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Abstract

The health of the retinal pigment epithelium (RPE) can be estimated with autofluorescence (AF)
imaging of lipofuscin, which accumulates as a byproduct of retinal exposure to light. Lipofuscin may
be toxic to the RPE, and its toxicity may be enhanced by short-wavelength (SW) illumination. The
high-intensity and SW excitation light used in conventional AF imaging could, at least in principle,
increase the rate of lipofuscin accumulation and/or increase its toxicity. We considered two reduced-
illuminance AF imaging (RAFI) methods as alternatives to conventional AF imaging. RAFI methods
use either near-infrared (NIR) light or reduced-radiance SW illumination for excitation of
fluorophores. We quantified the distribution of RAFI signals in relation to retinal structure and
function in patients with the prototypical lipofuscin accumulation disease caused by mutations in
ABCAA4. There was evidence for two subclinical stages of macular ABCA4 disease involving
hyperautofluorescence of both SW- and NIR-RAFI with and without associated loss of visual
function. Use of RAFI methods and microperimetry in future clinical trials involving
lipofuscinopathies should allow quantification of subclinical disease expression and progression
without subjecting the diseased retina/RPE to undue light exposure.

1. INTRODUCTION

Lipofuscin refers to granules made of heterogeneous molecules that accumulate in the retinal
pigment epithelium (RPE) as a result of photoreceptor outer segment (OS) phagocytosis.1
Lipofuscin contains several distinct ﬂuorophores,2 which include A2E.3 Understanding of the
biogenesis of A2E accumulation in the RPE has been dramatically advanced in recent years.
41tis currently hypothesized that the photoisomerized chromophore all-frans-retinal in rod
photoreceptor cells forms an adduct with phosphatidylethanolamine on the inner leaflet of rod
OS membranes. The ABCA4 protein located at photoreceptor OS rims is involved in flipping
this adduct from the inner to outer leaflet, where it is reduced to all-trans-retinol. Under certain
light regimes a proportion of the adduct is trapped within the OS and, upon phagocytosis of
the OS ends, the trapped material is transformed to A2E in RPE. Consistent with this
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hypothesis, abnormal ABCA4 function and exposure to light causes dramatic increase in A2E
accumulation in mice.-0 Many lines of evidence suggest that abnormal A2E/lipofuscin
accumulation may be toxic to the RPE%7 and results in degeneration of the retina and vision
loss owing to what may be termed a “lipofuscinopathy.” Pharmaceutical treatment strategies
based on inhibition of the visual cycle or reduction of vitamin A supply to the eyes have been
proposed to slow the natural history of lipofuscinoFathies such as Stargardt disease (STGD)
and age-related macular degeneration (AMD).6’8‘ 1

Over the past decade, autofluorescence (AF) imaging has become a convenient method for
determining the distribution of lipofuscin noninvasively in human subjects (see, e.g., Refs.
12'28). The method is ideal for quantitatively delineating regions of abnormal lipofuscin
accumulation as well as RPE disease and atrophy. AF imaging is thought to be appropriate for
natural history studies and as outcome measures of therapeutic interventions in ABCA4-
associated retinal degenerations and AMD.2% Conventional AF imaging is performed with
short-wavelength (SW) high-intensity excitation light which, and at least in principle, could
contribute to the A2E accumulation and/or photooxidation and thus confound the underlying
natural history of disease. This may be especially relevant in a clinical trial setting where
imaging is performed repeatedly at regular intervals. The same argument applies to fluorescein
angiography and fundus photography.30

In the current work, we considered reduced-illuminance alternatives to conventional AF
imaging such that a quantitative estimate of the primary disease feature can be obtained in
lipofuscinopathies with less risk of modifying the natural history of lipofuscin accumulation.
Reduced illuminance can be achieved either by reducing the retinal irradiance and/or exposure
duration of excitation wavelengths absorbed by photoreceptors and lipofuscin, or by choosing
excitation wavelengths significantly displaced from photoreceptor and lipofuscin absorption
maxima. Accordingly, reduced-illuminance AF imaging (RAFI) was performed with SW and
near-infrared (NIR) light.31‘33 NIR-reflectance imaging was used in place of fundus
photography. Microperimetry and optical coherence tomography (OCT) were also used to
extend the information content available for interpretation of the results.

