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function 1 a mammalian subject comprises exposing a
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FIG. 10

Table 1. Reflectance response amplitudes averaged over all trials of a stimulus condition
for each subject.
480 nm 510 nm 550 nm 590 nm 675 nm
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FIG. 12A FIG. 12B
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FiG. 13

Single Cone Response Reliability

. " N . ]
a
. N N . r o
'
. . 1
- " " .
| . N N . * o
. N ¥ ]
| . . . . 1
. N ' R
] . . 1 . 1 - N “
: . ' > . : . . ) r
. . . .
. N oA
- i . : N N . 3 : : . . .
L4 | L 1 : 1 - 8
. . 1
] . v u " ‘l . . .
: . F ) : " : . a3 r 3
. Ll 4 L}
1 ' . b N N i ‘*‘ ¥
: . " . " ) 1 '
. " . . ]
. ) 2" ]
" . " ll_-l,. \
* " * F r
L] L] "
L] rr L}
i - i - F
- a a r.

Each plotted point is one cone

1111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111

--------------------------------------------------------------------------------------------

...........................................

Stimulated combined response

Rt P 20 45 B0 A0 100 120 1806 180

Control combined response



Patent Application Publication

¥ FEFE
A0 A l-l-.-lll«l‘.JllJ‘l .

R L .,
N
alEon

"
- I.I

LI IO I O N N N N N
JJQI'I--I-I-I

F R F R E AR AN

S . - '
E [
q‘qhb F FF l-"!-"- A
» ) F] .
R, LR e oo
O O O N M N A O O N N RE e ol O S N N WORE T N N N O ) E N NN o LR T e
I dr b b 0 0 dr dp b bbb b 0 dr dr b ok ko kb ko ik KK NN B A b ko dod o dr ko ko0 T T e e Y dr o dr dr dp dp dp o dr e b e 00 dr dp dr o dr oo 0o dr e
XX XX EEELELEE L L EELELELE LR LS Lt et 0 M B BC A S NN N PN XX X E EEEE LR L L YL L LN
LaE SESE ST NN SN S S S ST N N SR S A N ) EE S Ml N N iy XN - x ERE M SN SE S S SE S M NN SE S S S N NN NN S
XXX EEEEEEEEEE LYY EE N N NN N . e T e
LG aE E 0L S ME BC AC BE BE A N M BCAC SE BE 0 M M M N EC B N M BE A ol » i L S NEBC AE - WO N N BCAC AE SE 0 0 S ME BC SC AE BE E M N M B
EE O O S MR A R N T N NE NE E A R O T M N R A P T N N W ' by X X X K EE A AL XXX KN Lt O S N M S SF S O T M NF B S A SE E T )
LpE S aE R N N MR aE o N RPN M M RE R aE nF M N M MR WOME MM M N ) ' b & &k X b K b Kk &k X kK X & Xk b kb Rk & kK U K b F kAN K kK I iy
Lk 0 0 0 0 3 A AE Ak 0 O O M I A o E E O O 3 L% X X X X o o B0 SESE SE D S E O M 3E SE ok L 0E E 3 3 SE AE S 0E 0 0 0 M 3E SE aE O )
LA B S L I L S N A a o dr dr o koW - _: -r :‘_J:'a-‘a-‘_a-‘a-‘a-‘_a-‘a-‘a-‘_a-‘a-‘a-‘a-‘a- o L P L L N A M m
[
h . . . .

P N |

Al

B R R Ko i i ooy oy a

[ T DE B R

Jul. 6, 2023 Sheet 14 of 17

:Jr:4-:Jr:Jr:4-:Jr:Jr:4-:Jr:Jr:4-:*:#:4-:*:#:4-:*:*:4-:*:*:4- o
A XX EEEEEE LR EEEEEEEE LK
o
EEXFEELEEEEEEREEEELEEE LY
b aF a af F 0 ol aF ol Sl a M aF ol )
Ul el e e g g
ot e bl )
e e M N R et

L | :
by ‘it : "
| RO

w

.
R R SN <
.y E
A )
. T s e et
v T .
» P R
L
r

. "* PRI P -

L I I

X K0
EN N

.
th s

e W

LI
<
o,
U

US 2023/0210368 Al



Patent Application Publication Jul. 6,2023 Sheet 15 0f 17  US 2023/0210368 Al

FIG. 158

FIG. 15A
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METHODS AND SYSTEMS FOR ASSESSING
PHOTORECEPTOR FUNCTION

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application 1s a continuation of U.S. patent
application Ser. No. 16/389,942, filed Mar. 20, 2019, which
claims the benefit of the priority of U.S. Provisional Appli-
cation No. 62/660,868 filed Apr. 20, 2018. Each of these

applications are incorporated herein by reference.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

[0002] This invention was made with government support
under Grant No. U01 EY025477 awarded by the National
Institutes of Health. The government has certain rights 1n
this nvention.

BACKGROUND OF THE INVENTION

[0003] Vision begins when light 1somerizes the photopig-
ments within photoreceptors. To date, researchers and cli-
nicians have traditionally relied on functional assessments of
vision and photoreceptor function (e.g., such as visual
acuity, visual fields, microperimetry, and -electroretino-
grams) for the diagnosis, treatment, and prognosis of retinal
disease. These techniques are sensitive only for examining
the Tunction of a large area of retina. While these techniques
are sensitive to substantial photoreceptor loss, they have
isuilicient resolution to discern functional changes on the
scale of individual cones and/or rod photoreceptors. In some
instances, they combine signal from hundreds of photore-
ceptors 1nto a single functional measure. This represents a
significant gap in current ophthalmic assessment capabili-
ties, as the need for more accurate assessment 1s crucial to
current therapeutic approaches. Such approaches, including
optigenetic, gene, molecular, and stem cell therapeutic
approaches, attempt to treat blinding retinal degenerations
by restoring function to individual retinal cells, 1n particular,
the photoreceptors.

[0004] Noninvasive cellular-scale observation of the
structure of the human photoreceptor mosaic 1s made pos-
sible through the use of retinal 1maging with adaptive optics
(AO) enhanced ophthalmoscopes. Retinal imaging with
adaptive optics (AQO) has enabled noninvasive visualization
ol cone structure both 1n health and disease for over two
decades. AO-enhanced ophthalmoscopes have the resolution
necessary to observe the human photoreceptor mosaic at a
cellular scale'™ but are currently used primarily to analyze
the structural arrangement of photoreceptors. While quanti-
tying the structure of the cone mosaic 1s one approach to
evaluating photoreceptor integrity, functional correlates at
such fine scale structure are difficult to establish with con-
ventional tests of visual function®™®. Establishing noninva-
sive objective measures ol photoreceptor function on a
similar scale has been more diflicult.

[0005] Ophthalmoscopes enhanced with adaptive optics or
other aberration correcting technology have demonstrated
the resolution necessary to observe the structure of indi-
vidual cone photoreceptors. Current ophthalmoscopes, and
even those enhanced for higher resolution imaging, detect
structural abnormalities (without the ability to determine
function). However, the observation of cone structure
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through these 1imaging systems does not indicate the extent
to which a cone cell functions.

[0006] Studies that assess cone function using AO remain
sparse. Recently, near-infrared AO ophthalmoscope 1mages
obtained from the human eye have shown that cone photo-
receptor reflectance” "' and optical path length'* change in
response to a visible stimulus. The origin of this stimulus-
evoked change in cellular reflectance 1s not known; one
hypothesis 1s that the itrinsic response arises from subtle
morphological/biophysical changes 1n cones induced by
isomerization of cone photopigment™ *°

[0007] Despite the use of AO ophthalmoscopes ability to
measure these reflectance and optical path length changes,
the significance of such changes remains unknown.

SUMMARY OF THE INVENTION

[0008] As disclosed herein, methods and systems are
described to provide new and effective tools and methods for
cellular-scale measurement of visual function and correla-
tion of such measurements to blinding diseases and/or
treatment eflicacies.

[0009] Inone aspect, a method for assessing photoreceptor
function comprises stimulating a change 1n a subject’s
photoreceptor by exposing the subject’s eye to a visible light
stimulus; 1maging the intrinsic reflectance response arising
from the stimulus; and identitying a pattern of change in the
intrinsic reflectance response indicative of an ocular disease,
disorder or response to treatment for said ocular disease or
disorder.

[0010] In another aspect, a method for non-invasive
assessment of photoreceptor function 1n a mammalian sub-
ject comprises: exposing a subject’s eye to a visible light
stimulus, wherein absorption of visible light by photorecep-
tor photopigment 1nitiates an intrinsic reflectance response;
imaging the varnability in the photoreceptor’s intrinsic
reflectance 1n response to the stimulus; and identifying a
pattern of variability or variation in the intrinsic retlectance
response indicative of an ocular condition, disease, disorder

or a response to treatment for said ocular condition, disease
or disorder.

[0011] In still another aspect, a method for non-invasive
assessment of the function of a single photoreceptor in a
mammalian subject comprises exposing a subject’s eye to a
visible light stimulus, wherein absorption of visible light by
photoreceptor photopigment 1nitiates an intrinsic retlectance
response and capturing multiple 1mages of a single photo-
receptor’s intrinsic reflectance response to the stimulus. This
process can be conducted in parallel on many individual
photoreceptor(s) simultaneously. The exposing and captur-
ing steps are repeated as trials for the single photoreceptor
using different light stimulus wavelengths, intensities, and
intervals to obtain multiple reflectance traces of the single
photoreceptor. The resulting data points forming each pho-
toreceptor reflectance trace or trial are normalized and
standardized. The mean change 1n photoreceptor reflectance
and variability of reflectance 1n multiple traces/trials 1s
obtained. A pattern of variability 1n the 1ntrinsic reflectance
response 1s detected using standard deviation and median
deviation and PCA analysis of the data. The resulting pattern
of variability 1n 1ntrinsic reflectance of a single photorecep-
tor 1s 1ndicative of an ocular condition, disease, disorder or
a response to treatment for said ocular condition, disease or
disorder.
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[0012] In still other aspects, these methods are computer-
implemented or employ computer programs that perform the
required calculations as part of the exposing and image
capturing methods.

[0013] In another aspect, an apparatus comprises an adap-
tive optics-enhanced ophthalmoscope, a light source for
applying visible light stimulus to mnitiate an intrinsic retlec-
tance response 1n a subject’s eye; and a computer program
directing the wavelength, intensity, and timing of the stimu-
lus application and the timing of 1maging the variability 1n
the photoreceptor’s intrinsic reflectance 1n response to the
stimulus for a non-invasive assessment of photoreceptor
function.

[0014] Still other aspects and advantages of these compo-
sitions and methods are described further 1n the following
detailed description of the preferred embodiments thereof.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] FIGS. 1A to 1F illustrate the steps taken to deter-
mine which cones were included for reflectance analysis.
FIG. 1A shows that the average image (cropped to 113x113
um [~0.4x0.4°] for visualization) from the top half of a
stimulus trial’s 1mage sequence, with overlaid cone loca-
tions. For each 1mage sequence, we created a map of the
extent of the stimulus delivered to the photoreceptors (FIG.
1B), shaded to indicate the percentage of the total stimulus
that was delivered to each retinal region. Lighter shading
corresponds to a delivery of a greater percentage of the
stimulus. Cones that received greater than 90% of the
stimulus were categorized as ‘stimulated’ cones; cones that
received less than 90% of the stimulus (dashed line) were
excluded from analysis. FIG. 1C 1s a map of the categorized
cone locations. White points label stimulated cones and
black points label excluded cones. After the cells were
categorized, a motion contrast image (FIG. 1D) was gener-
ated using Tam et al.’s algorithm®*. The motion contrast
image was thresholded to create a mask (FIG. 1E) of the
capillaries present 1n the image. FIG. 1F 1s the mask used to
turther exclude cones (additional black points) underlying
capillaries. The remaiming stimulated cones (white points 1n
FIG. 1F) were used 1n subsequent analyses. Scale bar 1s 30
L.

[0016] FIGS. 2A-2F show the pre-processing steps used to
standardize each cone’s retlectance. Raw cone reflectance
signals were extracted from each included cone for the
control (FIG. 2A, 569 cones) and stimulated (FIG. 2D, 675
cones) 1image sequences. For visualization here, we display
cach cone’s retlectance signal relative to its starting value.
To remove the eflect of frame-to-frame changes in 1mage
intensity, each cone’s retlectance was scaled by the mean
cone retlectance at each time point for the control (FI1G. 2B)
and stimulated 1mage sequences (FIG. 2E). As 1 (FIG. 2A)
and (FIG. 2D), each cone’s reflectance signal 1s relative to
its starting value for visualization only. (FIGS. 2C and 2F).
Finally, individual cone reflectance signals were standard-
ized to their pre-stimulus behavior by subtracting each
cone’s pre-stimulus mean from itself, then dividing by 1ts
pre-stimulus standard deviation. Stimulus duration indicated
by the black bars.

