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Purrose. We previously developed reduced-illuminance autofluorescence imaging (RAFD
methods involving near-infrared (NIR) excitation to image melanin-based fluorophores and
short-wavelength (SW) excitation to image lipofuscin-based flurophores. Here, we propose to
normalize NIR-RAFI in order to increase the relative contribution of retinal pigment
epithelium (RPE) fluorophores.

MEeTtHoDS. Retinal imaging was performed with a standard protocol holding system parameters
invariant in healthy subjects and in patients. Normalized NIR-RAFI was derived by dividing
NIR-RAFI signal by NIR reflectance point-by-point after image registration.

Resurts. Regions of RPE atrophy in Stargardt disease, AMD, retinitis pigmentosa,
choroideremia, and Leber congenital amaurosis as defined by low signal on SW-RAFI could
correspond to a wide range of signal on NIR-RAFI depending on the contribution from the
choroidal component. Retinal pigment epithelium atrophy tended to always correspond to
high signal on NIR reflectance. Normalizing NIR-RAFI reduced the choroidal component of
the signal in regions of atrophy. Quantitative evaluation of RPE atrophy area showed no
significant differences between SW-RAFI and normalized NIR-RAFIL.

Concrusions. Imaging of RPE atrophy using lipofuscin-based AF imaging has become the gold
standard. However, this technique involves bright SW lights that are uncomfortable and may
accelerate the rate of disease progression in vulnerable retinas. The NIR-RAFI method
developed here is a melanin-based alternative that is not absorbed by opsins and bisretinoid
moieties, and is comfortable to view. Further development of this method may result in a
nonmydriatic and comfortable imaging method to quantify RPE atrophy extent and its
expansion rate.
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he retina is a complex layered structure of neurons and glia
that lines the inside surface of the eyeball. Photoreceptor
cells form the most distal layer of the retina and their outer
segments interdigitate with the apical portion of a monolayer of
retinal pigment epithelium (RPE) cells that provide support.
The basal surface of the RPE is separated from the choroidal
blood supply by Bruch’s membrane. Imaging of the retina, RPE,
and the choroid is an important component of the diagnosis of
ocular disorders affecting these tissues. The retina is nearly
transparent, but both the RPE and choroid contain pigments
that strongly interact with imaging lights across a range of
wavelengths. The two major pigments of the RPE are lipofuscin
and melanin.'~3 The choroid also contains melanin with optical
and biochemical properties as well as an embryonic origin that
differs from its RPE counterpart.i-3
One of the imaging modalities used in diagnosing the health
of the RPE and its response to treatments is fundus
autofluorescence (FAF) imaging.?~!! In its traditional form,
FAF imaging is performed with a bright short-wavelength light,
which provides information mostly originating from lipofuscin
pigments in the RPE.'?-4 Especially with regards to delineation
of the area of geographic atrophy in AMD and its change over

time, FAF has become an accepted outcome measure in clinical
trials (e.g., NCT00890097, NCT01527500 in the public domain,
www.clinicaltrials.gov). There are however several drawbacks
to FAF imaging. First, vulnerable retinas in animal models of
retinal degenerative conditions demonstrate increased sensitiv-
ity to light levels!'>-2° that are otherwise thought to be harmless
to normal retinas. FAF involves one of the brighter lights used in
clinical examination of patients. The evidence of hypersensi-
tivity to light damage in patients with retinal disease, at least in
certain retinal ‘sectors, has been circumstantial, 2122 but if it
were true, FAF imaging could potentially confound studies of
natural history or intervention in vulnerable patients. Especially
important are younger patients who are increasingly taking part
in clinical trials and may be more vulnerable due to greater
transmission of shorter wavelength lights through young
lenses.?>2% In addition to vulnerable patients, exposure limits
for normal retinas have come under question recently.?>-27
Second, subjects feel uncomfortable with the bright light and
tend to squint and tear, which tends to reduce image quality.
This factor makes it very difficult to record images in patients
with photoaversion especially in primary cone diseases such as
cone dystrophy, achromatopsia, or blue-cone monochroma-
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tism. Third, the normal FAF signal near the fovea is very low
making it difficult to detect RPE disturbance limited to the
foveal region.?® Fourth, non-RPE fluorophores could compli-
cate the interpretation of the images.?°-3! Fifth, imaging with
FAF tends to depress subsequent visual function measures,
especially in patients with slow dark-adaptation kinetics.32-40
Sixth, FAF imaging requires pupillary dilation; nonmydriatic
imaging is not possible.

An alternative form of AF imaging based on near-infrared
(NIR) excitation light*! has been proposed by three indepen-
dent groups, and variably named “fundus near infrared
fluorescence,”#2 “near-infrared autofluorescence,” or “AF
[7871,743 or “reduced-illuminance autofluorescence imaging
with NIR excitation (NIR-RAFD).”#4 The latter method was one
of two RAFI methods we proposed, the other being short-
wavelength (SW)-RAFL“4 NIR-RAFI and similar NIR-based
methods have the distinct advantage of being low-illuminance
(i.e., the patients perceive it as a dim red light unlike the bright
SW light used in traditional FAF imaging). More importantly,
the excitation wavelength is far from the absorption maxima of
opsin and bisretinoid moieties that are thought to be involved
in some forms of light damage,¥5-%7 and thus it could be
considered “safer” for susceptible retinas at least in terms of
actinic wavelengths.

