statistical parameter above and below the index factor in the comparative database, such as the
mean of the sclected index factor in the comparative database = two standard doviations of the
mean. If the subject’s dark adaptation pamameter falls outside the reference range, dark
adaptation is considered impaired and the subjeot is considered to be at risk for ARMD or other
discase states as described herein. If several index factors are estimated and the subject is
cansidered abnormal on any onc of the estimated indox factors, dark adaptation s considered
impaired and the subject is considered to be at risk for ARMD or other disease states as described
berein. The comparative database is as described above. Altcmafively, the threshold
measuremonts may be directly compared to comespouding threshold measurements in the
compamtive database to determine dark adaptation status or discasc state without going through
the intetmediate model fit and index factor determination.

CONCLUSION

In summary, dstermination of dark adaptation performed by the methods descubed above
was shown to be a sepsgitive indicator of the earliest stages of ARMD. Therefore, dark adaptation
can be used to identify those individuals are at-xisk for ARMD and the other discase states
described herein or any other disease states that impact rod photoreceptor function. Furthermore,
dark adaptation can be used to indicate disease state sevenity and/or progression.

Given the disclosure herein, onc of ordinary gkill in the art may become aware of various
other modifications, features, or improvements. Such other modifications, features and
improvements should be considered part of this disclosure. *

EXAMPLES

Example 1
Using the reference method of the present disclosure, it was shown that impaired rod—

mediated dark adaptation accurately predicts ARMD and is an earddy functional marker of AMD.
Twenty paticats (65 to 79 ycars old) were examined who at bascline had normal retinal health.
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Normal retinal health was based on a grading of photographed fundus appearance using the
standardized International Classification System. During the initial baseline visit, rod-mediated
dark adaptation was measured using the method described herein. The patients were classified as
having normal or impaired dark adaptation at the baseline visit. Impaired dark adaptation was
defined using the rod-cone break parameter as the dark adaptation parameter, with impaired dark
adaptation being diagnosed when the rod-cone break parameter fell outside the reference range
(22 standard deviation of the mean) of normal healthy subjects in our comparative database. Eye
health status was measured in the subsequent 4 years after the baseline vigit, Medical records
were examined for changes in the patient’s retinal health. At the end of 4 years, 86% (12/14) of
patients with impaired dark adaptation at bascline received a diagnosis of ARMD), whereas less
than 17% (1/6) of patients with normal dark adaptation at baseline received a diagnosis of
ARMD. These findings indicate that impaired rod-mediated dark adaptation is a risk factor for
ARMD and that a method that accurately identifies impaired rod-mediated dark adaptation can be
used to identify those individuals who are at risk for incident early ARMD.
Example 2

Furthermore, rod-mediated dark adaptation kinetics are markedly slowed in early ARMD
patients as compared to normal age-matched subjects. Dark adaptation parameters were obtained
from 20 early ARMD patients (ages 66-88) and 16 healthy subjects (ages 62-79) as described in
the present disclosure. ARMD status was assigned using a standardized fundus photography
erading system. On average, the time constant of rod-mediated sensitivity recovery of dark
adaptation was markedly slowed imn ARMD patients. In this study, the time to complete the test
was on average 16 minutes longer for ARMD patients as compared to healthy individuals.
Further analysis of the data revealed that 85% of the ARMD patients exhibited impaired rod-
mediated dark adaptation as defined by at least one dark adaptation parameter falling outside +- 2
standard deviations of the mean normal value (gee Table 3). In contrast, only 20% of the healthy
subjects were classified as exhibiting impaired rod-mediated dark adaptation.  Significantly,
cone-mediated visual sensitivity, visual acuity and contrast sensitivity were classified as impaired
in only 25% of the ARMD patients, indicating impaired rod-mediated dark adaptation is a more
sensitive indicator of early ARMD than visual sensitivity, visual acuity and contrast sensitivity.
Example 3