[0017] FIGS. 3A-3C show individual infrared cone reflec-

tance responds 1diosyncratically to visible light stimulation.
FIG. 3A 15 a 5858 um cropped section of an 1image of the
cone mosaic exposed to a two-second, 390 nW/degree?
(2.2-104 cd/m?) 550 nm stimulus in subject 11015. FIG. 3B
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shows that cones’ reflectance signals responded to the
stimulus 1n a highly variable manner. Some cones increased
their reflectance (solid line profile) in response to the stimu-
lus, others decreased their reflectance (dashed line profile),
and some oscillated (dotted line profile). FIG. 3C shows that
the retlectance response of a single cone was also hetero-
geneous across trials. While the reflectance 1n the first trial
increased (profile 1), following trials decreased (profile 5),
increased (profiles 2, 4), and showed minimal to no change
(profile 3). Stimulus duration indicated by the black bar.
Scale bar 1s 15 um.

[0018] FIG. 4A-4B show the aggregated cone reflectance
response, and the cone intrinsic reflectance response mea-
sured from the stimulated and control trials using all data
from the condition illustrated by FIGS. 3A-3C. FIG. 4A
shows that repeat control and stimulated trials show a clear,
measurable and reliable intrinsic reflectance response. The
baseline 1s centered at 1 because Eq. (2) standardizes the
response to the mean and standard deviation of the stimulus
behavior. FIG. 4B shows that all trials for a given condition
were then combined using pooled standard deviation, and
the stimulus-evoked intrinsic reflectance response was taken
as the diflerence between the stimulated and control pooled
standard dewviations. Signal gaps correspond to frames
within each i1mage sequence where the cone retlectance
could not be measured due to failed registration (e.g. result-
ing from blinks or excessive eye motion). Stimulus duration
indicated by the black bar. Data shown are from subject

11015 using a 550 nm, 337 nW/deg” stimuli.

[0019] FIGS. 5A and 3B show that the cone reflectance
response increases with stimulus rradiance. FIG. SA shows
the retlectance response as a function of time for four
stimulus intensities, overlaid with piecewise function fits
(dotted lines; Equation (3) as idenfified in Example 1
below). The reflectance response amplitude was extracted
from each function by subtracting the mean prestimulus
value from the peak {it value. As the intensity of the stimulus
increased, the amplitude of the response also increased.
Moreover, a more intense stimulus appeared to cause the
peak of the intrinsic response to occur earlier in time with a
steeper response slope. Stimulus duration indicated by the
black bar. FIG. 5B shows the retlectance response ampli-
tudes from FIG. 5A as a function of stimulus intensity. Data
shown are from subject 11013 using 550 nm stimuli. Error
bars delineate the 5th through the 93th percentile of the
bootstrapped values.

[0020] FIGS. 6A-6FE are graphs showing the intrinsic
reflectance response action spectrum for each subject, 1.¢.,
FIG. 6 A 1s a graph for subject 11002 1n which the order of
wavelength for the curves going from leit to right 1s 550 nm,
510 nm, 590 nm, 480 nm and 675 nm. FIG. 6B 1s a graph
for subject 11015 1n which the order of wavelength for the
curves going from left to right 1s 550 nm overlaying 590 nm,
510 nm, 480 nm and 675 nm. The graph of FIG. 6C for
subject 11043 has the order of wavelength for the curves
going from left to right as 550 nm and 510 nm overlaying
cach other; 590 nm, 480 nm and 675 nm. The graph of FIG.
6D for subject 11046 has the order of wavelength for the
curves going from left to right as 550 nm, 590 nm, 510 nm,
480 nm and 675 nm. The graph of FIG. 6E for subject 11049
has the order of wavelength for the curves going from left to
right as 510 nm, 550 nm, 590 nm, 480 nm and 675 nm. To
determine the action spectrum for each subject, we {it the
amplitude-irradiance functions across all wavelengths using
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a sigmoid with a common amplitude and slope, but unique
shifts along the abscissa for each wavelength. The fit derived
for each subject and each wavelength (dashed lines) 1is
overlaid on each subjects’ amplitude response. Displayed
data points were obtained from each condition’s pooled
reflectance response. Error bars delineate the S5th through the
95th percentile of the bootstrapped amplitude distribution.

[0021] FIGS. 7A-7B show that the wavelength depen-
dence of the reflectance response links 1t to phototransduc-
tion. FIG. 7A shows that for each subject, the horizontal
shifts of the sigmoid fits for each wavelength relative to the
550 nm {it were taken as the relative action. To assess the
variability of the amplitude responses and the sigmoidal fits,
we bootstrapped each reflectance response, extracted the
reflectance response amplitudes and repeated the f{itting
process 1,000 times. Error bars delineate the 5th through the
95th percentile of the bootstrapped values. In cases where
error bars are not visible, they are smaller than the plotted
points. FIG. 7B shows the average (across subjects) action
spectrum of the intrinsic retlectance response (points with
error bars) overlaid on the human luminosity function (black
dashed line). Overall, the action spectrum of the intrinsic
reflectance response 1s well-matched to the photopic lumi-
nosity function. Error bars are +2 standard deviations.

[0022] FIG. 8 illustrates the cone photoreceptor intrinsic
reflectance response as a function of analysis area. To
examine the signal-to-noise characteristics of the response,
we selected concentric 10,000, 2,500, 625, and 100 pm~
arcas for analysis. As region area decreased, the signal to
noise ratio of the reflectance response decreased. Despite
this, a clear response was observed even from the smallest
analysis area. Data was obtained from an 1rradiance of 337
nW/deg” at 550 nm, from subject 11015. About 5 cones
formed the plots. SNR was found to be not quite sutlicient
with the 1mitial protocol and analysis.

[0023] FIG. 9 15 a graph showing an analysis of the mean
reflectance signal content. To ensure that a mean-based
intrinsic signal was not lost due our normalization approach,
we examined the change in mean cone reflectance across all
trials of a 550 nm, 382 nW/deg® stimulus condition for
subject 11049. Individual trials (gray lines) did not show a
clear, repeatable change 1n mean reflectance during or fol-
lowing the stimulus. Averaging across trials (black line) also
did not produce a change 1n the mean.

[0024] FIG. 10 1s a table of reflectance response ampli-
tudes averaged over all trials of a stimulus condition for each
subject.

[0025] FIGS. 11A-11B are graphs showing reflectance
response 1 a Choroideremia (CHM) patient compared to
healthy controls, plotting peak response vs. stimulus lumi-
nance in cd/m*. The lower line is the CHM patient. FIG. 11A
measures at 675 nm wavelength. FIG. 11B measures at 550
nm wavelengths. These data matched in 1rradiance and
wavelength but not retinal location.

[0026] FIGS. 12A-12B are graphs showing reflectance

response 1n Choroideremia (CHM) patients compared to
healthy controls, plotting peak response vs. stimulus lumi-
nance in cd/m”. The lower line is the CHM patient. FIG. 12A
measures at 675 nm wavelength. FIG. 12B measures at 550
nm wavelengths. Four CHM and 5 healthy controls matched
for wavelength, intensity and retinal location. FIG. 12C 1s a
bar graph plotting peak response vs. the CHM and Controls
from the experiments of FIGS. 12A and 12B. These pre-
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liminary results demonstrate that the reflectance response
can be used to measure loss of function 1n photoreceptors 1n
those suflering retinopathies.

[0027] FIG. 13 1s a dot plot showing single cone response
reliability, which plotted stimulated combined response vs.
control combined response vs. single cone responses at 550
nm. Each plotted point 1s one cone. About 95% of cones
show 1increased NIR response to visible light. These data
demonstrate that the NIR cone reflectance response provides
a measure of cone function. The response 1s localized to
individual cones, and our current SNR allows us to approach
single cone resolution. Therefore, single cone measurements
are possible.

[0028] FIGS. 14A-14C shows reflectance response mea-
sured for the four individual cones indicated by boxes on the
photoreceptor mosaic 1image (FIG. 14A). NIR cone reflec-
tance 1n response to visible-light stimulation (stimulus dura-
tion shown by gray bars) 1s heterogeneous across cones
(FIG. 14B,) and 1s also heterogeneous across trials for a
single cone (FIG. 14C, cone noted, 40 individual trials). The
black trace (FIG. 14C) shows the across-trial reflectance
response for the cone outlined; the log reflectance response
amplitude for this cone 1s 0.64.

[0029] FIGS. 15A and 15B show reflectance response of
stimulus 1ntervals versus control intervals (FIG. 15A) of
>1,900 cones (each dot 1s a single cone’s response) for a 545
nm, 900 nW/deg2, 1 s stimulus. Grey points show cones
preliminarily identified as S cones. S cones would not be
stimulated by 545 nm light. The reflectance response mea-
sured by pooling signals from each cone with 1ts 2 nearest
neighbors (FIG. 13B), shows 100% discriminability
between stimulated and control interval responses.

[0030] FIGS. 16 A-16D demonstrate that AO densitometry
1s working 1n the lab. FIG. 16 A shows candidate S cones,
identified as cones with densitometry amplitude of <0.1
(FIG. 16A), are colored grey. AO densitometry methods for
identifying S cones have been previously described. Retlec-
tance responses both within (FIG. 16B) and across (FIG.
16C) sessions are correlated. Each data point in (FIG. 16B)
and (FIG. 16C) correspond to the log reflectance response of
a single cone. Grey data points correspond to S cones
identified 1n (FIG. 16 A). For (FIG. 16B), data from 50 tnials
for each cone was randomly split i half, with each half
analyzed separately. For (FIG. 16C), 50 trials were collected
in each of two independent imaging sessions. Note that
candidate S cones repeatedly show low reflectance
responses, as would be expected for 545 nm stimuli. Psue-
docolored mosaic (FIG. 16D) shows the log reflectance
response of individual cones, with S cones 1dentified by AO
densitometry outlined in white.

[0031] FIG. 17 shows the across-cone population retlec-
tance response increases with coherence length (795 450 n'W
confocal compared to 785 450 nW conifocal lines), increases
with stimulus 1rradiance (785 900 nW confocal compared to
785 450 nW conifocal lines), and 1s measurable and outside
of the noise tloor (see response at times before stimulus) for
confocal, dark-field and split-detection imaging modalities
(785 900 nW confocal, 785 900 nW dark field, and 785 900
nW split det lines).

DETAILED DESCRIPTION

[0032] The methods, tools and techmiques described
herein are based upon the discovery that a detectable signal
or pattern or profile useful 1n the diagnosis, treatment or
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monitoring of therapy can be generated by generating a
physical change in the photoreceptor cells (e.g., rods and
cones) of the eye 1n response to a visible light stimulus, 1.e.,
the intrinsic change in reflectance over a population of
photoreceptors or 1n a single photoreceptor. This retlectance
response to visible light stimulus (e.g., 1rradiance) 1s dem-
onstrated to be robust, quantifiable and repeatable. Further,
the mventors established that the reflectance response fol-
lows known properties of the visual system. The methods
permit non-invasive measurement of an objective functional
response from individual photoreceptors 1n the living human
retina. These methods permit the quantifying of the changes
that photoreceptors exhibit 1n their reflectance of infra-red
light, when exposed to a visible light stimulus.

[0033] The inventors have developed an 1image acquisition
and analysis procedure that directly measures multiple pho-
toreceptors’ Tunctional responses simultaneously while still
maintaining high spatial resolution, even at the individual
cellular level. The intrinsic response depends on stimulus
wavelength and intensity, and 1ts action spectrum i1s well-
matched to the spectral sensitivity of photoreceptor-medi-
ated vision. The data provided in the examples below
demonstrate that the photoreceptor reflectance response 1s
mediated by photoisomerization, thus making 1t a direct
measure ol photoreceptor function. The analysis methods
allow pooling together of photoreceptor signals to obtain
functional measurements of a group of photoreceptors (simi-
lar to a multi-focal ERG) or to assess individual photore-
ceptor function. In addition, the technology provides an
alternative solution for high-spatial resolution assessment of
photoreceptor function. As described herein, the mventors
have demonstrated that this change in reflectance can be
quantified with the spatial resolution of a single photore-
ceptor. The methods described herein also enable structure/
function studies at the single photoreceptor scale. Such
methods are usetul 1n evaluation of patients with ocular
disease, and 1n tracking the eflicacy of treatments where
photoreceptor function 1s desirably measured at or near the
single photoreceptor scale. These methods are also valuable
as research tools for the study of basic function 1n healthy
subjects.