NIR-RAFI is thought to be originating from melanin and
related pigments located within the RPE and the choroid.*®
One of the drawbacks of NIR-RAFI include the lack of
widespread availability of imaging equipment capable of
recording this signal. Nevertheless, a growing literature now
exists from our group?®4448-58 and that of others3!41-43.59-72
on the use of NIR-RAFI, and the interpretation of the acquired
images in different retinal conditions. Importantly, SW excited
AF imaging modalities and NIR-RAFI provide overlapping but
independent information about RPE and retinal abnormali-
ties 31:4459,61.65.68 gometimes, interpretation of NIR-RAFI is
complicated due to existence of relevant melanin-based
fluorophores both within the RPE and choroid layers. This
complexity is especially obvious in cases when the RPE is
atrophied, and the resulting ‘window’ allows detection of the
choroidal signal. A method to preferentially enhance the
relative contribution of the RPE melanin could simplify
interpretation of the resulting images. Current work describes
the reflectance-normalized RAFI (RAFIn) that provides greater
contrast between RPE and choroidal sources of fluorescence,
at least under certain conditions. Further optimization of this
technique could allow nonmydriatic imaging and quantifica-
tion of RPE atrophy as well as greater understanding less severe
RPE ‘disease, which often involves changes in pigmentation.

METHODS

Subjects

All procedures followed the Declaration of Helsinki and the
study was approved by the institutional review board.
Informed consent, assent and parental permission were
obtained and the work was HIPAA compliant. Included were
patients (n = 27) with Stargardt disease (STGD1), AMD,
retinitis pigmentosa (RP), choroideremia (CHM), or Leber
congenital amaurosis (LCA; Supplementary Table S1), and
healthy subjects (1 = 18).

Retinal Imaging

Imaging was performed with a confocal scanning laser
ophthalmoscope (Spectralis HRA; Heidelberg Engineering,
Heidelberg, Germany) to obtain three types of en face images.
SW-RAFI used 486-nm excitation and collection of emission
signals over approximately 500 to 750 nm. The laser power
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was set at 25% using a software modification provided by the
manufacturer as compared with a recalibration we had
performed in earlier work.** The detector sensitivity setting
was either 87% or 105%. Near-infrared-reflectance (NIR-REF)
imaging was performed with 815-nm light with a 25% laser
power setting and a detector sensitivity of 55%. In CHM
patients, detector sensitivity was further reduced as low as to
40% in order to avoid saturation. NIR-RAFI was performed with
786-nm light and emission signals were collected between
approximately 810 and 900 nm. Laser output setting was 100%
and detector sensitivity was 87% or 105%.

All images were acquired with the high speed mode
wherein a 30° X 30° square field was sampled onto 768 X
768 pixels. The dilated pupil of the subject was aligned with
the optical axis of the instrument (head position stabilized with
chin and forehead rests) in a room with dimmed ambient
lights. Focus setting was optimized first under NIR reflectance.
Minor adjustments to focus were made under AF images in
order to obtain the highest intensity. Manufacturer’s ART
feature was used whenever possible with a 21 frame average;
manufacturer’s automatic normalization feature was turned off.
When necessary, a wide-field image montage was assembled by
manually specifying retinal landmark pairs corresponding to
each other in overlapping segments using custom-written
software (MATLAB 6.5, Natick, MA, USA). Images from left eyes
were transformed into equivalent right eyes for comparability.
Eyes with blue, gray, green, and hazel irides were classified as
“light colored” and those with brown irides were classified as
“dark colored.”

NIR-RAFI and SW-RAFI images were black-level corrected by
subtracting the frame-specific black-level recorded by the
acquisition software. NIR-RAFIn was calculated by first
registering the NIR-REF and NIR-RAFI images using a custom
program (MATLAB 6.5) with user-selection of corresponding
landmarks distributed throughout the image and allowing for
linear spatial transformation between the images being
registered. Next, NIR-RAFI image was divided by NIR-REE
pixel by pixel to produce NIR-RAFIn. In order to quantify and
plot NIR-RAFIn signals, profiles along the horizontal and
vertical meridians were calculated along a 10-pixel wide band.
In a subset of patients, cross-sectional optical coherence
tomography (OCT) imaging was also available. In a group of
STGD1 patients, the apparent contrast between RPE atrophy
and neighboring nonatrophy region was calculated as the
mean gray level difference divided by the mean gray level sum,
after subtracting relevant black-level values. Contrast was
calculated for NIR-RAFIn and SW-RAFI, and compared. Also,
the areas of RPE atrophy were quantified on NIR-RAFIn and
SW-RAFI, and compared.

REsULTS

Detecting RPE Atrophy With Autofluorescence
Imaging

Retinal pigment epithelial cells naturally contain at least two
types of fluorophores: those related to melanin that fluoresce
upon excitation with NIR light and those related to lipofuscin
that fluoresce upon excitation with SW light. In the macula of
healthy subjects, NIR-RAFI and SW-RAFI signals are dominated
by RPE melanin and lipofuscin distribution, respectively (Figs.
1A, 1B). Specifically, normal SW-RAFI shows a low signal near
the fovea mostly due to the absorption of the SW light by
macular pigment surrounded by a higher signal that reaches an
elliptical annular peak near approximately 10° to 17° eccen-
tricity (see Ref. 55 for quantification of SW-RAFI signal across a
wide retinal extent) corresponding closely to the highest
density of rod photoreceptors.”> NIR-RAFI, on the other hand,
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Reduced-illuminance autofluorescence imaging (RAFI) results comparing SW- and NIR-excitation in healthy eyes and in retinal disease.