2. METHODS

A. Subjects

Subjects (n=8, ages 22-47) with normal retinas and patients (n=7, ages 21-53) with macular
degeneration were included in the study. Six of seven patients had the diagnosis of STGD and
known or suspected disease-causing ABCA4 mutations; patient 7 had bilateral maculopathy of
uncertain etiology (Table 1). Research procedures were in accordance with institutional
guidelines and the Declaration of Helsinki. All patients gave written informed consent.

B. En Face Imaging with Scanning Laser Ophthalmoscope

A second-generation confocal scanning laser ophthalmo-scope (cSLO), HRA2 (Heidelberg
Engineering, Dossenheim, Germany) was used to perform en face imaging. Much of the
methodology was similar to our previous studies with HRA 1 34,35 Al HRA2 imaging was
performed with the high-resolution mode, where a 30° x 30° region of the retina is sampled
onto a 1536 x 1536 pixel image and consecutive frames can be obtained at the rate of 4.7 Hz.
HRAZ2 uses three solid-state lasers25 with maxima at 488, 790, and 820 nm. For SW-RAFI,
488 nm excitation was used after reducing the power out%ut (at the cornea) from the
manufacturer's setting of ~ 300 to ~ 95 uW. We estimate 6 this lower corneal power to result
in an equivalent retinal irradiance of ~ 100 uW cm 2. Retinal exposure was limited to less
than 60 s per retinal region imaged, resulting in a worst-case retinal dose of <6 mJ cm™2. For
reference, the most light-sensitive large vertebrate eye known to date (rhodopsin mutant
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d0g3 6) has a white-light damage threshold between 6 and 60 mJ cm™2 in the pigmented RPE
region of the eye; the tapetal (nonpigmented) retinal region of these dogs shows even greater
sensitivity to light,36 with light damage thresholds below 6 mJ cm™2.

For NIR-RAFI, 790 nm excitation was used at a corneal power of 2.5 mW, unchanged from
the manufacturer's setting. For NIR-reflectance imaging, 820 nm light was used after reducing
the power output (at the cornea) from the manufacturer's setting of 100 to 15 uW. Lower power
allowed visualization of fundus structures in diseased retinas that otherwise tend to saturate
the detector owing to higher-than-normal reflectance presumed to be due to depigmentation
of the RPE. Internal blue (peak 460 nm) LED fixation lights were used.

Both SW- and NIR-RAFI were performed with an HRAZ2 sensitivity setting of 95%. The
resulting images appear dark (~ 40 gray-scale units) and noisy on the acquisition screen; for
reference, conventional AF imaging with the same HRA?2 instrument using the higher-
illumination intensity and 88% sensitivity setting produces images of average intensity similar
to those of SW-RAFI with the 95% setting. Use of the same detector sensitivity setting for
SW- and NIR-RAFI has the additional advantage of providing images with comparable black
levels. Laser power levels were checked monthly for calibration drift. Detector gain and offset
corresponding to the 95% sensitivity setting were regularly checked and recorded with the use
of the service module of the software, and overall system throughput was confirmed by imaging
solid fluorescence standards.

The fully 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 lights. The focus
setting was optimized, and NIR-reflectance images were acquired at nine overlapping
“standard” regions corresponding to the nine internal fixation light choices of the HRA2. A
10th field nasal to the optic nerve was imaged without fixation. Next, NIR-RAFI imaging was
performed at the same 10 locations. The focus setting was optimized to produce the brightest
image. At each retinal location, a “stack” of 25 consecutive images was obtained. Next, room
lights were turned on and SW-RAFI imaging was performed after optimizing the focus setting.
At each retinal location, a “stack” of 25 consecutive images was obtained; total illumination
time at each retinal region did not exceed 60 s and was typically 10-15 s.