[0034] Specifically, the magnitude of the reflectance
response increases with stimulus 1rradiance and 1ts action
spectrum matches the spectral sensitivity of the eye (the
human photopic luminosity function). Moreover, as shown
below 1n the Examples, preliminary data from patients with
reduced retinal sensitivity also show a decreased retlectance
response. These data provide evidence that the methods and
tools described herein manipulate the retlectance response
for use as a biomarker for assessing photoreceptor function
with high resolution.

[0035] The methods also possess the ability to quantify the
change 1n reflectance with the spatial resolution nearing that
of a single photoreceptor through normalization of the
response over repeated measures. The near infra-red photo-
receptor reflectance response provides a measure of photo-
receptor function. The response 1s localized to individual
photoreceptors, with current signal to noise ratio approach-
ing single photoreceptor resolution.

[0036] Example 1 demonstrates that the intrinsic (func-
tional) retlectance response for a photoreceptor population 1s
dependent on stimulus irradiance and wavelength and 1is
related to photoreceptor phototransduction. Additionally,
Examples 2-5 demonstrate that the acquisition and analysis
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procedures are useful to directly measure the intrinsic
response of single photoreceptors 1n the living human eye.
Examples 7-9 demonstrates cone reflectance response
increases with stimulus 1rradiance or longer coherence

length.

Defimitions and Components of the Methods

[0037] Technical and scientific terms used herein have the
same meaning as commonly understood by one of ordinary
skill 1n the art to which this invention belongs and by
reference to published texts, which provide one skilled 1n the
art with a general guide to many of the terms used 1n the
present application. The definitions contained 1n this speci-
fication are provided for clanity in describing the compo-
nents and compositions herein and are not intended to limit
the claimed 1nvention.

[0038] “‘Patient” or “subject” as used herein means a
mammalian animal, including a human, a veterinary or farm
ammal, a domestic animal or pet, and animals normally used
for clinical research, including without limitation, humans,
dogs, cats, or other domesticated animals, horses, livestock,
laboratory animals, including non-human primates, etc. The
subject may be male or female. In one embodiment, the
subject 1s a human.

[0039] “‘Photoreceptors™ are cells 1n the retina that absorb
and convert light into electrical signals. These signals are
sent to other cells in the retina and ultimately through the
optic nerve to the brain where they are processed into the
images. There are two general types of photoreceptors,
called rods and cones. “Cone Photoreceptors” or “Cones”
are a photoreceptor cell located 1n the retina, primarily 1n the
macula, of mammalian eyes, that are responsible for color
vision. Cones are concentrated in the fovea centralis. They
are responsible for both color vision and high visual acuity.
Cones reside mostly in the central portion of the retina and
allow us to perceive fine visual detail and color. “Rod
Photoreceptors™ or “Rods™ are a photoreceptor cell found
concentrated at the outer edges of the retina of mammalian
eyes, that are responsible for vision 1n less intense light.
Rods are usually used in peripheral vision. Unless specified
otherwise 1n this specification, the term “photoreceptor”
refers to rods or cones. The methods described herein are
applicable to both types of photoreceptor.

[0040] “Intrinsic reflectance response” as used herein
means changes 1n scattered infrared light reflected from a
photoreceptor 1n response to a visible light stimulus. This
scattered infrared light may be captured by a high-resolution
imaging device to allow 1ts localization to individual pho-
toreceptors.

[0041] By the term “image™ as used herein includes a high
resolution photograph, or data converted to quantifiable
numerical information on a graph or table, or other numerti-
cal data, as shown 1n the figures herein and known to one of
skill 1 the art.

[0042] ““Visible light stimulus™ as used herein means the
portion of the electro-magnetic spectrum that 1s visible to the
human eye. A typical human eye will respond to wave-
lengths from about 390 to 700 nm, ¢.g., 440 nm, 510 nm,
550 nm, 600 nm, 675 nm and 700 nm, mncluding wave-
lengths between each of these values. FElectromagnetic
radiation 1n this range of wavelengths 1s called visible light
or stmply light. For use in the methods described herein the
light stimulus may be any wavelength within this range. As
described herein the methods employ visible light stimuli to

-
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cause a change in the infrared light reflected from a photo-
receptor. According to the methods herein, the photorecep-
tors are stimulated with varying different wavelengths,
intensities and durations of visible light stimuli and the
resulting changes in intrinsic reflectance are imaged and
found useful 1n providing information on photoreceptor
function. In one embodiment, the light stimulus 1s a coherent
light source. In another embodiment, the light stimulus 1s a
partially-coherent light source.

[0043] “‘Infrared light” or “Infrared” refers to wavelengths
of light above about 750 to about 1100 nm. The term “near
infrared” refers to light that overlaps the visible light spec-
trum and infrared light wavelengths.

[0044] “‘Standard” or “Control” as used herein refers in
one aspect to the intrinsic reflectance of a photoreceptor
which 1s measured prior to exposure to a visible light
stimulus. The “reference standard” 1s preferably provided by
using the same technique as 1s used for measurement of the
subject’s mtrinsic photoreceptor reflectance 1n the reference
subject or population, to avoid any error 1n standardization.
A reference standard 1s, alternatively, a numerical value, a
predetermined cutpoint, a mean, an average, a numerical
mean or range of numerical means, a numerical pattern, a
rat10, a graphical pattern or a profile or activity level profile
derived from the same photoreceptors in a reference subject
or reference population.

[0045] “Reference or Control subject” or “Reference
Population™ defines the source of the reference standard. In
one embodiment, the reference 1s a human subject or a
population of subjects having no ocular disease, 1.¢., healthy
controls or negative controls. In yet another embodiment,
the reference 1s a human subject or population of subjects
with an ocular disease characterized by visual impairment.
In yet another embodiment, the reference standard i1s a
subject or population with one or more clinical indicators of
retinopathy. In still another embodiment, the reference 1s a
human subject or a population of subjects who 1s being
treated for a retinopathy. Similarly, in another embodiment,
the reference 1s a human subject or a population of subjects
following therapeutic treatment for an ocular disease or
condition. In still another embodiment, the reference 1s a
human or a population of subjects recerving or being moni-
tored for eflicacy of treatment. In still another embodiment,
the reference 1s a human subject or a population of subjects
prior to therapeutic treatment of an ocular disease or disor-
der. In still other embodiments of methods described herein,
the reference 1s a temporally earlier intrinsic retlectance
profile obtained from the same subject. In another embodi-
ment, the reference standard 1s a combination of two or more
of the above reference standards.

[0046] Sclection of the particular class of reference stan-
dards, reference population, biomarker profiles depends
upon the use to which the diagnostic/monitoring methods
and are to be put by the physician and the desired result, e.g.,
initial diagnosis of an ocular disorder, evaluation of the
ellicacy of therapeutic protocols, climcal management of
patients with an ocular disorder, e.g., after iitial diagnosis,
including, but not limited to, monitoring for reoccurrence of
disease or monitoring remission or progression of the dis-
case, selecting among therapeutic protocols for individual
patients (e.g., predicting the suitability of treatment), moni-
toring for development of toxicity or other complications of
therapy, predicting development of therapeutic resistance,

and the like.
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[0047] By “ocular disease, disorder or condition™ as used
herein includes, without limitation, retimitis pigmentosa,
Choroideremia, rod-cone dystrophy, Leber’s congenital
amaurosis, Usher’s syndrome, Bardet-Biedl Syndrome, Best
disease, retinoschisis, Stargardt disease (autosomal domi-
nant or autosomal recessive), untreated retinal detachment,
pattern dystrophy, cone-rod dystrophy, achromatopsia, ocu-
lar albimism, enhanced S cone syndrome, diabetic retinopa-
thy, age-related macular degeneration, retinopathy of pre-
maturity, sickle cell retinopathy, Congenital Stationary
Night Blindness, glaucoma, or retinal vein occlusion. In
another embodiment, the subject has, or 1s at risk of devel-
oping glaucoma, Leber’s hereditary optic neuropathy, lyso-
somal storage disorder, or peroxisomal disorder. In another
embodiment, the subject 1s 1n need of optogenetic therapy.
The retinal diseases described above are associated with
various retinal changes. These may include a loss of pho-
toreceptor structure or function; thinning or thickening of
the outer nuclear layer (ONL); thinning or thickening of the
outer plexiform layer (OPL); disorganization followed by
loss of rod and cone outer segments; shortening of the rod
and cone mner segments; retraction of bipolar cell dendrites;
thinning or thickening of the inner retinal layers including
inner nuclear layer, mnner plexiform layer, ganglion cell layer
and nerve fiber layer; opsin mislocalization; overexpression
of neurofilaments; thinning of specific portions of the retina
(such as the fovea or macula); loss of ERG function; loss of
visual acuity and contrast sensitivity; loss ol optokinetic
reflexes; loss of the pupillary light reflex; and loss of visually
guided behavior.

[0048] As one particular example of an ocular disease,
Choroideremia 1s an X-linked inherited retinal regeneration.
It 1s symptomatic i childhood, with symptoms such as night
blindness, visual field loss 1nitially 1n the periphery leading
to tunnel vision; blindness 1 the 30-40’s, although many
patients maintain central vision until age 40-50. Choroider-
emia 1s caused by genetic mutations 1n CHM gene, which
encodes Rab Escort Protein-1 (a transport protein). It 1s an
excellent candidate for gene therapy.

[0049] The terms “a” or “an” refers to one or more. For
example, “an expression cassette” 1s understood to represent
one or more such cassettes. As such, the terms “a” (or “an”),
“one or more,” and “at least one” are used interchangeably
herein.

[0050] The term “about” as used herein when referring to
a measurable value such as an amount, a temporal duration,
and the like, 1s meant to encompass variations of up to £10%
from the specified value; as such variations are appropriate
to perform the disclosed methods. Unless otherwise indi-
cated, all numbers expressing quantities of ingredients,
properties such as molecular weight, reaction conditions,
and so forth used in the specification and claims are to be
understood as being modified 1n all instances by the term
“about.”

[0051] The words “comprise”, “comprises”, and “com-
prising” are to be interpreted inclusively rather than exclu-
sively, 1.e., to include other unspecified components or
process steps. The words “consist”, “consisting”, and its
variants, when used in the claims, are to be interpreted
exclusively, rather than inclusively, 1.e., to exclude compo-
nents or steps not specifically recited. As used herein, the
phrase “consisting essentially of” limits the scope of a
described composition or method to the specified materials
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or steps and those that do not aflect significant characteris-
tics of the described or claiamed method or composition.

Methods

[0052] In one aspect, a method for non-invasive assess-
ment of photoreceptor function 1n a mammalian subject
comprises exposing a subject’s eye to a visible light stimu-
lus, wherein absorption of light by photoreceptor photopig-
ment 1mmitiates an intrinsic retflectance response and capturing,
multiple 1mages of photoreceptor’s intrinsic retlectance
response to the stimulus. These steps permit the 1dentifica-
tion of a pattern of variability or variation in the intrinsic
reflectance response indicative of an ocular condition, dis-
case, disorder or a response to treatment for said ocular
condition, disease or disorder.

[0053] In one embodiment of the method, an image of the
intrinsic retlectance of the photoreceptor 1s captured before
the stimulus to establish a control or reference standard. In
another embodiment, an 1image of the itrinsic reflectance of
the photoreceptor 1s captured after the stimulus 1s applied to
the eye. In still a further embodiment, the image of the
intrinsic reflectance of the photoreceptor 1s captured during
or simultancously with the exposure of the eye to the
stimulus. In still further embodiments, 1mages are captured
before, during and after exposure of the eye to the stimulus.
In still other embodiments of the method, multiple, repeated
trials of stimulus exposure/image capture are used. In still
other embodiments, the multiple trials include uses of vis-
ible stimuli that vary in wavelength and/or intensity. In yet
another embodiment, the eye 1s subject to darkness for a
time period, followed by the stimulus, image capture and
then rest or darkness, before another trial of stimulus/capture
1s repeated. Repetition of stimulus and 1image capturing may
occur at repeated regular intervals or at repeated irregular
intervals.

[0054] The methods described herein are not limited by
the duration of the stimulus exposure, the selection of
wavelength or intensity, or the time between stimulus, 1image
capture, rest and another trial of the same steps. In embodi-
ments other than the examples and descriptions herein,
measurements may be made on multiple days, separated by
days, weeks, months and/or years. In other embodiments,
the duration of stimuli can vary from fractional seconds,
e.g., 0.5 second through to 5 to 10 minutes or more.
Similarly, the methods involve variations 1n wavelengths
and intensity of visible light.