(A, B) Reduced-illuminance autofluorescence in a representative young normal (N1) with dark irides and in an older normal (N16) with light irides.
Calibration (lower right) applies to all images. (C, D) Stargardt disease with large central RPE atrophy in patients with light (P6) or dark (P5) irides.
Arrows, superonasal boundary between atrophy and neighboring healthier region. Arrowbeads, heterogenous-appearing region infero-nasal to
fovea. (E, F) Nonneovascular AMD with geographic atrophy in two patients (P15, P14) with dark irides. Arrows, regions of geographic atrophy.
Arrowbead, foveal preservation in P15. (G, H) Retinitis pigmentosa with parafoveal and perimacular degeneration in two patients (P16, P17) with
light irides. Arrows, inferonasal perimacular region with RPE disease. Arrowbeads, parafoveal region with RPE atrophy. Image contrasts are

individually adjusted for visibility of features.

shows a high signal near the fovea likely due to the higher
melanin optical density resulting from taller cell bodies and
greater melanin concentration within these RPE cells.

In retinal disease, upon atrophy of RPE cells, fluorescence
originating from RPE melanin and lipofuscin is extinguished.
The remnant signals recorded at retinal loci with RPE atrophy
could be due to unmasking of choroidal or scleral signal.
Alternatively or additionally, minor retinal fluorophores3®.7475
or pseudofluorescence could contribute. Examples of RPE
atrophy demonstrate the range of results obtained in different
patient phenotypic categories with SW or NIR illumination
(Figs. 1C-H). A 34-year-old patient P6 with STGD1 shows a
large region of RPE atrophy with low signal on SW-RAFI (Fig.
1C, black arrow); surrounding the atrophy is a heterogeneous
region of high and low signal (Fig. 1C, black arrowhead). On
NIR-RAFI, the region of atrophy also demonstrates a low signal
(Fig. 1C, white arrow); surrounding the atrophy is a
heterogeneous region of low and intermediate signal (Fig.

1C, white arrowhead). A 32-year-old STGD1 patient P5 also
shows a large region of RPE atrophy on SW-RAFI (Fig. 1D, black
arrow) surrounded by a heterogeneous region of high and low
signal (black arrowhead). Surprisingly, on NIR-RAFI there is
very little loss of signal at the region corresponding to the
atrophy; instead, there is a region where the blood vessel
pattern appears choroidal in origin (Fig. 1D, white arrow). P6
had light whereas P5 had dark colored irides, and thus the
greater appearance of choroidal features in P5 appears
consistent with correlation previously observed between
choroidal pigmentation and eye color.>3%43 An 80-year-old
AMD patient P15 with geographic atrophy shows what appears
to be a horizontally-elongated region with loss of SW-RAFI
signal (Fig. 1E, black arrows). On NIR-RAFI, on the other hand,
there are two parafoveal circular regions of signal loss (Fig. 1E,
white arrows), and relative preservation of the fovea between
the two regions (Fig. 1E, white arrowhead). A 75-year-old AMD
patient P14 with geographic atrophy shows loss of AF signal on
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SW-RAFI (Fig. 1E black arrow) but not NIR-RAFI (white arrow);
at the retinal loci with RPE atrophy on SW-RAFI, a choroidal
pattern of blood vessels is visible on NIR-RAFI. Both patients
had dark irides.

Patients with RP tend to lose (mid-) peripheral retina to
progressive retinal degeneration first. In some RP patients,
there can also be macular changes relatively early in the
disease.”® A 25-year-old patient P16 with X-linked RP (XLRP)
shows a macular region of high signal surrounded by an
annulus of atrophy on SW-RAFI (Fig. 1G, black arrow); there is
also a distinct bull’s eye u-shaped darkness at the parafoveal
region (Fig. 1G, black arrowhead). On NIR-RAFI, macular
appearance has distinct similarities to that of SW-RAFI
demonstrating the retained signal in foveal and perifoveal
regions, with the loss of signal at the parafovea (Fig. 1G, white
arrowhead). The paramacular region on NIR-RAFI shows a
distinctly choroidal appearance (Fig. 1G, white arrow) and
differs from the dark SW-RAFI result. P16 had light colored
irides, which is consistent with the lack of choroidal signal
parafoveally but it is not consistent with a strong choroidal
signal in the paramacular region. A different RP patient, P17,
also shows relative retention of the macular region with
parafoveal involvement (Fig. 1H, black arrowhead). However,
the NIR-RAFI result is distinctly different with substantial
choroidal structure apparent throughout the central retina.
Appearance of high choroidal signal is not consistent with the
light-colored irides of P17.

These examples of differing macular and retinal degenera-
tive diseases demonstrate that estimates of RPE health based on
interpretation of SW-RAFI sometimes overlaps with that of NIR-
RAFIL. In complex cases with differing SW- and NIR-RAFI
results, additional information is necessary to decipher sources
and differentiate between melanin-based fluorophores of the
RPE and choroid. Iris pigmentation is thought to be related to
the choroidal pigmentation3-3143 and appears to explain some
of the results but not others.