C. Processing of Confocal Scanning Laser Ophthalmoscope Images

HRA?2 image frames or image stacks were exported using the “BMP Export” facility of the
manufacturer's software, and all further processing was performed either with IMAGEJ
(version 1.37c; http://rsb.info.nih.gov/ij; developed by Wayne Rasband and provided in the
public domain by the National Institutes of Health, Bethesda, Maryland) or with custom written
programs in MATLAB (The Math-works, Natick, Massachusetts). Image stacks were visually
examined, and frames with blinks and midframe eye movements were discarded. In some cases,
a filter was used to deinterlace (replace odd lines with the average of even lines) images in
which alternating lines appeared shifted owing to low signal-to-noise ratio. Resolution was
reduced from 1536 x 1536 to 512 x 512 by averaging 3 x 3 blocks of pixels. Ten frames from
each stack were chosen and then automatically registered using a pair of programs
(TURBOREG and STACKREG:; http://bigwww.epfl.ch/algorithms.html/; provided in the
public domain by the Bioengineering Group; Ecole Polytechnique Federale de Lausanne,
Switzerland), and the mean intensity was calculated. Mosaicing was performed by manually
specifying retinal landmark pairs corresponding to pairs of frames showing overlapped retinal
regions.

Previous studies in patients with retinal degenerative diseases have shown that the local
heterogeneity of the AF intensity correlates with local disease severity.24’34’35 In the current
work, we used a run—length—based37 measure of local AF intensity heterogeneity to quantify
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SW-and NIR-RAFI; the method used was slightly modified from our previous description.
3 brief, a primitive called a gray-level run, is defined as the set of consecutive, collinear
pixels in a predefined direction having a criterion similarity of gray level; for the current work,
similarity was defined as having an intensity within 10%. Run length is the number of pixels
belonging to a gray-level run such that image regions with heterogeneous intensity have a
shorter run length compared with regions with more homogeneous intensity.”° To quantify
the local AF intensity heterogeneity, we calculated the mean run length at each pixel along the
eight principle directions after spatially filtering the SW- or NIR-RAFI intensity with a
Gaussian filter (radius 5 pixels) to minimize the contribution of the noise produced by the
avalanche photodiode detector. A direction was not included in the average if a pixel
corresponding to the edge of the frame was contained with the gray-level run. The result of
this texture analysis method is a calculated image where the value of each pixel represents the
mean radius of a circular region over which the AF intensity would be expected to be nearly
homogeneous. Another Gaussian filter (radius 5 pixels) was applied to the resulting run-length
image.

D. Imaging with Optical Coherence Tomography

In vivo microstructure of the retina was quantified with OCT3 (Zeiss Humphrey Instruments,
Dublin, California) and protocols previously described. 343940 1 patients with central vision
loss, the anatomical fovea was determined by moving the scan location with respect to the
fixation location until the telltale signs of a foveal depression were visualized. Overlapping
linear scans of 4.5 mm length were acquired along the horizontal meridian extending 30° from
the anatomical fovea. At least three OCT images were obtained at each retinal location. A video
fundus image was acquired and saved with each OCT scan by the commercial software. In
addition, the fundus video visible during the complete session was recorded continuously on
a video cassette recorder.