In addition to identifying those individuals at risk for ARMD, the method described
herein may also be used to detect and determine differences in ARMD disease severity. Fundus
photographs for a subset of ARMD patienfs and normal patients were sent to the Wisconsin
Reading Center for grading in accordance with the Wisconsin Aging-Related Maculopathy
Grading System (WARMDGS). Based on the results of the fundus photography grading, three
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ARMD patients (open square, triangle and diamond) and one normal patient (closed circle) were
selected for examination using the method described herein. The three ARMD patients displayed
different stages of ARMD progress. Patient no. 1 (open square) and no. 2 (open triangle)
exhibited soft indistinct drusen with a maximum size of about 250 pum and a coverage area of
about 1500 um. However, patient no. 2 had 2-times the number of soft drusen with distribution
further away from the fovea, indicating a progression of ARMD diseage. Patient no. 3 (open
diamond) had a number of hard drusen and a pigment epithelial detachment, indicating an
additional progression of ARMD disease over patients no. 1 and no. 2. The curves and selected
dark adaptation parameters generated from the threshold measurements for patients 1-3 and the
normal patient were then compared. As can be seen from FIG. 6, the times for rod-mediated
sensitivity recovery of dark adaptation for patient nos. 1-3 was significantly greater than the
normal control. Furthermore, the time required for rod-mediated sensifivity recovery of dark
adaptation was greater as the ARMD disease severily increased (with time increasing from
patient no. 1 to patient no. 3). This study indicates that impaired rod-mediated dark adaptation
can be used not only to determine individuals at-risk for ARMD, but to gauge ARMD discase

severity and/or progression.
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Claims:

1. A method for psychophysical measurement of dark adaptation in a subject, said method
comprising the steps of :
providing said subject;

a
b. bleaching a test eye of said subject;

2

presenting a target stimulus to said test eye of said subject;

=

obtaining a response of said subject to said target stimulus and obtaining at least

one threshold measurement; and

e. extracting a rod intercept value from said at least one threshold measurement.
2. The method of claim 1 further comprising subjecting said at least one threshold

measurement to a noise reduction protocol.

3. The method of claim 2 where the noise reduction protocol is a non-destructive noise
reduction protocol.

4. The method of claim 3 where said non-destructive noise reduction protocol ts selected
from the group consisting of threshold guidance, curve guidance and a combination of
the foregoing.

5. The method of claim 4 where threshold guidance comprises comparing a presumptive
threshold measurement to a base threshold measurement or a model-fit of said base
threshold measurement, determining if said presumptive threshold measurement falls
within a predetermined window of said base threshold measurement or model-fit and

discarding said presumptive threshold measurements that do not fall within said
window or replacing said presumptive threshold measurements that do not fall within

said window.

6. The method of claim 4 where said curve guidance comprises subjecting said at least one
threshold measurement to a statistical function of a defined width anchored to said at
least one threshold measurement or a model-fit of said at least one threshold
measurement and discarding those threshold measurements that fall outside of said

width.
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7. The method of claim 1 further comprising fitting said at least one threshold measurement
to a dark adaptation model and cxtracting the rod intercept value from the dark
adaptation model.

8. The method of any one of claims 1 to 7 further comprising comparing one or more of
said at least one threshold measurement or said rod intercept of said subject to

corresponding values from an appropriately selected comparative database to determine

a dark adaptation status of said subject.
9. The method of claim 8 where said dark adaptation status is considered impaired if one or

more of said at least one threshold measurement or said rod intercept determined for

said subject meets an impairment criterion.

10. The method of claim 9 where said impairment criterion is met when said comparing step
is conducted using a defined group from said comparative database consisting of
healthy individuals and one or more of said at least one threshold measurement or said

rod intercept determined for said subject falls outside of a reference range of

corresponding values from said defined group.

11. The method of claim 9 where said impairment criterion is met when said comparing step
is conducted using a defined group from said comparative database consisting of
individuals diagnosed with a disease state and one or more of said at least one threshold
measurement or said rod intercept determined for said subject falls within a reference
range of corresponding values from said defined group.

12. The method of any of claims 10 or 11 where said reference range is selected from among
the group including the mean plus or minus two standard deviations of the mean, cut
points, receiver operating curves, and confidence intervals.