[0055] A profile or biomarker i1s provided by the method
which comprises, 1n one embodiment, detecting a variation
in 1ntrinsic retlectance of the subject’s photoreceptor
between and among multiple images captured. A vanation in
intrinsic reflectance response can in one embodiment, be an
increase 1 brightness of reflectance 1n response to the
stimuli. In another embodiment, the variation 1s evidenced
by a decrease 1n brightness of reflectance in response to the
stimuli. In still another embodiment, a variation 1s evidenced
by an oscillation between an increase and decrease in
brightness of the retlectance. In still other embodiments of
the method the intrinsic reflectance variation 1s a combina-
tion of two or three of these responses.

[0056] As described in Example 1, in one embodiment,
this method can be applied to detect the variances 1n intrinsic
response ol a population of photoreceptors within a defined
analysis area. The size of the area 1s not a limitation but
relates to the area of the retina or macula where both the
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stimuli radius and 1maging frame overlap to obtain consis-
tent results. In yet another method described 1n more detail
below, the method can obtain results from a single photo-
receptor by subjecting it to multiple trials of stimuli and
image capture. See, e¢.g., Examples 2-5.

[0057] In all of the variations of the methods described
herein, exposure of the eye to visible light can be accom-
plished by a light or laser using one or more wavelengths in
the visible light range. In one embodiment, the stimulus can
be supplied by the same apparatus performing the image
capture. Capturing of the image can employ known appa-
ratus, such as an ophthalmoscope enhanced with adaptive
optics or a multi-channel adaptive optics scanning light
ophthalmoscopy (AOSLO). This mstrument delivers visible
stimuli to the retina nomnvasively while simultaneously
imaging the photoreceptors with infrared reflectance. Still
other AO ophthalmoscopes or image capture apparatus can
include a light source for applying the stimulus and/or be
associated with a computer program directing the wave-
length, intensity, repetition and timing of stimulus applica-
tion.

[0058] In the embodiment of the methods described 1n the
examples below, the mventors used 1n the examples below
a custom built adaptive optics scanning light ophthalmo-
scope to obtain multiple 1image sequences of photoreceptor
inira-red reflectance (>780 nm) before, during, and after
delivery of a stimulus with a center wavelength 1n the visible
spectrum (390-700 nm, hereafter referred to as a “stimulus
sequence”). Multiple 1mage sequences of photoreceptor
inira-red reflectance are also acquired without a stimulus
(hereatter referred to as a “control sequence”). The hardware
used for data acquisition 1s the same 1llustrated in Example
1%°. The analysis tools exemplified herein are by no means
the only way to obtain the functional signals described
herein.

[0059] Any existing imaging system can be employed 1n
these methods that has suflicient resolution to observe the
photoreceptor mosaic using near-infrared light, a visible
stimulus that can be delivered to the photoreceptors and
which encompasses the area of retina being 1imaged, and an
analysis procedure which considers the change 1n a photo-
receptor’s reflectance profile. In some embodiments a fun-
dus camera can be used. The methods described herein are
adaptable for use with any commercial or research device
capable of 1maging the photoreceptors, including the
“RTX1” adaptive optics ophthalmoscope from Imagine
Eves, or systems available from Physical Sciences Inc.,
Boston Micromachines Corporation and Canon. In certain
embodiments, the instrument can be computer-implemented
to provide the mstrument with instructions and patterns to
turn both the stimulus and image capture functions on and
ofl at set intervals.

[0060] Still another aspect of the methods involves detec-
tion and analysis of the vanations in intrinsic reflectance.
Thus, 1n another embodiment, the methods described above
further incorporate a step of quantifying the stimulus-evoked
variability in the images by correcting for changes 1n 1image
intensity 1n the width of the image frame. Such a method
step uses, 1n one embodiment, the function shown in Equa-
tion (1) of Example 1. Yet another method step involves
evaluating the intrinsic retlectance data by removing stimu-
lus-independent source of variation. In one embodiment, this
can be done by use Equation (2) as shown in Example 1. Yet
a further analytical manipulation mvolves quantifying the
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intrinsic reflectance response. In one embodiment, this can
be accomplished by using Equation (3) as described in
Example 1. In yet another embodiment, the detection of the
profile involves determining the action spectrum of reflec-
tance response for each subject. In one example, this 1s done
by use of Equation (4), described in detail in Example 1
below. Still other methods of quantifying the intrinsic reflec-
tance response may include steps for noise removal and
response extraction. Other modifications that are refine-
ments of the methods described herein are intended to be
included, as modifying step can be selected by the person of
skill 1n the art given the teachings provided herein.

[0061] In still another aspect, the methods described above
can include a step of classiiying photoreceptors according to
the condition of the subject, e.g., healthy or having an ocular
disease, or being treated for an ocular disease, as detailed
herein. A photoreceptor population response can be 1denti-
fied by pooling intrinsic reflectance responses with an image
frame of a selected dimension for each condition. Such
frame dimensions are not a limitation of these methods and
can be selected by the person of skill in the art.

[0062] FEmploying one or more of these methods of evalu-
ation, a pattern of variations 1n intrinsic reflectance
responses 1s produced by the method, which can be used as
a biomarker for an ocular disorder, such as any of those
listed above. One exemplary embodiment includes a ret-
inopathy. Another example shown in the examples below to
which the methods are applied 1s Choroideremia. In still
another method, the pattern of variations 1s indicative of the
condition, wherein can be used to monitor the progression of
treatment of a blinding disorder.

[0063] As stated above, the parameters of these methods,
including AOSLO acquisition parameters, such as the imag-
ing light coherence length and timing of stimulus delivery,
can be readily changed or optimized to maximize the
reflectance response.

[0064] In yet another aspect, the methods described herein
can be specifically adapted to measuring intrinsic reflectance
functional signals of individual photoreceptors. In one
embodiment a method for non-mnvasive assessment of the
function of a single photoreceptor 1n a mammalian subject
comprises exposing a subject’s eye to a visible light stimu-
lus, wherein absorption of light by photoreceptor photopig-
ment mitiates an intrinsic reflectance response; capturing
multiple 1images of a single photoreceptor’s intrinsic reflec-
tance response to the stimulus; and repeating successively
exposing and capturing trials for the single photoreceptor
using different light stimulus wavelengths, intensities, and
intervals to obtain multiple photoreceptor retlectance traces
of the single photoreceptor. Such a method can employ the
apparatus and 1nstruments described herein for evaluating a
population ol photoreceptors. The multiple trials or each
photoreceptor reflectance traces generated by the trials are
normalized and standardized. In one embodiment, the meth-
ods employing Equations (1) and (2) of Examples 1 and 3
can be used for this purpose.

[0065] In still another embodiment, the method can
include a step of obtaining the mean or median change 1n
photoreceptor reflectance and variability of reflectance in
multiple traces. One embodiment of this step 1s provided in
Example 3. Thereafter, a pattern of variability in the single
photoreceptor’s intrinsic reflectance response 1s 1dentified as
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indicative of an ocular condition, disease, disorder or a
response to treatment for said ocular condition, disease or
disorder.

[0066] Yet a further embodiment of this method involves
obtaining photoreceptor standardized photoreceptor retlec-
tance signals at each time point t for all stimulus trials and
calculating the standard deviations thereotf to obtain a pho-
toreceptor standard deviation profile. In another embodi-
ment, the method involves obtaining photoreceptor stan-
dardized photoreceptor reflectance signals at each time point
t for all stimulus trials and calculating the median at each
time 1ndex of a photoreceptor’s reflectance profile across all
of 1ts stimulus trials to obtain a photoreceptor median
profile. In still additional embodiments, the method for
identifying the variations in reflectance in the single photo-
receptor further comprises performing a principle compo-
nent analysis (PCA) on the photoreceptor profile, wherein
the reflectance response for the single photoreceptor 1S
derived from the PCA score. An example of this step 1s also
described in detail 1n Example 3. Other embodiments of this
method employ one or combinations of a photoreceptor
standard deviation profile and a photoreceptor median pro-
file, or either profile from which control values have been

subtracted.

[0067] In still additional embodiments, these methods
extract different aspects of the intrinsic reflectance response
signal profiles, such as their latency, rate of change or peak.
These aspects of the intrinsic reflectance response may be
processed to form an additional or alternative response
measures. Diflerent choices of how to extract, process and
combine various response measures {rom the signals are
modifications of the methods believed to be encompassed by
this specification. Such modifications of the methods given
these teachings are believed to be selected by the person of
skill 1n the art given the teachings supplied by the specifi-

cation

[0068] In still further embodiments of the various methods
described herein, one of more of these analysis steps may be
computer-implemented, 1.e., may be directed by a computer
program directing use of the equations referenced herein.

[0069] In one specific description, the single photorecep-
tor analysis method 1s performed as follows. Once the data
1s captured, we co-align all 1mage sequences to obtain
photoreceptor-to-photoreceptor (e.g., cone to cone) corre-
spondence and determine the locations. We exclude photo-
receptors underlying retinal capillaries. A reflectance profile
(reflectance vs time) 1s created for each photoreceptor by
first projecting a 3x3 pixel column through the aligned
image sequence at each photoreceptor location and then
averaging the 9 (3x3) pixels 1n each frame. For each frame
in the 1mage sequence, a photoreceptor’s retlectance 1s
divided by the mean reflectance of all photoreceptors (e.g.,
cones) 1n that frame. Fach intrinsic reflectance profile 1s then
standardized with respect to 1ts own prestimulus mean and
standard deviation (Examples 1 and 2 below). We exclude
stimulus and control sequences for a particular photorecep-
tor 1f the photoreceptor does not have a reflectance signal for
90% or more of the time period corresponding to stimulus
delivery within that sequence. Currently, we further exclude
photoreceptors that reach the end of the data processing
pipeline with reflectance profiles from fewer than 25 stimu-
lus and control sequences. The exact parameters of the
image acquisition and processing are not crucial and are
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likely to be refined. The mvention should be considered to
include future refinements of the details.

[0070] As one specific example, we determine the func-
tional response of a single cone photoreceptor as follows.
We first calculate the cone’s standard deviation (defined as
the square root of the variance) of its reflectance profiles
across all stimulus and control sequences independently.
Then we subtract the standard deviation of each cone’s
control sequences from the standard deviation of 1ts stimulus
sequences at each time point. We fit a piecewise smooth
function (as 1n Example 1) to the time course of each cone’s
reflectance response and determine 1ts peak amplitude. This
1s the standard deviation cone intrinsic reflectance response.
In addition, we determine the mean intrinsic reflectance
response of each cone, by calculating the cone’s mean
reflectance profile for stimulus and control sequences 1inde-
pendently. We subtract the mean of each cone’s control
sequences Irom the mean of its stimulus sequences at each
time point and fit the result with the same piecewise smooth
function as used for the standard deviation cone intrinsic
reflectance response. The final intrinsic reflectance response
for each cone 1s a combination of the peak amplitudes from
the fits for the mean and standard deviation cone retlectance
responses. Currently, the combination 1s done by adding the
standard deviation-based reflectance response {it peak
amplitude to the absolute value of the mean intrinsic retlec-
tance response fit peak amplitude. As with the image pro-
cessing description above, this processing method 1s one of
several related methods. For example, variations in the
functional form with which we fit the response, as well as the
addition of pre-processing to reduce noise 1n the data and
different methods for combining multiple aspects of the
response, are modifications that may improve the perfor-
mance of the method described herein. This same protocol
can be followed with rods, rather than cones.

[0071] In yet other embodiments, the methods described
herein can be designed for performance by a custom appa-
ratus. In one embodiment such an apparatus comprises an
adaptive optics-enhanced ophthalmoscope, a light source for
applying visible light stimulus to 1nitiate an intrinsic retlec-
tance response 1n a subject’s eye; and a computer program
directing the wavelength, intensity, and timing of the stimu-
lus application and the timing of 1imaging the variability 1n
the photoreceptor’s intrinsic retlectance in response to the
stimulus for a non-invasive assessment of photoreceptor
function. In still another embodiment, the tool can be a
computer or computer system designed to implement the
specific instructions as to directing the wavelength, intensity,
and timing of the stimulus application and the timing of
imaging, as well as to implement the various equations and
features of the analytic methods applied to the 1mages.