E. Processing of Optical Coherence Tomography Data

Postacquisition processing of OCT data was performed with custom programs (MATLAB 6.5,
MathWorks, Natick, Massachusetts). Longitudinal reflectivity profiles (LRPs) making up the
OCT scans were aligned using a dynamic cross-correlation algorithm™' with a manual override
when crossing structures (for example, intraretinal pigment), which interrupted local lateral
isotropy of signals. At times, repeated scans were averaged to increase the signal-to-noise ratio
and allow better definition of retinal laminae.30-3%

Retinal thickness was defined as the distance between the signal transition at the vitreo-retinal
interface and the major signal peak corresponding to the RPE.40 In normal subjects, the RPE
peak was assumed to be the last peak within the 2- or 3-peaked scattering signal complex deep
in the retina. In patients, the presumed RPE peak was sometimes the only signal peak deep in
the retina; other times, it was apposed by other major peaks. In the latter case, the RPE peak
was specified manually by considering the properties of the backscattering signal originating
from layers vitread and sclerad to it.

Wide-field OCT scans were produced by mosaicing overlapping shorter OCT scans. The lateral
extent of the OCT scans was calibrated against HRA?2 images by registering a central OCT
video image for each subject with an appropriate HRA2 image. The scale factor, when non-
unity, was used to scale the lateral dimension of the OCT scans.

Using OCT scans, the axial extent of propagation of the NIR light was estimated from the

normalized partial integral of the backscattering signal over retinal depth from the RPE signal
peak toward the scleral direction.40 The partial integral was divided by the signal intensity at
the RPE peak in order to normalize for the pre-RPE attenuation of the light intensity. We refer
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to the resulting measure as sub-RPE backscattering index (SRBI). Under the simplifying
assumption of dominant backscattering and absorption of the NIR light occurring at or near
the normal RPE, sSRBI may be expected to be proportional to the amount of NIR light reaching
the choroidal layers. This expectation is consistent with experimental results in animals with
varying RPE and choroidal pigmentation41 and in patients with molecularly defined
choroideremia and depigmentation of the RPE.40

F. Microperimetry

Visual function testing was performed with a microperimeter (MP1, Nidek Technologies
America Inc, Greensboro, North Carolina). MP1 uses NIR light to image the retina and track
retinal landmarks specified at the start of the test. Tracking is performed in real time, and
stimulus locations are adjusted according to the real-time gaze information to be presented on
a prespecified test pattern defined on the retina. In all subjects, we used a “foveo-papillary
profile” as our custom designed test pattern, which consisted of stimulus locations extending
along the horizontal meridian starting at 0.5° nasal to the anatomical fovea and extending to
16° nasal retina on a 0.5° grid. Testing was performed in fully dark-adapted subjects with a
dim red mesopic background and Goldmann III-sized (200 ms duration) stimuli. Both red and
white stimuli were used to extend the effective dynamic range of this instrument from 2 log
units (for each stimulus individually) to ~ 3 log units (using thresholds from both stimuli); the
mesopic effectiveness of the two stimuli overlap by ~ 1 log unit. The lateral extent of the MP1
profiles were calibrated against HRA2 images, and scale factors were applied to bring them
into registration.

3. RESULTS
A. Normal RAFI

The NIR-reflectance image in a representative normal subject [Fig. 1(a), same subject as that
shown in Fig. 1A of Ref. 35] shows a spatially homogeneous appearing macular region
surrounded by increasing heterogeneity. Some of this perimacular heterogeneity is due to the
visibility of choroidal features.*2 SW-RAFT in the same subject [Fig. 1(b)] has familiar features
expected from conventional AF imaging (e.g., Refs. 12'28). There is a small (~ 2° diameter)
dark region at the fovea dominated by absorption of the SW illumination by macular pigment.

3 An annular region (extending to ~ 5° from the fovea) of relatively low AF intensity
surrounds the dark center. Highest AF intensities correspond to retinal regions 10-15° eccentric
from the fovea.!® Darker blood vessels are contrasted against a brighter background, and there
is a dark optic nerve head.