13. The method of claim 9 or 10 further comprising using said status of impaired dark

adaptation of said subject to indicate said subject is at risk for a disease state selected
from the group consisting of : age related macular degeneration, vitamin A deticiency,
Sorsby's Fundus Dystrophy, late autosomal dominant retinal degeneration, retinal
impairment related to diabetes and diabetic retinopathy.

14. The method of claim 9- or 10 further comprising using said status of impaired dark
adaptation of said subject to indicate said subject is suffering from a disease state

selected from the group consisting of: age related macular degeneration, vitamin A
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deficiency, Sorsby's Fundus Dystrophy, late autosomal dominant retinal degeneration,
retinal impairment related to diabetes and diabetic retinopathy.

15. The method of claim 8 where said comparative database is stratified with respect to
stratification criteria and said stratification criteria are used to select a defined group of
individuals within said comparative database for use in said comparison step.

16. The method of claim 15 where said stratification criteria is a risk factor or a demographic
factor.

17. The method of claim 16 where said risk factors are selected from the group consisting of :
age, smoking status, body mass index and status with regard to a disease state.

18. The method of claim 16 where said demographic factors are selected from the group
consisting of: age, ethnicity and gender.

19. The method of claim 8 where the comparative database consists of individuals from 20 to
85 years of age.

20. The method of claim 8 where the comparative database consists of individuals from 20 to
45 years of age.

21. The method of claim 8 where the comparative database consists of individuals that are
not age-matched to the subject.

22. The method of claim 8 where the comparative database is purged of individuals who are
determined to develop impaired dark adaptation within a defined period of time after
inclusion in said comparative database.

23. The method of claim 15 where the defined group is selected based on at least one

defining characteristic of said subject.

24. The method of claim 1 where said determining step of step (d) is initiated immediately
after the bleaching step of step (b).
25. The method of claim 1 where the at least one threshold measurements is obtatned using a
3- down 1-up staircase protocol.
26. The method claim 1 where the at least one threshold measurement is obtained by:
a. obtaining a first threshold measurement by presenting a target stimulus of a first
light intensity to said test eye of said subject and waiting for a first response from

said subject, said first response indicating that said target stimulus is visible;
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b. on said first response, reducing the intensity of the target stimulus from said first
Intensity by a first predetermined amount and presenting said target stimulus to
said test eye of said subject;

c. repeating said reducing of step (b) until said subject gives a second response, said
second response indicating the target stimulus is not visible, said intensity of said
target stimulus being a second light intensity;

d. on said second response indicating said target stimulus is not visible, increasing
the tntensity of said target stimulus by a second predetermined amount and
presenting said target stimulus to said test eye of said subject;

e. repeating said increasing of step (d) until said subject gives a third response, said
third response indicating the target stimulus is visible, said intensity of said target
stimulus being a third light intensity;

f. recording said third light intensity as a threshold measurement; and

g. optionally, repeating steps (a)- (f) at least once to generate a plurality of threshold
measurements, provided that the first light intensity of said target stimulus of each
subsequent threshold measurement is increased from said third light intensity of
the prior threshold measurement by a third predetermined amount.

27. The method of claim 26 where the first light intensity of said target stimulus of the first
threshold measurement is 4.85 cd/m2.

28. The method of claim 26 wherein said first predetermined amount is 0.3 log units.

29. The method of claim 26, wherein said second predetermined amount is 0.1 log units.

30. The method of claim 26 wherein said third predetermined amount is 0.3 log units.

31. The method of claim 26 where the target stimulus is presented to said test eye at

predetermined time intervals, said predetermined time interval being from 1 second to 5

seconds.

32. The method of claim 26 where said target stimulus is presented to said test eye for a
predetermined duration, said predetermined duration being from 100 milliseconds to
400 milliseconds.

33. The method of claim 1 where the determining of said at least one threshold measurement
1S terminated when a decision rule is satisfied, said decision rule selected from the

group consisting of: when a defined period of time has elapsed, when said subject's

36



CA 02689971 2014-08-18

threshold measurements ceases to change more than a predetermined amount over a

defined period of time, and when said subject's threshold measurements return to a
previously obtained baseline value.