[0072] The methods and tools described herein are useful
in ophthalmology clinics as an objective assessment of
photoreceptor function. The analysis methods allow pooling
together of photoreceptor signals to give functional mea-
surements of a group of photoreceptors (similar to a multi-
tocal ERG) or to assess individual photoreceptor function.
In addition, the methods described herein permit high-
spatial resolution assessment of photoreceptor function.
Specifically, these methods are useful to assess the safety
and eflicacy of experimental therapies 1n clinical trials, such
as retinopathy clinical trials, or the eflectiveness of non-
experimental therapies that are delivered to a patient 1n the
clinic. These methods can supplement, or possibly replace
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some uses of, the electroretinogram and potentially allow
carly diagnosis due to 1ts better sensitivity. As with other
functional assessments ol vision, these methods mmvolving
the functional assessment of photoreceptors aids in the
diagnosis of retinal disease and determines the prognosis for
photoreceptor health. This technology 1s a more sensitive
and proximal biomarker of visible function and treatment
response. Access to such a biomarker method for directed at
rapid evaluation of the photoreceptor status will assist the
development and testing of novel retinal therapeutics aimed
at restoring photoreceptor function.

[0073] This method 1s much higher 1n resolution than
results obtained from an electroretinogram. These methods
are more accurate in 1dentifying how many photoreceptors
contribute to the measured signal, 1.e., a smaller number of
photoreceptors means higher resolution because the signal
can be ascribed to a more localized region of the retina.
[0074] The following examples disclose specific embodi-
ments of the methods described herein and should be
construed to encompass any and all variations that become
evident as a result of the teaching provided herein.

Example 1: Non-Invasive Assessment of Human
Photoreceptor Function

[0075] We developed a method to extract clear, rehable,
and quantifiable intrinsic responses, to determine 1f stimu-
lus-evoked changes in cone reflectance are mediated by
phototransduction. We theorized that 1f the intrinsic reflec-
tance response 1s nitiated by phototransduction, 1t would be
governed by known properties of vision.

[0076] Phototransduction begins when a photon 1somer-
1zes photopigment molecules. A characteristic signature of
photopigments 1s their action spectrum—the relative efli-
ciency with which mcoming photons of different wave-
lengths cause 1somerization. In the human retina, there are
three spectral classes of cones, categorized by their long (L),
middle (M), or short (5) wavelength sensitivities. The L and
M cones predominate, comprising approximately 93% of
cones in the human cone mosaic'”, with [, cones outnum-
bering M cones by a factor of about 2:1 on average'*** If
we neglect the relatively small number of S cones and
account for pre-retinal absorption as well as photopigment
self-screening, we can characterize the visible system’s
overall spectral sensitivity for daylight light levels as a
weighted average of the L and M cone sensitivities, where
the weights are determined by the L:M ratio 1in the cone
mosaic. This weighted average, for a typical eye, 1s called
the phototopic luminosity function'”. If the intrinsic reflec-
tance response 1s governed by phototransduction, the action
spectrum of the aggregate reflectance response should, to
first order, follow the luminosity function.

[0077] Human subjects—This research was approved by
the Institutional Research Board at the University of Penn-
sylvania and was conducted 1n accordance with the tenets of
the Declaration of Helsinki. Five subjects with normal
vision were recruited for this study (age range: 235-56).
Subjects provided informed consent after the nature and
possible risks of the study were explained. Each subjects’
pupil was dilated and accommodation arrested using one
drop of tropicamide (1%) and, if necessary, phenylephrine
(2.5%).

[0078] Imaging the photoreceptor mosaic—The photore-
ceptor mosaic was 1maged using a previously described
adaptive optics scanning light ophthalmoscope (AOSLOY’,
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with a ~2 ym Rayleigh resolution. Image sequences were
acquired from a photomultiplier tube using a 795 nm super-
luminescent diode with a full-width at half~-maximum band-
width (FWHM) of 15.3 nm. We estimated the coherence
length of the 795 nm 1maging source to be 13.6 um,
assuming a cone outer segment with a refractive index of
1.43.7° This is roughly half of the typical outer segment
length (~35 pum) of cones 1n the retinal region that we
studied”'. Cones were stimulated using a superluminescent
diode at 673 nm (Superlum Ireland; Carrigtwohill, County
Cork, Ireland), and a SuperK EXTREME super-continuum
laser (NKT Photonics; Birkergd, Denmark). Image
sequences were obtained (0.71° from the center of fixation
(0.5° temporal and 0.5° superior for four subjects, 0.5° nasal
and 0.5° superior for one subject) at arate of 16.6 frames per
second, using a 1x1° field of view.

[0079] Each imaging trial consisted of two minutes of dark
adaptation, four seconds of prestimulus recording, a two-
second stimulus delivered to half of the imaging field (1°
wide by 0.5° high), and nine seconds of post-stimulus
recording, resulting in 249 1mages per sequence. AcCross
trials, the stimulus was varied in both wavelength and
intensity. Four of the stimulus wavelengths (480, 310, 550,
390 nm) were delivered using the super-continuum laser,
with a 10 nm FWHM for 510, 550, and 590 nm wavelengths,
but a 30 nm FWHM at 480 nm. The 675 nm (8.5 nm
FWHM) stimulus was delivered using the super-lumines-
cent diode. For each wavelength, we used up to four
different stimulus intensities tailored to produce a range of
intrinsic reflectance responses. The highest stimulus inten-
sity at 480 nm required use of a 30 nm rather than a 10 nm
FWHM and was the maximum 1rradiance obtainable at that
wavelength. We gated stimulus delivery using an acousto-
optic modulator (AOM; Brimrose Corporation, Sparks, Md.,
USA). We repeated each combination of stimulus wave-
length and intensity (hereafter referred to as a “stimulus
condition”) for six trials. Even when the AOM was gated
“closed”, a small quantity of stimulus “leak” still passed
through the system (~0.01% of the input 1rradiance), so that
the leaked light for the nominally unstimulated condition
varied with stimulus wavelength and 1rradiance.

[0080] We acquired two unstimulated (control) 1mage
sequences per wavelength and wrradiance condition. For
each control trial, the cones were 1lluminated with 90 uW of
795 nm 1maging light combined with 8 pyW of 848 nm
(FWHM 26 nm) light for wavefront sensing and the leaked

light for that condition.

[0081] Processing the 1mage sequences—To correct for
static 1ntra-frame distortion from the sinusoidal motion of
the resonant optical scanner, we estimated the static spatial
distortion after each 1maging session from images of a
stationary Ronchi ruling and resampled each frame over a
orid of equally spaced pixels. Next, a minimally distorted
frame was selected from within each of the “desinusoided”
795 nm 1mage sequences and used as the reference frame for
strip-based registration®>. If fewer than 60% of the images
within the sequence aligned (had a positive normalized cross
correlation) to any reference frame, then the image sequence
was removed from further consideration. 18% of the 1image
sequences were removed 1n this manner, leading to an
average of 4.9 trials being used for further analysis at each
stimulus condition (range: 2-6). Following strip registration,
a frame-wide affine registration was performed to remove
residual torsion. The fully registered image sequences were
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cropped to a common area, and cone locations were 1den-
tified” within an image generated from the average of all
cropped frames. The results are shown 1 FIG. 1A.

[0082] Because the eye 1s constantly 1n motion, even for
fixating subjects, cones along the border of the 1imaging field
might not receive the full two-second stimulus. For each

stimulus 1mage sequence, we classified which cones were

stimulated by determining whether the cone was within the

stimulated portion of the 795 nm 1mage sequence for at least
90% of the registered frames. See FIG. 1B. Cones that did
not receive at least 90% of the stimulation as determined by
this method were excluded from further analysis (FIG. 1C).
For both stimulus and control image sequences, we excluded

cones underlying retinal capillaries by highlighting the vas-

culature present within each 1mage sequence using a modi-
fied version of a previously described algorithm (FIG.
1D)*”. A binary mask was created from this “motion con-
frast” 1mage by thresholding at a criterion defined as two
standard deviations greater than the sequence’s mean. See
the results of FIG. 1E. Cones falling within the mask were
also excluded from the analysis (FIG. 1F). On average, 663

(range: 219-1,837) cone signals were analyzed per trial.

[0083] Extracting the reflectance signal—A 2-dimensional
reflectance signal (reflectance vs time) for each cone was
created by first projecting a 3x3 pixel column through the
aligned 1mage sequence at each included cone location and
then averaging the 9 (3x3) pixels 1n each frame. In a
preliminary analysis (See FIG. 9), we found that the mean of
the aggregate cone signals did not exhibit a stimulus-evoked
change. Rather, the effect of sttmulation was to 1ncrease the
variability of the reflectance. To quantify the stimulus-
evoked component of the variability observed 1n the 1image
sequences, we adopted the process described below.

[0084] First, to correct for frame-wide changes 1n 1mage
intensity (due to tear film disruption, microsaccades, and

changes 1n AQO correction quality), each cone’s reflectance
for each frame (FIGS. 2A, 2D) was divided by the mean

reflectance of the same frame of all analyzed cones, as
shown 1n Equation (1) below:

R?‘ﬂ“ﬂf(f)f (1)
Ry (1)

R?‘Iﬂ?‘?ﬂ (I)f —

[0085] where R, (1), 1s the scaled reflectance of a cone
1 as a function of time t, and R___(t) 1s the mean reflectance
for the same frame of all analyzed cones (FIGS. 2B, 2E).
Second, 1t 1s a well-known feature of cone reflectance
images that there 1s cone-to-cone vanation in reflectance of
unknown origin®>~*°. To remove this stimulus-independent
source of variation from our signals, each cone signal was
standardized with respect to 1ts own prestimulus mean and

standard deviation, as shown in Equation (2) below and 1n
FIGS. 2C and 2F:
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Rnﬂrm 2 R_;rﬂer (2)
R(f) (f)r prey

i

pre;

[0086] where R(t), 1s the scaled, standardized reflectance
signal from cone 1 as a function of time

pre;

1s the pre-stimulus reflectance mean for cone 1, and

G-Rpref

1s the standard deviation of the pre-stimulus reflectance of
cone 1.

[0087] Analyzing the reflectance signals—Because we
observed that the intrinsic response was heterogeneous
within and across cones, we developed a statistical measure
to capture a population response. We calculated the standard
deviation across all cones’ standardized cone reflectance
signals at each time poimnt t for each trial. The standard
deviation of all control trials was subtracted from the
standard deviation of all stimulated trials. This difference
was taken as the measured intrinsic reflectance response,
which we denote as G,(t).

[0088] For the purpose of quantifying the intrinsic reflec-
tance response, a piecewise parametric function consisting
of a gamma probability density function and an exponential
decay function was fit to 6R(t), according to Equation (3)
below:

A (1=d)
L k(r—d)k‘le_ 0 —Tpe, 1<t
Uﬁr(f) =< I'(k)f

[0089] where the fit 64 (1) was defined by a gamma
probability density function for times t less than the fit
maximum G, . at time t_ ., and an exponential decay
function for times greater than or equal to t, ., XG, _ was
determined such that the upper (gamma) and lower (expo-
nential) parts of the piecewise function maintained the same
maximum value at time t=t_ ,__ . To fit the signal peak, the
gamma {1t parameters A (amplitude), 9 (scale), k (shape),
and d (delay) were allowed to vary. The value of G,,,, was the
prestimulus mean of the signal. To fit the signal falloff,
exponential fit parameters A_,, (amplitude) and T (decay
constant) were allowed to vary. Peak amplitude was then
extracted from each fit, defined as the difference between the

fit maximum (G, ) and the prestimulus mean.

[0090] To obtain a reasonable estimate of measurement
variability, we bootstrapped the above process for each
subject and condition. To create a single bootstrapped signal,
we first randomly sampled with replacement the response at
each time point t over all trials of a given condition N(t)
times (where N(t) 1s the number of trials containing data at
time t) for both stimulated and control image sequences. The
N(t) bootstrapped samples were then combined using pooled
standard deviation, and the pooled standard deviation of the
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control data was subtracted from the stimulated data. This
bootstrapped reflectance response was fit with a piecewise
function and the amplitude was extracted as described
above. This process was repeated 1,000 times, creating a
distribution of bootstrapped amplitudes for each subject and
condition. The measurement variability was estimated from
the Sth and 95th percentiles of each distribution.