NIR-RAFI in the same normal subject [Fig. 1(c)] shows similarities and differences as
compared with NIR reflectance and SW-RAFI. There is a broad (~ 10° diameter) region of
higher intensity on NIR-RAFI near the fovea,33 as opposed to the lower intensity seen in SW-
RAFI; there is no major local contrast in NIR reflectance in this region. A subset of normal
subjects shows a small (~ 1° diameter) region of low intensity apparent at the fovea both in
NIR-RAFI and in NIR reflectance (data not shown). NIR-RAFI in the macular region appears
more uniform than in the perimacular region where choroidal structures are visible; this is
similar to NIR-reflectance images [Fig. 1(c)]. The optic nerve head has lower intensity than in
NIR-RAFI, similar to SW-RAFI but dissimilar to NIR reflectance. The boundary between the
optic nerve head and the retinal background appears much sharper in NIR-RAFI compared
with the gradient apparent on SW—RAFI;35 a greater loss of SW excitation light through the
thicker nerve fiber layer44 could contribute to this effect.

Quantitative features of these reduced illuminance modalities can be appreciated along
horizontal profiles [Fig. 1(d)] and be correlated with the retinal cross section by OCT, which
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is based on backscattering and absorption differences among retinal laminae under NIR light
[Fig. 1(e)]. The highest-intensity central region on NIR-RAFI corresponds to the central region
of least backscatter originating from sub-RPE layers on OCT [Fig. 1(e), single line]. Similarly,
the temporal region of NIR-RAFI that shows the appearance of choroidal vasculature [Fig. 1
(c)] corresponds to the OCT region of the greater sub-RPE backscatter signal [Fig. 1(e), double
line].

B. RAFI in Localized Abnormalities of Photoreceptors and Retinal Pigment Epithelium

Distinct boundaries between retinal disease and health can help evaluate alternative hypotheses
about tissue origins of imaging si gnals.40 The left eye of patient 7 presents such an opportunity.
On NIR-reflectance imaging [Fig. 2(a)] there is a central lesion of ~ 12° diameter with sharp
boundaries; a thin vertical peninsula of healthier retina extends downward from the superior
lesion boundary and ends near the preserved fovea (with 20/25 visual acuity). Visibility of
choroidal blood vessels within the central lesion suggests loss of normal RPE pigmentation.
On SW-RAFI the lesion appears dark, corresponding to loss of lipofuscin secondary to diseased
and/or atrophic RPE [Fig. 2(b)]. There is an irregular annulus of high autofluorescence
surrounding the lesion [Fig. 2(b)]. NIR-RAFI shows a pattern generally similar to SW-RAFI
with a lower intensity central lesion and a surrounding annulus of high intensity [Fig. 2(c)].
Within the central lesion, darker choroidal vessels appear to be blocking a diffuse and low-
intensity NIR-RAFI signal originating from deeper layers [Fig. 2(c)]. An OCT scan across the
lesion [Fig. 2(c), inset] shows thinning of the parafoveal retina and a dramatic increase in
backscatter originating from layers deep to the RPE [Fig. 2(c), inset, triple white lines]. In
normal OCT, backscatter from choroidal layers is much less detectable owing to presumed
absorption and/or scattering of this wavelength at/near the RPE- choriocapillaris region [Fig.
1(e)]. The results in the normal subjects (Fig. 1) and in the patient with maculopathy (Fig. 2)
confirm the previously proposed hypothesis that fluorophores in the RPE and choroid can be
activated by NIR excitation.”~ Our results extend previous work by detecting retinal locations
suspect for increased choroidal contribution to NIR-RAFI with the use of an OCT-derived
measure of sub-RPE backscattering amplitude as a local index of the depth of penetration of
the NIR light.

C. MacularABCA4 Disease Sequence: Correlation of RAFI with Visual Function and Retinal

Structure

Human lipofuscinopathies caused by ABCA4 mutations can show dramatic variation in spatial
distribution and severity of retinal disease.34-35:45-50 oy previous work suggested that the
region between the fovea and the optic nerve may be informative of the entire gamut of
ABCAA4 disease expression and that tests of structure and function densely sampling this region
may form sensitive measures of natural history or outcome of therapy.”~ In the current work,
we used RAFI, microperimetry, and OCT to sample this region.