34. The method of claim 7 where the determining of said at least one threshold measurement
is terminated when a decision rule is satisfied, said decision rule selected from the
group consisting of: when a defined period of time has elapsed, when said subject’s
threshold measurements ceases to change more than a predetermined amount over a
defined period of time, when said subject's threshold measurements return to a
previously obtained baseline value, when a sufficiently close match of said threshold
measurements of said subject to a comparative database cannot be made within a
defined period of time, when said threshold measurements cannot be fitted sufficiently
well to a model of dark adaptation within a defined period of time, when said at least
one threshold measurement or rod intercept meets a predetermined criteria, and when
said rod intercept does not appear within a defined period of time.

35. The method of any of claims 1, 7 or 26 where the target stimulus is a spot of light.

36. The method of claim 35 where said spot is a light spot on a darker background.

37. The method of claim 35 where said spot is a dark spot on a lighter background.

38. The method of any of claims 1, 7 or 26 where the target stimulus has a spectrum of light
that is effective in stimulating the rod photoreceptors of said test eye.

39. The method of any of claims 1, 7 or 26 where the target stimulus has a spectrum of light
comprising at least one wavelength between 400 nm and 550 nm.

40. The method of any of claims 1, 7 or 26 where the target stimulus is presented at a
location selected from the group consisting of in the macula and adjacent to the macula.

41. The method of any of claims 1, 7 or 26 where the target stimulus is presented at a
location 1n the parafovea.

42. The method of any of claims 1, 7 or 26 where the target stimulus 1s presented at a
location from 20° in the inferior visual field on the vertical meridian to 2° in the inferior

visual field on the vertical meridian.

43. The method of any of claims 1, 7 or 26 where the target stimulus covers 1.5° to 7.0° of

visual angle.
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44. The method of claim 1 where said at least one threshold measurement is selected from
the group consisting of: a plurality of selected threshold measurements, a partial
threshold curve generated from said threshold measurements and a full threshold curve
generated from said threshold measurements.

45. The method of claim 44 where the plurality of selected threshold measurements or the
partial threshold curve generated from said threshold measurements predominately
corresponds to the rod mediated recovery.

46. The method claim 1 wherein said bleaching step is accomplished by exposing said test
eye to a bleaching light of a first luminance level for a defined period of time.

47. The method of claim 46 where the bleaching step inactivates 50% to 100% of the
rhodopsin molecules in said test eye.

48. The method of claim 46 said bleaching light is a flash of achromatic light.

49. The method of claim 48 where said flash of achromatic light has an intensity from 5.36
log scotopic Trolands/sec to 7.65 log scotopic Trolands/sec.

50. The method of claim 8 where said dark adaptation status is determined in less than 20)

minutes.

51. The method of claim 8 where said dark adaptation status is determined in less than 10

minutes.
52. The method of claim 8 where said dark adaptation status is determined with at least 80%
specificity or 80% sensitivity.
53. The method of claim 8 where said dark adaptation status is determined with at least 90%
specificity or 90% sensitivity.
54. An apparatus for psychophysical measurement of dark adaptation in a test eye of a
subject, said apparatus comprising;
a. a system for generating a target stimulus of a desired spectrum and intensity;
b. adisplay for displaying said target stimulus to said test eye at a desired location,
said display being in communication with said system,;
c¢. an input device to permit said subject to input a reaction of said subject to said
target stimulus;
d. a controller in communication with said system, said display and said input

device, said controller capable of controlling said system, recording at least one ot
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the following: the reaction of said subject to said target stimulus, a time of said
reaction, an intensity of said target stimulus at the time of said reaction and a
spectrum of said target stimulus at the time of said reaction, and determining at
least one threshold measurement from said recording; and

e. extracting a rod intercept from the at least one threshold measurement.

55. The apparatus of claim 54 further comprising fitting said at least one threshold
measurement to a dark adaptation model and extracting the rod intercept from the dark
adaptation model.