NIR Absorption and Backscatter in Retina, RPE,
Choroid, and Sclera

Local contrast of anatomical features visible in reflectance
imaging results from the interaction of the illumination light
with local changes in scattering and absorption at those
wavelengths, as well as the mode of imaging.”’-8 Melanin
pigments in the RPE and choroid are the major contributors to
both scattering as well as absorption of NIR light.” In some
healthy eyes, NIR-reflectance imaging shows a relatively diffuse
background interrupted by darker retinal blood vessels (Fig. 2A,
left two panels). The relative lack of visible choroidal features in
N4 with dark irides and N6 with light irides suggests that either
NIR light is absorbed at the level of the RPE and does not
traverse to deeper layers, or there is no backscatter originating
from the choroid, or both. However, some healthy subjects do
show choroidal features such as N7 (Fig. 2A, right panel, white
arrow). Counterintuitively, N7 has light colored irides and
presumably less choroidal melanin despite prominent choroidal
features. Importantly, retinal regions showing choroidal features
are often substantially brighter on NIR reflectance than
neighboring regions showing no choroidal features. One
hypothesis consistent with normal results is that RPE melanin
has a predominant absorption property, whereas choroidal
melanin has a predominant (back-) scattering property, at least
for the wavelength (815 nm) and confocal imaging conditions
used here. In line with this hypothesis, local visibility of the
choroid with a brighter signal can result from one of two
choices. First, local increases in choroidal melanin could cause
relatively greater backscatter signal while overlying RPE has a
uniform absorption. Second, local reductions in RPE melanin
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could cause relatively lower absorption, and thus unmask the
backscatter signal originating from the choroid. There could also
be a combination of both of these effects.

To evaluate these choices, we examined NIR reflectance in
retinal degenerations. STGD1 patient P4 with a macular lesion
showed a relatively dark ring of NIR-REF region corresponding
to the parafovea, which was not atrophied based on SW-RAFI
results (Fig. 2B, left panels, white arrowheads). There was
however severe retinal degeneration at this location, and the
relative loss of NIR backscatter signal can be due to the loss of
photoreceptor outer segments and RPE apical processes. The
lack of visibility of choroidal features despite OCT evidence of
greater choroidal transmission of the NIR signal suggests that
the absorption by the RPE melanin remains intact. STGD1
patients P7 and P12 with macular RPE atrophy (Fig. 2B), on the
other hand, show a relative bright NIR-REF region correspond-
ing to the loss of RPE, and likely loss of absorption component
at the level of the RPE opening a window to detect the
backscatter component from the choroid (or sclera). Optical
coherence tomography scans show that transitions between
dark to bright NIR-REF (white arrowheads) correspond to the
increase of signal transmission into the choroid but choroidal
thickness does not appear to change abruptly across the
transition. Thus, the brighter NIR-REF signal is likely originat-
ing from the choroid as opposed to sclera.

Choroideremia is a disease of photoreceptors, RPE, and the
choroid. The primary manifestation of the disease remains
controversial but a direct, quantitative, and colocalized compar-
ison has supported the hypothesis that the disease starts in
photoreceptors.®! NIR-REF signal in CHM eyes is often unusually
high so that both laser power and detector sensitivity need to be
substantially reduced in order to obtain unsaturated images.
Different stages of CHM may contribute to the understanding of
the sources contributing to the NIR-REF signal. P25 is a 38-year-
old CHM patient (Fig. 2C, left) with evidence of retinal
degeneration throughout the retina. NIR-REE under standard
recording conditions, results in a saturated image everywhere
except for an irregular-shaped central region. NIR-REF signal
within the center of the irregular region is normal but OCT
shows substantial abnormalities at the level of the inner and
outer segments, confirming previous results®! that photorecep-
tor abnormalities precede melanin backscatter abnormalities.
Partial degeneration of the photoreceptors within the immediate
surrounds of the fovea corresponds to increased NIR-REF signal
originating from the choroid (black arrow). Temporal to the
optic nerve head in P25 and across most of the central retina in
P27 (Fig. 2C) there is thinning of the choroid and likely greater
contributions of NIR-REF signal coming from the sclera
corresponding to retinal regions where choroidal blood vessels
become invisible. P25 had dark irides and P27 light irides, thus
showing a lack of a major correlation with eye color.

The examples of healthy, STGD1, and CHM eyes taken
together could support the hypothesis that, with NIR light,
choroidal melanin has a dominant backscatter component that
can be unmasked by the reduction of the RPE melanin’s
absorption component that is in the normal light path of en
face imaging.

Normalized NIR-RAFI: Results in Healthy Eyes

If choroidal melanin has a greater backscatter component than
RPE melanin, it follows that the RPE component of the NIR-
RAFI signal can be relatively enhanced by normalizing
(dividing) by the NIR-REF signal. To test this hypothesis, NIR-
REF and NIR-RAFI were obtained in 15 healthy eyes (ages 14-
72 years) and normalized NIR-RAFI (NIR-RAFIn) was calculat-
ed. Figures 3A and 3B demonstrates the results in representa-
tive younger and older healthy subjects, respectively. NIR-REF
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Ficure 2. Range of reflectance (REF) images with NIR illumination showing different appearances of RPE and choroid likely associated with
differences in absorption and backscatter at different depths. (A) Healthy subjects showing no obvious choroidal features (N4, dark irides), barely
visible choroidal features (NG, light irides), and clearly visible choroidal features (N7, light irides, arrow). (B) Stargardt patients (STGD1) with
central lesions showing a parafoveal ring of low NIR-REF signal (P4, arrowbeads), and those high to low NIR-REF transition at the border of RPE
atrophy (P7, P12, arrowbeads). All three patients had light irides. Optical coherence tomography (OCT) and SW-RAFI images are also shown.
Horizontal dashed lines depict the location and extent of the OCT. (C) A patient (P25, dark irides) with choroideremia (CHM) demonstrating the
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relationship between the relatively retained central retinal pigmentation corresponding to relatively low NIR-REF signal. Another CHM patient (P27,
light irides) demonstrating NIR-REF in the case of chorioretinal degeneration. The brighter NIR-REF images were recorded with the standard
sensitivity setting, whereas the dimmer images recorded with a reduced sensitivity. White arrows, retinal regions with no obvious photoreceptors
or choroid remaining. Black arrows, retinal regions with retained choroidal structure but without detectable photoreceptors. Arrowbeads,
correspondence between the boundaries of the low NIR-REF signal and the associated OCT scans.