Patient 6 illustrates mild/early ABCA4 disease of the macula (Fig. 3). NIR-reflectance imaging,
SW-, and NIR-RAFI show a central region of abnormality extending to ~ 5° eccentricity [Figs.
3(a), 3(c), and 3(d)]. Within this region there is a small (~ 2° diameter) area of increased
reflectance [Fig. 3(a)] and reduced fluorescence [Figs. 3(c) and 3(d)] visible immediately nasal
to the fovea. This area likely corresponds to severe RPE disease or atrophy, and a colocalized
scotoma on microperimetry [Fig. 3(b)] and increased backscatter on OCT [Fig. 3(e)] are
consistent with this interpretation. Foveal sparing is visible as an island of relative homogeneity
of fluorescence, whereas the parafoveal region shows spatial heterogeneity. The retinal region
surrounding the central ~ 10° diameter maculopathy appears qualitatively normal.

Visual function, retinal structure, and RAFI were studied quantitatively along horizontal foveo-
papillary profiles with special emphasis on the perifoveal retinal region with normal
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appearance. The only area showing normal parameters in all measures was about 1.5° wide
and located between 10.5° and 12° eccentric from the fovea immediately temporal to the optic
nerve. Based on previous work34 we defined this as stage I disease. A neighboring ~ 4° wide
area between 6.5° and 10.5° eccentric from the fovea showed supernormal intensity with SW-
and NIR-RAFI [Figs. 3(c) and 3(d), insets]; all other parameters were within normal limits.
The next definable area was ~ 2° wide between 4.5° and 6.5° eccentric where visual function
measured by microperimetry became abnormal. These two subclinical stages were defined as
stages Ila and IIb, respectively, based on the subclinical stage II disease previously defined.

Closer to the fovea there were increasing abnormalities in different modalities. Between ~
2.5° and 4.5° eccentric, there were losses of visual sensitivity, supernormal SW- and NIR-
RAFI intensities, and variable abnormalities in local homogeneity of autofluorescence.
Between ~ 0.5° and 2.5° eccentric, there was severe loss of visual sensitivity, counterintuitive
return of SW-RAFI to normal, and indeterminable NIR-RAFI associated with dramatic
increase in backscatter intensity originating from sub-RPE layers [Fig. 3(e), inset]. At the fovea,
NIR-RAFI was normal, whereas SWRAFI was dramaticallg supernormal, consistent with the
loss of macular pigment optical density in ABCA4 disease. 1

A summary of the quantitative multiparameter analysis in the foveo-papillary region of six
patients is shown in Fig. 4. Areas of subclinical stage II disease were always sandwiched
between the clinically overt maculopathy and the optic nerve or the area of stage I disease.
Stage Ila disease (hyperautofluorescence with normal function) was always more eccentric to
stage IIb disease (hyperautofluorescence with visual dysfunction). The transition from stage
II to more severe disease corresponded to an increase in spatial heterogeneity of
autofluorescence. In some cases there was evidence for the abnormal heterogeneity boundary
in NIR-RAFI to be more peripheral than that in SW-RAFI (P1, P2, P6) or vice versa (P3, P4,
P5), but in most cases, peripheral boundaries of the onset of these abnormalities were within
about 1° of one another. Parafoveal regions of abnormally increased sRBI could correspond
to normal (P2, P5, P6) or hyperautofluorescence (P1, P3, P4) on SW-RAFI, suggesting the
existence of diseased RPE (as opposed to RPE atrophy) in these early/mild disease stages.
Indeed, none of the patients studied had abnormally reduced autofluorescence in the foveo-
papillary region analyzed. In two of the patients with the largest extents of maculopathies (P2
and P4), there were perifoveal regions of abnormally reduced sRBI on OCT. In five of six
patients, there was foveal hyperautofluorescence with SW-RAFI but normal fluorescence with
NIR-RAFI; P4 showed hyperautofluorescence with both SW and NIR modalities.
Interpretation of the foveal findings will have to take into account not only RPE
abnormalities33 but also consequences of retinal abnormalities” ! and differences in choroidal
pigmentation.33