56. The apparatus of any of claims 54 or 55 where the controller compares one or more of
said at least one threshold measurement or said rod intercept of said subject to
corresponding values from a comparative database comprising a population ot
individuals, said controller storing said comparative database and the results of said
comparing.

57. The apparatus of any of claims 54 or 55 where said system is an optical system and said
optical system comprises:

a. a first light source for generating said target stimulus, said first light source
emitting a defined spectrum, or emitting a broad spectrum and said apparatus
further comprising at least one optical element to select a portion of the broad
spectrum to generate a defined spectrum or a combination of the foregoing; and

b. at least one neutral density filter, at least one electronic modulator or a
combination of the foregoing to control the intensity of the target stimulus.

58. The apparatus of any of claims 54 or 55 where the display is a screen, a diffuser, an LED
display, a liquid crystal display, a plasma display, or a CRT display or a combination of
the foregoing.

59. The apparatus of claim 57 further comprising at least one optical element selected from
the group consisting of: a shaping optic to shape the target stimulus, a directing optic to
direct the target stimulus to said display, an optical splitter and a calibration detector.

60. The apparatus of any of claims 54 or 55 where said system 1s an electronic system.

61. The apparatus of any of claims 54 or 55 further comprising a second light source for

generating a bleaching light.
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62. The apparatus of claim 61 where said second light source is a photographic flash or an
electronic strobe.

63. The apparatus of claim 61 where the bleaching light inactivates 50% to 100% of the
rhodopsin molecules 1n said test eye.

64. The apparatus of claim 61 where said bleaching light has an intensity from 5.36 log
scotopic Trolands/sec to 7.65 log scotopic Trolands/sec.

65. The apparatus of claim 54 where said at least one threshold measurement is selected from
the group consisting of: a plurality of selected threshold measurements, a partial
threshold curve and a full threshold curve.

66. The apparatus of any of claims 54 or 55 further comprising an alignment element to
ensure the target eye of said subject is properly aligned.

67. The apparatus of claim 66 where said alignment element comprises at least one of an
adjustable chinrest, a target fixation light, a bleaching fixation light or a camera to
ensure and monitor proper alignment of said test eye, said target fixation light.

68. The apparatus of claim 57 where the first light source is at least one light emitting diode.

69. The apparatus of claim 68 where said at least one light emitting diode emits a light
having a spectrum effective in stimulating the rod photoreceptors of said test eye.

70. The apparatus of claim 69 where said spectrum comprises at least one wavelength from
400 nm to 550 nm.

71. The apparatus of claim 68 where said at least one light emitting diode emits a broad
spectrum light and the at least one optical element selects a spectrum effective in

stimulating the rod photoreceptors of said test eye.

72. The apparatus of claim 71 where said broad spectrum light is a white light.

73. The apparatus of claim 56 where said comparative database is stratified with respect o
stratification criteria and said stratification criteria are used to select a defined group of
individuals within said comparative database for use in said comparison step.

74. The apparatus of claim 73 where said stratification criteria is a dark adaptation status, a
risk factor or a demographic tactor.

75. The apparatus of claim 74 where said risk factors are selected from the group consisting

of : age, smoking status, body mass index and status with regard to a disease state.
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76. The apparatus of claim 74 where said demographic factors are selected from the group
consisting of age, ethnicity and gender.

77. The apparatus of claim 56 where the comparative database consists of individuals from
20 to 85 years of age.

78. The apparatus of claim 56 where the comparative database consists of individuals from
20-45 years of age.

79. The apparatus of claim 56 where the comparative database consists of individuals that are
not age-matched to the subject.

80. The apparatus of claim 56 where the comparative database is purged of individuals who
are determined to develop impaired dark adaptation status within a defined period of
time after inclusion in said comparative database.

81. The apparatus of claim 73 where said defined group is selected based on at least one
defining characteristic of said subject.

82. The apparatus of claim 54 where the controller further comprises a noise reduction
protocol and said at least one threshold measurement is subject to said noise reduction
protocol.