[0091] Determining the action spectrum of the reflectance
response—We determined the action spectrum for each
subject by fitting the amplitude-nradiance functions from
each wavelength with a sigmoid function according to
Equation (4) below:

44

f(Efﬂ ) —
1 1 + E_B(Efﬂgm_gw)

[0092] where

[0093] f(E,,, ) 1s the sigmoid fit of the amplitude as a
function of the log-irradiance E,,, ., o 1s the saturating
amplitude, B is the slope, and S, is the irradiance shift (on
the log scale) for a given wavelength w. For each subject,
five sigmoidal functions were fit simultaneously to the
amplitude-irradiance functions for the five wavelengths.
During fitting, a single o a single [ and five wavelength
shifts (one S, per wavelength) were varied to obtain the best
fit to the whole data set (all five measured amplitude-
irradiance functions). This created a set of fit amplitude-
irradiance functions for each subject with the same shape
(on a log nrradiance axis) across wavelengths. To obtain the
action spectrum, we then calculated from the fitted ampli-
tude-1rradiance functions the 1rradiance shift for each wave-
length relative to the 550 nm 1rradiance shift. To account for
variability 1n 550 nm data, we performed a vertical shift of
each subject’s action spectrum on a log sensitivity axis,
minimizing the root mean square error between our
observed data and the human log-luminosity function.
[0094] To obtain an estimate of the variability in each
action spectrum, we bootstrapped our analysis. Drawing
from the distribution of amplitudes created for each subject
and condition obtained through the bootstrapping amplitude
analysis, we randomly selected a bootstrapped amplitude for
each stimulus intensity and wavelength. We then repeated
the process described above 1,000 times and extracted the
Sth and 95th percentiles to obtain an estimate of the vari-
ability associated with each subject’s action spectrum.
[0095] Results—We found that the reflectance of cones
changed following visible light stimulation (FIG. 3). After
extracting the standardized intrinsic reflectance response of
cone photoreceptors (Eq. (2), we observed that the intrinsic
cone reflectance signals were highly heterogeneous: some
cones 1ncreased their reflectance (FIG. 3B; orange profile),
others decreased their reflectance (FIG. 3B; purple profile),
and others oscillated (FIG. 3B; cyan proiile). Moreover, the
form of the response from an individual cone could differ
across trials, and not all cones showed a clear response on
all trials (FIG. 3C).

[0096] Despite this heterogeneity, all cone populations
showed a measurable aggregate intrinsic reflectance
response (FIG. 4) when 1t was quantified using our
approach. This response was clear and reliable across trials
for both stimulated and control conditions, allowing us to
pool the results from multiple trials to obtain a final 1ntrinsic
reflectance response GR(t) for each condition (FIG. 4B). The
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intrinsic reflectance response systematically increased with
stimulus mtensity (FIG. 5A). Extracting the amplitude from
the piecewise parametric fit showed an 1ncrease in response
amplitude with stimulus 1rradiance (FIG. 5). This relation-
ship held for most wavelengths for all subjects tested (FIG.
10).

[0097] In addition to stimulus intensity, the intrinsic
reflectance response depended on stimulus wavelength. The
dependence 1s shown 1n FIG. 6, where we plot each subject’s
peak amplitude from the fit for all stimulus wavelength/
irradiance combinations on a common 1rradiance axis. From
the data, we then found the action spectrum for each subject
(determined from the horizontal shift between the sigmoid
fit at each stimulus wavelength and the sigmoid fit for the
550 nm stimuli, see above) was well-matched to the human
photopic luminosity function (FIG. 7).

[0098] Discussion—We have successiully developed a
method that enables extraction of a reliable, quantifiable
intrinsic signal from cones 1maged using an AOSLO. It 1s
well-known that the number of photoisomerizations 1n a
functioning cone outer segment, as well as the magnitude of
the resulting photocurrent via phototransduction, increases
with stimulus intensity®’. Thus, if the cone intrinsic reflec-
tance response 1s related to the physiologic tunction of the
cones, we would expect: 1) 1ts magnitude to be intensity
dependent and 2) 1ts action spectrum to match the spectral
sensitivity ol cone-mediated vision. Indeed, we found that
the peak response increased systematically with stimulus
intensity for all wavelengths (FIGS. 6 and 10) across all
subjects and the action spectrum of the cone intrinsic
reflectance response from each subject matched the photopic
luminosity function to first order (FIG. 7). These results
strongly indicate that the absorption of light by cone pho-
topigment 1nitiates a reflectance response, thereby making,
the 1ntrinsic reflectance response a direct non-invasive mea-
sure ol photoreceptor function.

[0099] The precise origin of the reflectance changes we
measure remains elusive. Previous work has suggested that
changes 1n cone outer segment scattering, refractive index,
or structure cause reflectance fluctuations’. If the changes in
reflectance are due to metabolic changes within each cone,
it 1s uncertain which aspect of phototransduction leads to
those changes. The slow time course of the responses
suggests a transduction stage downstream from the initial
isomerization of photopigment™>°, or a cellular change that
1s a consequence of the transduction process, such as swell-
ing or shrinking of the photoreceptor cells'>>%>12,

[0100] Regardless of the source of the reflectance changes,
it 1s clear that both cone-to-cone and trial-to-trial intrinsic
reflectance responses are highly heterogeneous (FIG. 3C). A
potential source of this heterogeneity 1s the stochastic 1nitial
state of each cone outer segment. The cone reflectance, or
total backscattered light, observed 1n AOSLO retinal images
1s thought to arise from a combination of scattered light from
cach end of the cone outer segment as well as scattering
from the discs®. The contributions from each of these
components may differ across cones at the time of stimulus
delivery>*, in which case it is conceivable that a stimulus
could evoke a change that either increases or decreases
backscattering within a cone, depending on that cone’s
initial state. Stmilarly, interference that arises between imag-
ing light retlected from multiple surfaces will depend upon
the 1mitial optical path length between the surfaces and the

coherence length of the imaging source. If a stimulus leads
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to a change 1n the optical path length between the two (or
more) reflective surfaces within a cone, then the amount of
constructive and destructive interference in that cone can
change”. Cone-to-cone variations in the initial optical path
length would cause the eflect of interference (constructive or
destructive) to vary across cones in both sign and magnitude.

[0101] Grieve et al.'® reported a slight stimulus-evoked
increase 1 mean cone reflectance, but one that was quite
variable. In our preliminary analysis, we did not observe a
change 1n mean reflectance (See, FIG. 9), but a change 1n
reflectance variation. The reason for the difference between
our results with respect to mean reflectance and those of
Grieve et al.'® is not immediately clear.

[0102] Jonnal et al.” also reported that a visible stimulus
could increase the variability of cone reflectance measured
in the ifrared. They used a diflerent set of stimulus param-
cters and analysis method from ours and did not find an
increased response with increased stimulus energy. Specifi-
cally, they varied stimulus energy by varying stimulus
duration, rather than stimulus irradiance as we did. If we
ignore the differences 1n stimulus duration, and convert our
stimulus 1rradiances to Td-s, the dimmest stimulus used by
Jonnal at their stimulating wavelength of 670 nm (4.2x10"
Td-s) 1s roughly comparable to our highest energy stimulus
at a similar wavelength (675 nm, 5.1x10* Td-s). Given that
three of our subjects (11002, 11015, 11049) show signs of
response saturation at our highest stimulus irradiance, 1t 1s
possible that Jonnal et al. did not detect a significant
response diflerence across stimulus levels because their
responses were approaching saturation. Diflerences in
analysis method or the fact that the coherence length of their
imaging source was longer than ours may also contribute to
differences 1n the intensity dependence of the response
across the two studies.

[0103] The across-wavelength amplitude-irradiance func-
tion fits are not perfect (FIG. 6), indicating that the reflec-
tance response satisfies the principle of univariance only 1n
approximation . This is not unexpected, as our measure-
ment combines signals from individual cones of different
spectral types 1n a non-linear manner (both because we use
the standard deviation as our aggregation method and
because the shape of the individual-cone amplitude-irradi-
ance function 1s not linear). I1 1t 1s possible to improve the
resolution at which we can measure a reflectance response to
the order of a single cone, we predict that each cone’s
reflectance response will be more closely univariant. Mea-
suring the action spectrum of individual cones may also
allow resolution of some of the subject-to-subject difler-
ences 1n the action spectrum calculated from the aggregate
signal (FIG. 7A) which 1in turn may arise from individual
variations 1 L to M cone ratio, lens density and macular
pigment densityl'*>>~°. Studying individual cones allows
us to separate out the contribution of S cones from those of
L. and M cones.

[0104] The agreement between our measured action spec-
tra and the photopic luminosity function differs across
subjects. For one subject (11046) 1t 1s excellent, while for
others there are deviations larger than our estimates of
measurement precision. Because the estimates of precision
are bootstrapped from a small number of trials, they may
themselves be too small. Other factors that might affect the
agreement include those discussed in the previous para-
graph. We also note that we were limited by our apparatus
in the maximum stimulus irradiance available at 480 nm,
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and that as a result the fit to each subject’s 480 nm amplitude
irradiance function was not as well-constrained by the data
as for other wavelengths.

[0105] For this work, calculation of action spectra was
based on the assumption that the stimuli were purely mono-
chromatic, while the actual stimuli had finite bandwidth. For
the stimulus with the widest bandwidth (480 nm, 30 nm
FWHM), we compared the luminance for the actual spectral
power distribution (taken to be a Gaussian function of
wavelength centered at 480 nm and with a 30 nm FWHM)
with that for a purely monochromatic stimulus at 480 nm
with the same total irradiance. These difler by less than 0.04
log 10 units, which we regard as too small relative to
measurement variability to justily the added complexity of
injecting a correction into the analysis.

[0106] It should be understood that aspects of both the
measurement and analysis techniques may be further
refined. We focused on one aspect of the reflectance
response, amplitude, to assess i1ts action spectrum. We
anticipate that extracting other aspects of the reflectance
response such as response latency or time-to-peak (FIG. SA)
provides further isight as to the origins of these signals.
Other modifications include varying the coherence length of
our imaging light to enhance the signal”, and apparatus
modifications to eliminate light leakage from the wvisible
stimulus. However, these data demonstrate that we can
reliably extract a stimulus-evoked response 1n an area as
small as 100 um* (FIG. 8, corresponding to about five cones
at ~0.71° from the fovea). In another aspect, the area 1is
reduced further. A 100 um? analysis window (FIG. 8, bottom
right), encompasses area several times smaller than the
smallest stimuli used 1n clinical perimetry (Goldmann I=830
um”) and multifocal electroretinography (0.8° diameter
hexagons=45,000 um?, see also ref 37). Thus, the methods
described herein have a functional measurement whose
resolution far exceeds that of tools currently available to the
clinician.

[0107] Crucially, the intrinsic reflectance response 1s an
exciting candidate to provide essential non-invasive func-
tional measurements 1 diseased eyes. Progressive degen-
eration of photoreceptors 1s a major cause ol blinding
disease’®*°, and experimental therapies (such as gene or
small molecule therapy, stem cell transplantation, optoge-
netic approaches) are being actively developed to prevent
and reverse disease progression™'*. Each of these therapies
operates at the level of individual cells, and evaluation of
their effectiveness requires an understanding of both disease
ctiology and the eflicacy of treatment at a stmilar scale. The
intrinsic reflectance response provide a biomarker capable of
assessing the restoration of cone function following an
experimental intervention.

Example 2: Understanding the Single-Cone
Intrinsic Response

[0108] To develop and assess methods for measuring an
intrinsic retlectance response on a cone-by-cone basis, 1n the
living human retina, the following protocol 1s developed.
The data of Example 1 demonstrates the functional rel-
evance of such a response when signals are aggregated over
multiple cones. We optimize our acquisition and analysis
parameters to record a maximal reflectance response and
adapt our protocols from measuring a response over a
population of cells to measuring a response in an individual
cell by combining data across multiple trials rather than
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across multiple cones. The parameters set out in this
example were selected for one example; they may be
adjusted as described throughout this specification.

[0109] We collected data on three subjects following the
protocol below. Early data processing (reference frame
selection, de-warping, strip registration) on the acquisitions
for these subjects was started immediately after data collec-
tion, but no substantive analyses were examined. Two
hypotheses were examined: (a) Individual cone intrinsic
signals are measurable; and (b) individual cone intrinsic
signals are sensitive to different stimulus intensities, and
their response amplitude 1s a function of the intensity of the
delivered stimulus.

[0110] Data Collection—Three subjects with normal
vision are recruited from the five subjects studied in
Example 1. Subjects provide informed consent after the
nature and possible risks of the study are explained. Fach
subjects” pupil 1s dilated and accommodation arrested using
one drop each of tropicamide (1%) and phenylephrine
(2.5%). Subjects are imaged using an adaptive optics scan-
ning laser ophthalmoscope (AOSLO). Each image sequence
1s obtained 0.71° from the subjects’ center of fixation at a
rate of 16.6 frames per second, using a 795 nm SLD and a
1x1° field of view. The eye studied for each subject matches
that previously studied in Example 1 above*®.

[0111] This experiment adheres to the following termino-
logical hierarchy (from lowest to highest-level): Acquisi-
tion—A single recording as obtained from our laboratory’s
adaptive optics scanning laser ophthalmoscope. Stimulus/
control sequence—The portion of an acquisition corre-
sponding to a stimulus or control condition. Trial—A set of
13 acqusitions (26 stimulus/control sequences), all using a
single stimulus condition. Permutation—A randomly
ordered set of 3 trials, each with 1ts own stimulus intensity.
Session—A single visit by a subject, which will consist of
measurements for 5 permutations.