4. DISCUSSION

Molecular understanding of the biogenesis and toxicity of lipofuscin over the past two
decades!-7 has led to potential treatment strategies designed to slow its accumulation in human
diseases such as STGD and AMD.%:8-11 Qutcome of therapeutic strategies can be objectively
measured with AF imaging—the only direct measure of lipofuscin accumulation.
Conventional AF imaging has been applied to various patient populations for more than a
dec"clde,12‘28’34’35 and recently there has been a call for standardization and quantification.
52 It is an unfortunate coincidence that the high-intensity SW illumination used for
conventional AF imaging of lipofuscin is also a risk factor contributing to the accumulation
and toxicity of the same substance. Of course, all ophthalmic imaging instruments, including
those used for AF imaging, are designed to operate safely below retinal light damage
thresholds, and there have been no reports of acute light damage due to AF imaging. Yet it is
important to keep in mind that damage thresholds are based mostly on normal retinas, whereas
ophthalmic imaging is performed mostly in diseased retinas,5 3 and there is increasing evidence
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that some retinal degenerative diseases have lower light damage thresholds.30:94 Therefore it
would be prudent to reduce as much as is technically possible the light exposure used in patients
with retinal degenerative conditions until the extent of disease-associated photosensitivity of
the human retina is better understood. This is especially true for shorter wavelength “actinic”
lights and under conditions of repetitive examination, such as in a clinical trial. The current
work attempted to take a step in this direction with the quantitative use of RAFI methods.

SW-RAFI was designed to be a lower light-dose replacement for conventional AF imaging.
The lower illumination was also more comfortable for the subjects to view. Shortcomings of
SW-RAFI included noisier and darker images apparent on the acquisition screen, making the
imaging task more difficult for the operator. Another disadvantage was the necessity to use
additional image processing steps not included in the manufacturer's software. With
postacquisition processing however, SW-RAFI results were both qualitatively and
quantitatively comparable to those in the rapidly growing literature on conventional AF
imaging (e.g., Refs. 12728, 34 and 35). Specifically, observation of hyperautofluorescent
regions with spatial homogeneity in early ABCA4 disease and spatially heterogeneous regions
in later disease stages were consistent with previous work using quantitative conventional AF
imaging.34’35 Optimization of the appearance of images on the acquisition screen by the
manufacturer may allow even further reduction in SW illuminance in the future.

AF imaging with NIR excitation, NIR-RAF]I, is inherently low luminance owing to separation
of this wavelength from the region of photoreceptor pigment absorption. Indeed NIR-RAFI
illumination is nearly imperceptible for most patients (it appears as a dim red light to normal
eyes). NIR excitation light is also segarated from the SW region of lipofuscin photoreactivity.
7TNIR-RAFI is a new modality,31'3 however, and the interpretation of the images is not well
established. One of the leading hypotheses33 proposes that melanin (or related) fluorophores
in the RPE and in the choroid contribute variably to the NIR-RAFI signal, and our data are
consistent with this hypothesis. Our use of colocalized OCT scans showed a correspondence
between retinal locations of abnormally increased choroidal penetration of NIR light and
significantly increased choroidal component to the NIR-RAFI signal; these regions of
choroidal signal enrichment were excluded from quantitative analyses in the current work.
There were also some disease stages in which apparent RPE or sub-RPE deposits abnormally
reduced choroidal penetration of NIR light. At such retinal locations, NIR-RAFI would be
expected to be enriched with signals from RPE fluorophores. Future experimental studies
seeking to define the absorption and scattering properties of the RPE, lipofuscin, and sub-RPE
deposits under NIR light may allow quantitative use of NIR penetration estimates from OCT
to distinguish between RPE and sub-RPE components of the NIR-RAFI.