83. The apparatus of claim 82 where the noise reduction protocol is a non-destructive noise
reduction protocol.

84. The apparatus of claim 83 where the non-destructive noise reduction protocol 1s threshold
guidance, curve guidance or a combination of the foregoing.

85. The apparatus of claim 84 where threshold guidance comprises comparing a presumptive

threshold measurement to a base threshold measurement or a model-fit of said base

threshold measurement, determining if said presumptive threshold measurement falls
within a predetermined window of said base threshold measurement or model-fit and
discarding said presumptive threshold measurements that do not fall within said
window or replacing said presumptive threshold measurements that do not fall within
said window.

86. The apparatus of claim 84 where said curve guidance comprises subjecting said at least
one threshold measurement to a statistical function of a defined width anchored to said

at least one threshold measurement or a model-fit of said at least one threshold
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measurement and discarding those threshold measurements that fall outside of said

width.

8'7. The apparatus of claim 56 where said controller uses the results of said comparison to
determine a dark adaptation status of said subject.

88. The apparatus of claim 87 where said dark adaptation status is considered impaired if one
or more of said at least one threshold measurement or said rod intercept determined for
said subject meets an impairment criterion.

89. The apparatus of claim 88 where said impairment criterion is met when said comparing is
conducted using a defined group from said comparative database consisting of healthy
individuals and one or more of said at least one threshold measurement or said rod
intercept determined for said subject falls outside of a reference range of corresponding
measurements from said defined group.

90. The apparatus of claim 88 where said impairment criterion is met when said comparing
step 1s conducted using a defined group from said comparative database consisting of
individuals diagnosed with a disease state and one or more of said at least one threshold
measurement or said rod intercept determined for said subject falls within a reference
range of said corresponding measurements from said defined group.

91. The apparatus of any of claims 89-90 where said reference range is selected from among
the group including the mean plus or minus two standard deviations of the mean, cut
points, recetver operating curves, and confidence intervals.

92. The apparatus of any of claims 88-90 where said status of impaired dark adaptation of

said subject indicates said subject is at risk for a disease state selected from the group

consisting of age related macular degeneration, vitamin A deficiency, Sorsby's Fundus
Dystrophy, late autosomal dominant retinal degeneration, retinal impairment related to
diabetes and diabetic retinopathy.

93. The apparatus of any of claims 88-90 where said status of impaired dark adaptation of
said subject indicates said subject is suffering from a disease state selected from the
group consisting of age related macular degeneration, vitamin A deficiency, Sorsby's
Fundus Dystrophy, late autosomal dominant retinal degeneration, retinal impairment

related to diabetes and diabetic retinopathy.
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94. The apparatus of any of claims 88-90) where said controller uses at least one of the results
of said comparison and the status of impaired dark adaptation to suggest a diagnosis that
said subject is at risk for a disease state selected from the group consisting of age related
macular degeneration, vitamin A deficiency, Sorsby's Fundus Dystrophy, late autosomal
dominant retinal degeneration, retinal impairment related to diabetes and diabetic
retinopathy.

95. The apparatus of any of claims 88-90 where said controller uses at least one of the results
of said comparison and the status of impaired dark adaptation to suggest a diagnosis that
said subject is suffering from a disease state selected from the group consisting of age
related macular degeneration, vitamin A deficiency, Sorsby's Fundus Dystrophy, late
autosomal dominant retinal degeneration, retinal impairment related to diabetes and
diabetic retinopathy.

96. The apparatus of claim 87 where said dark adaptation status is determined in less than 20
minutes.

97. The apparatus of claim 87 where said dark adaptation status is determined in less than 10
minufes.

98. The apparatus of claim 87 where said dark adaptation status is determined with at least
80% specificity or 80% sensitivity.

99. The apparatus of claim 87 where said dark adaptation status is determined with at Jeast
90% specificity or 90% sensitivity.

100. The method of claim 11 where said disease state is selected from the group consisting

of: age related macular degeneration, vitamin A deficiency, Sorsby's Fundus Dystrophy,
late autosomal dominant retinal degeneration, retinal impairment related to diabetes and

diabetic retinopathy.
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