image of the 19-year-old N3 shows relative brightness nasal to
the fovea and greater visibility of choroidal vessels compared
with the temporal region (Fig. 3A, left panel). NIR-RAFI image
shows a higher fluorescence from the foveal region compared
with the rest of the image. Surrounding the fovea, there is
relatively greater fluorescence on the temporal retina com-
pared with the nasal retina. NIR-RAFIn image makes the nasal-
temporal asymmetry more distinct. NIR-REF image of the 62-
year-old N17 appears more uniform (Fig. 3B, left panel). Near-
infrared-RAFI image is also more uniform with only a minor
increase in fluorescence near the fovea. NIR-RAFIn image
shows a small region of brightness at the fovea but otherwise a
relatively uniform signal.

NIR-REE NIR-RAFI, and NIR-RAFIn values were quantified.
Initially, we obtained intensity profiles across the fovea along the
horizontal and vertical meridians and formed averages for
younger (14-40 years; n = 7) and older (48-72 y; n = 8)
subjects (Fig. 3C). For NIR-REE there was little change at the
fovea or along the vertical profile; there was, however, a
tendency for NIR-REF signal to increase with age in the temporal
retina and decrease with age in the nasal retina. For NIR-RAFI,
there was age-related decrease of the signal everywhere but the
decrease appeared greater at the fovea compared with the rest
of retina. Subjects of all ages showed a substantial temporal-nasal
asymmetry. NIR-RAFIn showed age-related decreases at the fovea
and temporal retina, whereas changes were less substantial
across the rest of the retina.

To better understand spatial distribution of NIR-RAFIn, data
were collected from four regions and plotted against age; there
was no obvious contribution of iris color to the calculated NIR-
RAFIn signal (Fig. 3D). At the fovea, NIR-RAFIn signal
decreased with a linear slope of —0.18 per decade (r = 0.77,;
P < 0.01) and at the temporal retina with a slope of —0.13 per
decade (r=0.69; P < 0.01). In the nasal, superior, and inferior
retinal locations, slopes were not significantly different than
zero (P > 0.05). Under the assumption that age-related
preretinal changes (such as increased scattering and absorption
by the lens) effect proportionally both NIR-REF and NIR-RAFI,
the age-related changes seen in NIR-RAFIn would be expected
to correspond to changes at the RPE and/or retina.

Normalized NIR-RAFI: Results in Retinal
Degeneration

Near-infrared-based imaging was performed in patients repre-
senting different hereditary retinal degeneration phenotypes
chosen to contain retinal regions with RPE atrophy, which is
traditionally apparent as a low signal region on SW-RAFI (Fig. 4).
A 69-year-old STGD1 patient, P13, showed high NIR-REF signal
corresponding to the large macular region surrounded by lower
signal (Fig. 4A, left panel). Centrally, NIR-RAFI signal was low
with a strong choroidal blood vessel appearance despite the
patient having light color irides. The paramacular region had
higher NIR-RAFI signal on average but with major heterogeneity
(Fig. 4A, second panel). NIR-RAFIn resulted in a region of dark
signal clearly demarcated from the surrounding region of
brighter signal (Fig. 4A, third panel). SW-RAFI showed a classic
STGD1 appearance with dark region presumably corresponding
to RPE atrophy surrounded by brighter region with heteroge-
neity (Fig. 4A, right panel).

A 29-year-old STGD1 patient, P3, also with light irides,
showed a central region of high NIR-REF signal, surrounded by
lower NIR-REF signal (Fig. 4B, left panel). NIR-RAFI showed
low signal with choroidal appearance centrally surrounded by
a heterogeneous appearance of intermediate and higher signal
(Fig. 4B, second panel). Calculation of NIR-RAFIn resulted in
reduction of the signal from the central region and greater
heterogeneity in the surrounding region (Fig. 4B, third panel).
SW-RAFI showed a classic STGD1 appearance with a central
dark region presumably corresponding to RPE atrophy
surrounded by heterogeneous region (Fig. 4B, right panel).

Quantitative analyses were performed in 13 STGD1 patients
with clearly demarcated regions of RPE atrophy (Supplementary
Fig. S1A) in order to compare the contrast between the region of
atrophy and its surrounds. Edge contrast (Supplementary Fig.
S1B) values for NIR-RAFIn (0.70 £ 0.11) tended to be lower
than that for SW-RAFI (0.78 = 0.05), and this small but
significant (P = 0.01; paired #test) difference appeared to result
from the hyperautofluorescence surrounding atrophy on SW-
RAFI but not on NIR-RAFIn (Fig. 1C, 4A, Supplementary Fig.
S1A). We also compared the areas of atrophy delineated with
NIR-RAFIn and SW-RAFI modalities over a range of atrophy sizes.
The results were very similar (Supplementary Fig. S1C) with no
significant differences (P = 0.23; paired #-test).