[0112] Each acquisition consists of four seconds of pre-
stimulus recording, a two-second stimulus delivered to the
entirety ol the imaging field, and four seconds of post-
stimulus recording, then ten seconds of stimulus-iree record-
ing (1.e., 14 seconds of post-stimulus recording 1n all). This
results 1n 330 1mages per acquisition. A stimulus or control
sequence corresponds to the half of each acquisition with or
without a stimulus delivery, respectively, and 1s obtained by
splitting each 330-frame acquisition into a pair of 1635-frame
image sequences.

[0113] Each tnal 1s preceded by two minutes of a dark-
adaptation and consists of exactly 13 acquisitions (26 stimu-
lus/control sequences). Previous exploratory analysis has
revealed that the first 3 acquisitions contain variable data;
thus, the first 3 acquisitions (6 stimulus/control sequences)
are discarded from analysis for this study. All acquisitions
within a trial use a 350 nm stimulus with a 10 nm full width

at half max, and each stimulus condition 1s defined by three
stimulus intensities: 400 nW, 40 nW and 0 nW.

[0114] Each permutation consists of 3 randomly ordered
trials, each with a different stimulus intensity. A new, ran-
dom ordering 1s used for each permutation within a session.
IT a subject 1s not able to complete 5 permutations within a
single session, the session 1s aborted and a new complete
session rescheduled, to avoid any between-session variabil-
ity. Similarly, 1f a post-experimental error 1 stimulus or
recording conditions 1s discovered, data from that session 1s
discarded and re-collected. If data 1s discarded for any
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reason, this 1s noted. In total, there are 150 acquisitions per
subject (10 acquisitions*3 trials™5 permutations) for further
analysis.

[0115] Data Processing—Once we acquire the data and
split each acquisition in to a stimulus and control sequence,
a minimally distorted image 1s selected from within the
stimulus delivery range (1image indices 67-99) within each of
the sequences (separately for stimulus and control
sequences) and used as the reference 1image for later regis-
tration. If there 1s no minimally distorted image within the
stimulus delivery range, or the mimimally distorted images
are observed to not be from -0.71° from the fovea, then the
sequence 1s removed from further consideration. Next, we
correct the static intra-frame distortion from the sinusoidal
motion of the resonant optical scanner by estimating the
static spatial distortion from i1mages of a stationary vertical
Ronchi ruling and resampling each image over a grid of
equally spaced pixels. Each image sequence 1s “dewarped”
in this way, then strip registered to the previously selected
(also dewarped) reference image. If fewer than 60% of the
images within the stimulus delivery range (1image indices
6'7-99) do not register to the reference 1mage, or 1f fewer than
60% of the images within a sequence do not register to the
reference 1image, then a new reference frame (within image
indices 67-99) 1s chosen. If fewer than 60% of the images
within the stimulus delivery range (1image 1indices 67-99) are
unable to register to any reference 1image or 1t fewer than
60% of the images within a sequence do not register to any
reference 1image, then the 1image sequence 1s removed from
turther consideration.

[0116] Following strip registration, each stimulus or con-
trol sequence 1s placed through a pre-processing pipeline,
which consists of the following steps: (1) Residual distor-
tions from eye motion and scanner spatial nonlinearities are
removed. The distortions are removed using our variant of
Methta’s*’ algorithm, and spatial nonlinearities removed by
resampling the 1image based on an exponential {it to a static
horizontal Ronchi ruling. (2) The registered sequence 1s
cleaned of any poor data. Specifically, the algorithm deter-
mines which regions of the registered sequence are contigu-
ous for the majority of images and removes 1mages that are
discontinuous (have registration errors mid-image) or have
intensities that are two standard deviations below the
sequence mean. (3) The image sequence 1s then cropped to
the new common area. (4) An afline registration 1s per-
formed on the cleaned, cropped registered sequence to
remove any residual 1mage torsion.

[0117] All sequences are registered to the sequence with
the largest area. An average image 1s created from all
registered sequences, and cone locations 1n the average
image are marked and recorded. Using all image sequences,
we exclude cones underlying retinal capillaries by highlight-
ing the vasculature present with a modified version of a
previously described algorithm*. A binary mask is created
from this “motion contrast” 1mage by thresholding values at
a single standard deviation greater than the mean. Cones
falling within the mask are excluded from analysis. A
reflectance signal (reflectance vs time) 1s created for each
cone by first projecting a 3x3 pixel column through the
aligned 1mage sequence at each cone location and then
averaging the 9 (3x3) pixels in each frame. For each image
in the sequence, each cone’s reflectance for any given time
point 1s divided by the mean reflectance of all cones at that
time point. Each cone signal 1s standardized with respect to

Jul. 6, 2023

its own prestimulus mean and standard deviation (Example
1). Finally, 11 a cone does not have a retlectance signal for
90% or more of the stimulus delivery range (1image indices
67-99) of any stimulus or control sequence, that cone’s
signal from that sequence 1s discarded. We exclude cones
from analysis that reach the end of the data processing
pipeline with signals retained from fewer than 25 viable
stimulus or control sequences for any of the three stimulus
intensities, unless this criterion 1s too stringent and thereby
requires reevaluation.

[0118] Data Analysis—To examine the first hypothesis,
we summarize the behavior of a single cone for a given
stimulus 1ntensity by calculating the standard deviation
(defined as the square root of the variance) of its reflectance
values across all stimulus and control sequences. The stan-
dard deviation of each cone’s control sequences i1s sub-
tracted at each time point from the standard deviation of its
stimulus sequences from the same time point. This result at
cach time point 1s taken as the cone’s intrinsic reflectance
response at that time point for a given stimulus intensity. We
{1t a piecewise smooth function (as in Example 1) to the time
course of each cone’s reflectance response and determine 1ts
peak amplitude.

[0119] After the above analyses, each cone has three
reflectance response amplitudes corresponding to each of the
stimulus 1ntensities (0, 40, and 400 nW). To compare against
the previously observed population-based dose-response,
we create histograms of the amplitudes from all cones for
cach stimulus intensity, and calculate descriptive statistics
from both of the histograms, such as their mean, median, and
what percentage of their values are above 0. We then
compare and contrast the descriptive statistics between each
of the histograms. These results reveal a population-wide

intensity-dependent (or “dose”) response similar to Example
1.

[0120] We also conduct the following exploratory analy-
ses: (a) We relate each cone’s response to i1ts pre-stimulus
mean response, to determine i1f there 1s a relationship
between a cone’s pre-stimulus mean and the shape and
direction of its reflectance response. (b) We examine
whether the mean response of each cone over all of its
stimulus and control sequences show a non-zero mean
response and explore other ways to extract single cone
reflectance signals.

Example 3: Updated Method for Single Cone
Analysis

[0121] A 2-dimensional reflectance signal (reflectance vs
time) for each cone 1s created by first projecting a 3x3 pixel
column through all of the aligned image sequence at each
included cone location and then averaging the 9 (3x3) pixels
in each frame. One eflect of stimulation 1s to 1ncrease the
variability of the reflectance within multiple trials of a single
cone. The stimulation can also cause an average change 1n
reflectance. To quantily the stimulus-evoked response of a
single cell we use multiple techniques or combinations of
techniques taking advantage of both properties.

[0122] First, to correct for frame-wide changes 1in image
intensity (due to tear film disruption, microsaccades, and
changes 1n AO correction quality), each cone’s reflectance
for each frame was divided by the mean reflectance of the
same frame of all analyzed cones, as 1n Equation (1):
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[0123] where R, (1), 1s the scaled reflectance of a cone
1 as a function of time t, and R__ (t) is the mean reflectance
for the same frame of all analyzed cones.

[0124] Second, 1t 1s a well-known feature of cone reflec-
tance 1mages that there 1s cone-to-cone variation 1n reflec-
tance of unknown origin. To remove this stimulus-indepen-
dent source of variation from our signals, each cone signal
was standardized with respect to 1ts own pre-stimulus mean
and standard deviation, as 1n Equation (2):

RHD?‘H’E (r)f - Rpref (2)

R(1); = o

pre;

[0125] where R(1), 1s the scaled, standardized reflectance
signal from cone 1 as a function of time

R pre;

1s the pre-stimulus reflectance mean for cone 1, and

pre;

1s the standard deviation of the pre-stimulus reflectance of
cone 1.

[0126] Following this normalization and standardization
of each cone reflectance trace, we employ multiple tech-
niques to examine the mean change 1n cone reflectance and
variability of reflectance in multiple traces.

[0127] (a) To examine the component of the variability in
reflectance observed 1n the 1image sequences, we adopted the
process described below. Because the intrinsic response 1s
heterogeneous within multiple trials from the same cone, we
developed a metric to capture the cone’s response over the
multiple trials. We calculate the standard deviation across
cones’ standardized cone reflectance signals at each time
point t for all trials.

[0128] (b) To examine the average reflectance observed in
the 1mage sequences, we adopted the process described
below. To eliminate the effect of extrema trials, we calculate
the median at each time 1index of a cone’s reflectance profile
across all of its stimulus trials.

[0129] Using all cones standard deviation (a) or median
(b) profiles, we perform a principle component analysis
(PCA) on the cone profiles following two seconds after
stimulus onset, where the variables of the PCA are the time
indexes and the observations are all obtained cone profiles.

[0130] The reflectance response for a cone 1s derived from
this first principle component score. Use of the standard
deviation (1) PCA score provides similar results to using a
combination of PCA scores from both the standard deviation
(1) and median (2). The combination of both PCA scores
provides a benefit; however, the standard deviation on its
own 1s sufficient.
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[0131] In addition, we have explored variations on the
analysis described 1mn (1) and (2), leading to similar results.

[0132] A) We calculate the standard deviation of stimu-
lated trials as described 1n (1) above, but also calculate the
standard deviation of non-stimulated control trials for the
same cone. We then subtract the control trials from the
stimulated trials.

[0133] B) We calculate the median of a stimulated cone’s
reflectance trials as described 1n (2) above, but also calculate
the median of non-stimulated control trials for the same

cone. We then subtract the control trials from the stimulated
trials.

[0134] We then use PCA for the standard deviations and
medians (now control subtracted) as above. The reflectance
response for a cone 1s derived from this first principle
component score where the combination of standard devia-
fion and median 1s superior to standard deviation alone;
although standard deviation alone 1s sufficient. Another
embodiment of the analysis i1nvolves using one signal
employing the control subtraction, while the other does not.

Example 4: Optophysiological Function of
Individual Cones

[0135] Adaptive optics (AO) observations of the human
cone mosaic have shown that visible light stimuli induce
changes 1n infrared reflectivity. In Example 1, we demon-
strated that the intrinsic reflectance response for a cone
population 1s dependent on stimulus radiance and wave-
length and 1s related to cone phototransduction. Here we
examine whether we can measure an intrinsic reflectance
response 1n 1ndividual cones.

[0136] Three subjects were 1imaged using an AQ scanning
light ophthalmoscope. 1X1° videos were acquired 0.7° from
the fovea with a 795 nm 1maging source. Each acquisition
consisted of recording for 4 s prestimulus, 2 s while deliv-
ering a 350 nm stimulus of varying retinal irradiance (0, 30,
and 450 nW/deg?), and 14 s post-stimulus. Thirteen acqui-
sitions (the first 3 of which were excluded to allow responses
to stabilize) were obtained within a single run. Each run was
preceded by 2 minutes of dark adaptation. Five runs were
obtained for each stimulus 1rradiance, with run irradiances
randomly 1nterleaved. Every acquisition was split 1n half;
the first and second halves were defined as stimulus and
control sequences. All sequences were co-registered. Tem-
poral reflectance signals were extracted from each cone and
standardized to their pre-stimulus values. For each stimulus
irradiance we calculated the standard deviation (SD) of the
standardized reflectances at each time point across all stimu-
lus sequences, subtracted the control sequences’ SD, and {it
a piecewise-smooth function to the result. We took as each
cone’s response the signed peak magnitude of that cone’s {it.

[0137] The average cone response for the 3 subjects was
0.08 (range 0.06-0.1) for 0 nW/deg”, 0.9 (range 0.6-1.2) for
50 nW/deg”, and 1.2 (range 0.8-1.5) for 450 nW/deg”.
Larger responses were found i 93% (range 92-97%) of
cones at 450 nW/deg” compared to 0 nW/deg” and in 92%
(range 90-95%) of cones at 50 nW/deg~ compared to 0
nW/deg”. Our measurements reveal an intrinsic reflectance
response 1n —95% of individual cones. It 1s unsurprising that
—3% of cones were unresponsive, as the stimulus wave-
length does not substantially activate S-cones. The average
individual cone response icreases with irradiance, as would
be expected for a functional signal. Our technique has the
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potential to enable simultaneous objective Tunctional assess-
ment of large numbers of individual cones.