Next, we considered retinal degenerations that tend to
preserve the macula. A 51-year-old RP patient, P18, showed a
central region of lower NIR-REF signal surrounded perimacu-
larly with higher signal and choroidal blood vessel structure
(Fig. 4C, left). NIR-RAFI image showed a central elliptical
region of homogeneous signal surrounded by a heterogeneous
region of somewhat greater signal strength interrupted by dark
choroidal blood vessels (Fig. 4C, second panel). NIR-RAFIn
surprisingly showed two distinctly demarcated central ellipses
of high signal (Fig. 4C, third panel, arrowheads and arrows).
Surrounding the two ellipses was a region of intermediate
signal and, further peripherally, lower signal. SW-RAFI image
showed normal-appearing central macular region with a low
signal surrounded by a penumbra of higher signal, further
surrounded by low signal; in the perimacular region, there was
evidence of multiple regions of RPE dropout (Fig. 4C, right).

A 53-year-old CHM patient, P26, illustrated the dramatic
differences between the irregular central region of relatively-
low NIR-REF signal (which is quantitatively abnormally high)
and a surrounding region of relatively high signal (Fig. 4D, left).
Optical coherence tomography imaging (not shown) demon-
strated a region of retained photoreceptors with abnormal
inner/outer segments corresponding to the region with the
relatively-low NIR-REF signal, and no remaining photorecep-
tors in the regions with relatively high signal;, there was
abnormally high penetration of signal into the choroid. NIR-
RAFI imaging showed relatively equal signal intensity across
the macula, but there was much greater visibility of choroidal
vessels in surrounding regions compared with the irregular
central region (Fig. 4D, second panel, arrows). NIR-RAFIn
resulted in a well differentiated central brighter region and
darker surrounding region (Fig. 4D, third panel) and this was
similar to the SW-RAFI results (Fig. 4D, right). Curiously,
choroidal blood vessels appeared dark in NIR-RAFI but
relatively bright on SW-RAFI modality.
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Ficure 4. Comparison of RPE atrophy and neighboring healthier retina obtained with NIR modalities versus SW-RAFI in different retinal diseases.
Representative examples of STGD1 patients with light irides (A, B), RP patient with dark irides (C), and CHM patient with light irides (D) are shown.
NIR-REF image of the CHM patient is obtained with nonstandard detector sensitivity in order to avoid saturation. Calibration shown on lower right

applies to all panels.

These results suggest that NIR-REF and NIR-RAFI provide
key information about regional differences in melanization; in
some conditions, melanization abnormalities are identical or
similar to lipofuscin abnormalities, but in other conditions,
there are important differences. NIR-RAFIn combines the NIR-
REF and NIR-RAFI information in a manner that can be useful in
estimating the RPE health.

Use of NIR Imaging in Eyes Where SW Lights
Cannot Be Used

Leber congenital amaurosis caused by RPEG5 mutations has
garnered a lot of attention due to the success of gene therapy
treatment. Since gene therapy aims to restore the visual cycle
in the RPE, it should be directed to regions with evidence of
retained RPE (as well as overlying photoreceptors). The
standard method of determining RPE atrophy using SW lights
is complicated by the lack of the normal lipofuscin accumu-
lation in this human disease>>82 and its animal models.?> An
alternative method of determining the distribution of the RPE

in RPEG5-LCA eyes is to take advantage of the melanin
fluorophores.

NIR-RAFIn results in two patients with RPEG5-LCA are
shown (Fig. 5A). An 18-year-old P23 with light irides shows a
central region of high signal near the fovea likely correspond-
ing to healthier RPE (Fig. 5A, upper). Temporal, superior, and
superotemporal to the fovea has better retention of signal
compared with inferonasal region; the latter likely corresponds
to RPE atrophy or depigmentation. A 21-year-old P24 with dark
irides shows a thin horizontally extended region of higher
signal at the fovea surrounded by a circular region of lower
signal likely corresponding to RPE atrophy (Fig. 5A, lower). In
the temporal, superior, and inferior perifoveal regions, there is
a return of NIR-RAFIn signal implying greater retention of RPE
as compared with the nasal retina. Curiously, a choroidal blood
vessel pattern is more apparent in the light colored P23
compared with the dark colored P24. These examples suggest
that NIR-RAFIn can provide information about the distribution
of melanized RPE and point to regions of potential therapy in
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B rHo-ADRP
P21 NIR-RAFIn

P22

Imaging in RPEG5-LCA and RHO-ADRP patients in whom SW-RAFI is not usable either because of the lack of lipofuscin resulting from

underlying pathophysiology or because of concerns about the light load. (A) NIR-RAFIn results in RPEG5-LCA patients P23 and P24. (B) NIR-RAFIn
results in RHO-ADRP patients P21 and P22. Optic nerve head and major blood vessels are traced (white) to better interpret the context of the
images shown. (C) Bone-spicule-like pigment in two patients with RHO-ADRP.

conditions where lipofuscin fluorophores cannot be used for
this purpose.

Use of NIR Imaging in Eyes Where SW Lights
Should Not Be Used

There has been accumulating evidence from a large number of
animal models that some retinal degenerative conditions make
retinas hypersensitive to lights such that illumination levels,
that normally do not cause damage, can increase rates of retinal
degeneration.!” The most obviously vulnerable population is
autosomal dominant RP (ADRP) patients with Class B RHO
mutations.?? Supportive evidence derives from dramatic
hypersensitivity to light damage found in a naturally occurring
RHO-mutant dog,'® and in genetically engineered ro-
dent!>18-20 and frog®* models. Figure 5B shows the NIR-RAFIn
results in two patients with RHO-ADRP with Class B mutations.

In each case, there appears to be very clear differentiation
between retinal regions of higher NIR-RAFIn signal likely
corresponding to retained RPE melanization and regions of
lower NIR-RAFIn signal likely corresponding to RPE atrophy.
These examples suggest that NIR-RAFIn can be used to define
the natural history of progression of RPE disease in RHO-ADRP
without undue risk from SW lights.

Evaluation of Bone-Spicule-Like Pigment With
NIR-RAFI

An important pathognomic sign of RP is the funduscopic
appearance in the midperiphery of bone-spicule-like pigment
(BSP), which microscopically have been shown to be RPE cells
that have detached from Bruch’s membrane and migrated to the
inner retina.®> Bone-spicule-like pigment contains melanin but
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not lipofuscin and tends to appear dark on NIR-REF; however, it is
possible that BSP in different disease stages and/or caused by
different genetic defects may have differences in terms of their
optical backscatter and autofluorescence characteristics. Figure
5C shows NIR imaging in the inferior-temporal retina of two
patients (both with light irides) with ADRP caused by a Class B
RHO mutation. NIR-REF for both patients shows a region of high
signal with visibility of choroidal blood vessels and overlying
darker BSP (Fig. 5C, left two images). NIR-RAFI shows increased
signal originating from the BSP overlying a darker signal with a
choroidal pattern. Not unexpectedly, NIR-RAFIn enhances the
contrast of the BSP in the region of RPE atrophy (Fig. 5C, right
panel).

DISCUSSION

Retinal degenerative conditions often involve a slow progres-
sion from a normal retina and RPE to partial loss of
photoreceptors and abnormal pigmentation of the RPE, to
dropout of RPE cells singly or in small clumps, to complete loss
of photoreceptors as well as RPE.8>%7 In inherited retinal
degenerations, this late stage of RPE disease is usually referred
to as RPE atrophy, whereas in nonneovascular AMD, it is
referred to as geographic atrophy. Historically, geographic
atrophy was measured using color fundus photographs,3%8°
but the last decade has seen AF imaging using a SW excitation
light become the new standard.?®°-92 The definition of retinal
regions representing RPE atrophy varies but in general it is
thought to correspond to a well-defined zone of decreased
autofluorescence with SW excitation. Current work also used
this definition of RPE atrophy. Often such atrophy is
surrounded by a penumbral region of signal heterogeneity,
which likely includes RPE disease and even partial RPE loss.
Previous studies have suggested that the extent of such
abnormal heterogeneity visible with NIR AF exceeds the
abnormality visible with SW AFE3! Future studies extending
the normalized NIR-RAFI method developed here from the
macula to the extramacular regions together with colocalized
OCT and visual function measures could shed further light into
these transition zones.

Regions of RPE atrophy can appear over time, and already
existing regions can expand. The total area covered by RPE
atrophy has become an oft-used structural biomarker of
macular disease because progression of macular atrophy area
is associated with visual decline®? and treatments slowing the
growth of RPE atrophy would be expected to benefit patients’
remaining vision. In order to obtain the best signal-to-noise
ratio (especially in older eyes with age-related lens yellowing),
a relatively high laser power is used is standard AF imaging. For
most (younger) subjects, standard AF imaging lights are
uncomfortably bright to view. Furthermore, there is a very
large, and growing, literature in animal studies that suggests
that bright lights may accelerate the rate of retinal degenera-
tion in susceptible retinas.'>-2° We have previously proposed a
SW-RAFI method with 4-fold reduction in laser power, which
can still result in clinically and scientifically useful images,**
especially in young and middle aged eyes with greater
preretinal transmission and in older subjects with clear
intraocular lenses. But even after 4-fold reduction, excitation
lights remain uncomfortable to most subjects. An alternative
AF imaging method based on NIR-excitation lights has been
available for nearly a decade but difficulty in interpretation and
delineation of regions of RPE atrophy has prevented wide-
spread adoption of this technology. Here, we develop a version
of this technology using both NIR reflectance and AF
information that may provide a comfortable and safer imaging
method to follow changes in RPE atrophy when evaluating the
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natural history of diseases or the effects of interventions. Upon
further technical development, the form of imaging proposed
here may even be performed without mydriatic agents.

Delineation of RPE Atrophy

On standard AF imaging with SW excitation light, RPE atrophy
is thought to correspond to a region (or regions) of the retina
with low signal separated with a sharply demarcated border
from the surrounding regions of better preserved RPE with
higher signal 3%-44.90-92.94 This definition of RPE atrophy is
consistent with the hypothesis that SW-AF signal is dominated
by lipofuscin fluorophores within the RPE. However, certain
rare diseases such as RPEG5-LCA demonstrate that it is possible
for RPE to exist without lipofuscin. Other conditions such as
ABCA4-STGD1 tend to substantially increase the SW-AF signal
in otherwise healthy-appearing RPE making it difficult to judge
what signal level corresponds to true RPE atrophy. And often
enough, there are severe alterations of the RPE without frank
atrophy. Thus, an alternative method for the delineation of RPE
atrophy based on a different fluorophore could be useful. NIR-
RAFI was previously proposed as an alternative®44 but
existence of high choroidal melanin signals in some patients
(Fig. 1) limited its usability for delineation of RPE atrophy. The
novel normalization procedure highlighted in the current work
may allow better contrast between regions of RPE atrophy and
surrounding neighbors. However, larger studies will need to be
performed to evaluate this hypothesis.