Example 5: Cellular-Scale Assessment of Visual
Function in Choroideremia

[0138] Advanced retinal imaging allows identification of
cellular-scale structural abnormalities i1n retinal disease.
Here we use adaptive optics scanning laser ophthalmoscopy
(AOSLO) to assess retinal function at high spatial resolution
and ask how {function varies with structural changes
observed in Choroideremia (CHM), an X-linked inherited

retinal degeneration.

[0139] Structural images of the mner and outer segment
mosaics were 1maged i twelve CHM patients using a
custom AOSLO equipped with both confocal and split-
detection 1maging modalities. The same instrument was
used to make two types of functional measurements.

[0140] (1) For AO microperimetry (11 of 12 patients),
circular stimuli of 550 nm subtending either 9.6 or 38.3
arcmin® (-60 or 15 times smaller than Goldman III stimuli)
were presented through the AOSLO system. Measurements
ol transverse chromatic aberration combined with real-time
retinal tracking enabled precise targeting of stimuli to pre-
identified locations and psychophysical thresholds were
measured.

[0141] (2) For itrinsic reflectance (7 of 12 patients),
infrared confocal 1images were acquired before, during and
following exposure to 550 nm square stimuli subtending 1
deg”. Reflectance responses were extracted for each cone as

described in Example 1%°; these signals are related to
phototransduction.

[0142] In CHM, both split-detection and confocal struc-
tural 1images show sharp borders between intact central
1slands of photoreceptors and complete atrophy of the outer
retina. AO microperimetry at locations directed across these
borders also show a sharp decrease in function, with readily
measurable visual thresholds on one side and complete
scotoma on the other. Thresholds measured along an outer
retinal tubulation showed complete scotoma despite the
presence of visible cone inner segments. The average ampli-
tude of the intrinsic reflectance response was reduced by a
factor of 6.8 mm CHM compared to controls.

[0143] CHM patients exhibit sharp functional transitions
between intact and degenerated retina. These functional
transitions can occur over an area smaller than the Goldman
III stimulus. In addition, the intrinsic reflectance response
can provide a high throughput biomarker of local cone
function 1n retinal disease. High resolution measures of cone
function are important, in particular for assessing whether
experimental therapies provide a functional benefit to
patients.

Example 6: Determine the Origin of the Intrinsic
Reflectance Response

[0144] We incorporate dark-field and non-confocal split-
detection AOSLO immaging (in comparison with confocal
AOSLO) to investigate whether, and to what extent, the
intrinsic reflectance response arises from the inner and/or
outer segments of the cones and model our results to
determine the extent to which interference between the
reflectance from the inner segment/outer segment (IS/0OS)
junction and the reflectance from the cone OS tip can
account for the response.
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[0145] Finally, we correlate the reflectance response with
other measures of visual function including retinal sensitiv-
ity and multi-focal electroretinogram (miERG).

[0146] To establish reflectance response norms 1n a popu-
lation of healthy controls, we investigate how biological
variables including retinal eccentricity, age, sex, and race
impact the reflectance response. We establish a normative
database of the retlectance response across these variables 1n
order to make ready the reflectance response as a biomarker
for assessing abnormal cone function. We also compare the
reflectance response with other measures of cone function
including retinal sensitivity (measured by microperimetry
and AO-guided microperimetry) and multi-focal elec-
troretinogram in the same subjects.

[0147] Stll other experiments are aimed at maximizing
the functional signal measured and determining the mecha-
nistic origin of the functional response. Improvements to
these methods includes adjustments to both the acquisition
of functional images and the analysis of these images.
Currently, improvements to the analysis techniques are
ongoing, including adjusting how the mean and standard
deviation signals are combined for maximum impact.

Example 7: The Retlectance Response of Individual
Cones

[0148] Stimulus-evoked changes in cone reflectance are
heterogeneous both across cones in the mosaic and across
trials for individual cones (FIG. 14). Considering that one
possible explanation for the origin of the reflectance
response 1s stimulus-evoked changes 1n interference
between light reflected from two or more surfaces within a
cone, this heterogeneity 1s perhaps unsurprising. Indeed we
now have data to show that using a coherent light source for
imaging results 1n a higher reflectance response as compared
to a partially-coherent light source, as expected given this
hypothesis. Our published measurements leveraged the
response heterogeneity into a response measure based on
reflectance standard deviation, taken across a population of
cones for each time point. For single cone responses, we use
a similar technique and take advantage of within-cone
trial-by-trial response heterogeneity, rather than across-cone
heterogeneity.

[0149] We measure the intrinsic reflectance response of
individual parafoveal cones over a 1° square field i 5
subjects with normal vision. Each subject’s pupil 1s dilated
and subjects’ parafoveal photoreceptor mosaics are 1maged
with a NIR coherent light source (785 nm, >95 um coher-
ence length) using confocal AOSLO. Each data acquisition
will consist of four seconds of prestimulus recording, a
one-second stimulus delivered to the entirety of the 1°
square 1maging field, four seconds of post-stimulus record-
ing, and then nine seconds of stimulus-free recording (18
seconds 1n all). The first nine seconds of recording 1s the
stimulus interval; the last nine seconds 1s the control inter-
val. These are paired and analyzed as detailed below. Each
run of the experiment 1s preceded by two minutes of a
dark-adaptation and consists of 13 acquisitions. Exploratory
analysis revealed that the first three acquisitions of a trial are
not 1n steady state; thus, the first three acquisitions are
discarded from analysis for this experiment, but stored for
possible future analysis. Acquisitions use a 545 nm stimulus
with a 10 nm full width at half max (FWHM) and a retinal
irradiance of either 900 nW/deg?2 or 0 nW/deg2. Stimulating

at 545 nm produces close to equal excitation of middle (M)
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and long-wavelengh sensitive (L) cones (~93% of all cones),
and little excitation of short-wavelength-sensitive (S) cones
(~5% of cones). The 0 nW/deg2 (1.e. no stimulus) acquisi-
tions will serve to determine the noise floor for the mea-
surement procedure. We acquire five runs for each stimulus
irradiance, resulting 1n 50 retained acquisitions per stimulus
irradiance.

[0150] For analysis of the reflectance response, each
acquisition’s series of 1images are dewarped and co-aligned
to each other. Cones are identified 1n the 1mage sequences
and cones underlying retinal capillaries will be excluded
from analysis. A retlectance signal (reflectance vs time) 1s
created for each cone by first projecting a 3x3 pixel column
through the aligned 1mage sequence at each cone location
and then averaging the 9 (3x3) pixels 1n each frame. For
cach 1mage 1n the sequence, each cone’s retlectance for any
given time point 1s divided by the mean reflectance of all
cones at that time point. Each cone signal 1s then standard-
1zed with respect to 1ts own prestimulus mean and standard
deviation, as previously described. An acquisition for a cone
1s excluded 1f the cone does not receive at least 90% of a
stimulus (due to eye motion or blinks). Cones with fewer
than 20 retained acquisitions (out of 50) are excluded from
turther analysis. We summarize the behavior of a single cone
by calculating the standard deviation of its reflectance values
at each time point across all stimulus 1ntervals, and sepa-
rately across all control intervals. The mean standard devia-
tion obtained from all control intervals 1s subtracted at each
time point from the standard deviation obtained from each
cone’s stimulus intervals to obtain each cone’s response
(FIG. 15C, black trace). To reject noise fluctuations 1n the
response, we it the result with a smooth spline and obtain
the peak amplitude of the fit. It 1s the log of this peak
amplitude, after addition of one to stabilize the log trans-
formation, that 1s plotted in FIGS. 15 and 16.

[0151] In another analysis method, we have also analyzed
the standard deviation data using a moving root mean square
(RMS) analysis. In this implementation, we calculate the
moving RMS (using a 5 frame window) of the standard
deviation across all stimulus and control sequences. The
control (O nW) mean moving RMS 1s then subtracted at each
time point from the moving RMS of each cone’s stimulus
sequences; this results at each time point i1s taken as the
cone’s mtrinsic retlectance response at that time point for a
grven stimulus. We then determine the 953th percentile of the
signal during the stimulus delivery period and use this value
as the stimulus amplitude.

[0152] For each individual cone, reflectance response
amplitudes for simulated and control intervals are compared
and 900 nW/deg2 stimulus intervals are compared to O
nW/deg?2 stimulus intervals, where the full experiment and
analysis will be repeated without visible light stimulation.
Data suggests the stimulus interval response of the wvast
majority of cones stimulated for 1 s at 900 nW/deg2 exceeds
the control interval response (FIG. 15). Sumilar separation 1s
found when comparing the stimulated response for the same
cone to an unstimulated (0 nW/deg2) control condition,
(data not shown). We view this initial degree of separation
as highly promising for obtaining reliable single-cone retlec-
tance responses. Noteworthy 1s that ~5% of the cones 1n the
human retina are S cones which would not be expected to
respond to the 545 nm stimulus, and that the majority of
cones we have preliminarily identified as S cones using
separate AO densitometry measurements exhibit stimulated
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reflectance responses that are similar to control responses.
We know that the population reflectance response varies
with 1rradiance, duration, and wavelength. Further, we have
data (not shown) that indicates that the average individual
cone reflectance response 1increases with stimulus 1rradiance.

Example 8: Response Repeatability

[0153] To test within session repeatability, we randomly
divided the 350 acquired trials 1n half, calculated the retlec-
tance response for each half independently, and compared
the retlectance responses ol individual cones for the split
data set. To test across session repeatability we repeated the
experimental acquisitions, using the same i1maging and
stimulus parameters at the same parafoveal retinal location
in the same subject at the same time of day, with more than
one week separation. This separation 1s long enough that the
starting reflectance of cones 1s uncorrelated across time
points. Data show that the reflectance response of individual
cones 1s correlated both within and across sessions (FIG.
16). Further, we found that S cones generally did not show
a reflectance response to 545 nm stimuli, as expected. We
compared 1ntersession response measurements with AO
densitometry to validate the extent to which low responding
cones are 1dentified as S cones. Preliminary data show that
AQO densitometry 1s working i our lab (FIG. 16A);
improved i1dentification of S cones will be obtained by
taking more data per subject.

Example 9: Effect of Imaging Source Coherence
Length

[0154] We have measured the reflectance response while
varying coherence length of the imaging source. Coherence
length 1s a function of both the wavelength and bandwidth
of the source; our data has been acquired using either a 785
nm laser diode or a 795 nm super-luminescent diode with
coherence lengths of >95 and 13.6 um, respectively, assum-
ing a cone outer segment refractive mndex of 1.43. We have
data (FI1G. 17; 785 versus 795 nm lines at 450 nW/deg2) to
show that imaging with the longer coherence length source
results 1n a stronger retlectance response, as expected.

Example 10: The Multiply-Scattered Retlectance
Response

[0155] We are testing the hypothesis that the intrinsic
reflectance response has a component arising from the cone
IS/OS junction using non-confocal split-detection and dark-
field AOSLO mmaging. Non-confocal split-detection images
are thought to show cone ISs by detecting multiply-scattered
light 1n two opposing directions and subtracting one from
the other. Dark-field images are the sum of these same two
multiply-scattered signals. We are examining the extent to
which cones exhibit split-detection and dark-field intrinsic
reflectance responses, and the extent to which the split-
detection and dark-field responses are aflected by imaging
coherence length and are correlated with contfocal responses.
Based on preliminary data from one subject at 1.5° temporal
retina (FIG. 17), we have shown that dark-field and split-
detection modalities exhibit reflectance responses above the
noise tloor, but these responses are smaller than the confocal
response of the same cells.

[0156] Fach and every patent, patent application, and
publication, mcluding websites cited throughout specifica-
tion, 1s mcorporated herein by reference. While the inven-
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tion has been described with reference to particular embodi-
ments, 1t 1s appreciated that modifications can be made
without departing from the spirit of the mmvention. Such
modifications are intended to fall within the scope of the
appended claims.
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1. A method for non-invasive assessment of photoreceptor

function 1n a mammalian subject comprising:

exposing a subject’s eye to a visible light stimulus,
wherein absorption of visible light by a photoreceptor’s
photopigment initiates an intrinsic reflectance response
from the photoreceptor;

capturing multiple images of the photoreceptor’s intrinsic
reflectance response to the stimulus over a time period;
and

identilying a pattern of varnations in the intrinsic reflec-
tance response indicative of an ocular condition, dis-
case, disorder or a response to treatment for said ocular
condition, disease or disorder.
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