RPE Melanin Versus Choroidal Melanin

Melanin granules are prominent components of RPE cells and
choroidal melanocytes."#* Consistent with the different embry-
ological origins (RPE cells from neuroectoderm and choroidal
melanocytes from neural crest), there are differences in
physical properties of these granules. RPE melanin granules
are generally larger than choroidal granules® but both are of the
same order of magnitude as the wavelength of the imaging
lights used in this study. Within the RPE, there is further
complexity in melanin distribution. Apical processes of the
RPE contain elliptical granules aligned with their long axis
parallel to the path of illumination, whereas the cytoplasm of
the RPE contains elliptical granules mostly aligned with their
long axis perpendicular to the path of illumination or spherical
granules.®> Apical/basal differences in scatter, absorption, and
fluorescence possibly originating from differences in the
interaction of light with intracellular melanin orientation is
currently not known but could be attempted with realistic
models of light propagation through the human retina, RPE,
and choroid. Further to be considered are spatial, age-related,
and cell-to-cell variations of pigmentation across RPE
cells,>°°-%° which could for example explain visibility of
choroidal structures in some retinal regions but not others.

Eye Color and Choroidal Melanin

A classic study of healthy human autopsy eyes in ‘black’ and
‘white’ individuals showed similarity of RPE melanin but major
differences in choroidal melanin3; lack of correlation between
eye color and RPE melanin was independently confirmed.*®
Consistent with those findings were greater visibility of
choroidal vessels in individuals with dark irides as compared
with light irides when imaged with NIR-AE*3 Our results show
that choroidal blood vessel visibility can also be detected in
some individuals with light irides (Figs. 2A, 4A, B). If our
hypothesis of a greater NIR backscatter component originating
from choroidal melanin, as compared with the RPE melanin, is
confirmed independently, then our normalization method
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proposed here may enrich the RPE melanin component of the
NIR-RAFI signal independent of race and iris color.

Technical Issues and Further Development

NIR-REF and NIR-RAFI have been performed in the older HRA2
systems. Modern Spectralis HRAHOCT systems can also record
NIR-REF and NIR-RAFI, however, the resulting NIR-RAFI signal
is relatively low due to the limited passband remaining
between approximately 790 and 840 nm to collect emission
signals. Spectralis HRA systems (without OCT component),
like the one used in the current work, are less commonly
available but provide a wider emission passband extending to
approximately 900 nm. The result is a greater signal to noise
ratio. Ideally NIR-REF and NIR-RAFI should be acquired
simultaneously such as with the interlaced scanning method
used in all Spectralis systems. Then the high signal NIR-REF can
be used to drive the real time registration and averaging
functionality even in case of low NIR-RAFI signal. Currently,
this is not possible because of the imbalance between 815-nm
laser power (100 pW at the cornea) used for NIR-REF and the
786-nm laser power (3.8 mW at the cornea) used for NIR-RAFIL;
for a given detector sensitivity, either NIR-REF is saturated and
NIR-RAFI is optimal, or NIR-REF is optimal and NIR-RAFI is too
dim to be measurable. Substantial reduction of the laser power
setting used for NIR-REF by the manufacturer would allow
simultaneous acquisition.

In the current work, NIR-REF and NIR-RAFI were obtained
sequentially with different detector sensitivities, and post
processing was used to register and divide images pixel-by-
pixel. The image registration process was not always perfect
and resulted in ghosting of some of the blood vessels as a
result. Simultaneous acquisition of NIR-REF and NIR-RAFI
would not only provide better image registration, but also
allow real-time display of the normalized result. Furthermore,
use of NIR-REF signal for tracking would allow averaging of
NIR-RAFI even under conditions of low signal. The latter may
include nonmydriatic imaging, which would be expected to
reduce both signals in proportion with the pupillary area, and,
at least conceptually, the normalized result should be
independent of pupil size and thus quantifiable.

Ideally, NIR-REE NIR-RAFI, and OCT could be acquired
simultaneously in order to make the most of cross-sectional
data on retinal layers spatially locked to an image of melanin-
based fluorophores of the RPE. For this purpose, 1060-nm OCT
technology may have to be used so as to allow wider band of
NIR-RAFI signal to be acquired.

Quantitative Measurements of Autofluorescence
Signals

Most AF imaging results are interpreted qualitatively. Rare
“quantitative” results have been obtained either by keeping the
key system parameters (laser intensity and detector sensitivity)
constant,32:44.55,100.101 o by the use of an internal fluorescent
reference 31:192-104 Nejther method however achieves true
quantitation because of the unknown individual differences in
terms of the loss of excitation and emission light through the
preretinal transmission route; this effect can be especially
prominent in aging eyes, which tend to absorb shorter
wavelengths (yellow lenses) and scatter a broad range of
wavelengths.19>-119 This shortcoming is relevant to imaging
performed with either SW or NIR lights. The normalization
procedure described here could, at least partially, compensate
for differences in preretinal transmission losses along the light
path and thus provide better quantitation. However, this feature
remains to be evaluated when the technologic improvements
allow simultaneous acquisition of both modalities.
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Conclusions

Ideal technology provides an imaging system that distinguishes
the regions of RPE health, alterations, disease, and frank
atrophy in undilated eyes with comfortable lights during a
short exam time without undue hazard potential. The
normalized NIR-RAFI method developed here may be a first
step toward the development of such a technology.
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