Perifoveal hyperautofluorescence with SW-RAFI without associated overt disease may have
been a predictable subclinical disease stage in patients with ABCA4 mutations.16-21,22,24,
3435 Yet the finding of colocalized hyperautofluorescence with both SW- and NIR-RAFI
modalities was unexpected. Assuming the dominant fluorophore of the NIR-RAFI is melanin,
melanolipofuscin, or a related pigment, there are at least three hypotheses to consider. First,
newly synthesized melanin could be deposited in the diseased RPE together with increased
lipofuscin accumulation. Although it is thought that adult mammalian RPE cells lack
melanogenesis, there has been some evidence consistent with slow melanin production in the
RPE throughout life.5d Second, the optical cross section of existing melanin granules in the
RPE could be increased by apical displacementl’5 6 due to abnormal lipofuscin accumulation
or by active transport.57 Such increase in melanin optical cross section would be expected to
decrease SW excitation light reaching more distal lipofuscin granules and thus cause SW-RAFI
to grossly underestimate the lipofuscin accumulation. Third, increased RPE stress in ABCA4
disease could change the properties of melanin granules. Consistent with this hypothesis is the
finding of dramatically increased autofluorescence emanating from oxidized melanin.
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Alternative hypotheses involving fluorophores different from melanin co-accumulating with
RPE lipofuscin cannot be ruled out at this time. Many of these hypotheses can be directly tested
in animal models of lipofuscin accumulation.-0

We have previously defined disease stages in the midperipheral retina of human patients with
retinopathy due to ABCA4 mutations,3¥ but very little was known about equivalent stages in
the macular region. Current work showed the existence of two subclinical disease stages in the
perifoveal region. The earliest detectable disease (stage Ila) was hyperautofluorescence with
normal retinal function and structure, and this was similar to the earliest disease stage observed
in the midperiphery. The next macular disease stage (stage IIb) was hyperautofluorescence
and abnormal visual function, and this was different from midperipheral retina where loss of
visual function occurs in late disease.3# Our results allow the speculation that macular retina
may react differently from peripheral retina to the accumulation of lipofuscin. Alternatively,
there could be retinal fluorophores causing visual dysfunction and contributing to the AF
signal.5 9-61 One such moiety has been hypothesized to be A2-rh0d0psin.62 Future AF studies
in experimental animals may be required to better understand all the contributors to SW- and
NIR-RAFI signals in health and disease. In the meantime, RAFI should remain an important
tool for estimating the natural history of disease progression and the outcome of therapies in
lipofuscinopathies.
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Fig. 1.

[lustration of different imaging modalities in a 43-year-old representative normal subject NIR-
reflectance (a), SW-RAFI (b), and NIR-RAFI (c) mosaics of the central retina are shown
spatially registered with respect to one another. Choroidal vasculature is apparent in some
retinal regions with NIR imaging (arrows). Images are individually contrast stretched for
visibility of features, and thus intensity of pixels is not comparable between images. Actual
recorded RAFT intensities are shown (d) in gray-level units for SW-RAFI (gray trace) and NIR-
RAFI (black trace) modalities along the horizontal meridian. An extended OCT mosaic along
the horizontal meridian is also shown (e) coregistered to the profiles and the images. Retinal
depth of zero corresponds to the approximate location of the RPE. Central macular region
(single line) shows less backscatter signal originating from sub-RPE layers compared with
more peripheral regions (double lines) where NIR light appears to penetrate deeper.
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NIR reflectance

NIR-RAFI

Fig. 2.

Interpretation of RAFI intensities in severe RPE disease in patient 7 (a) NIR-reflectance image
showing a well-delineated macular lesion. The approximately two-fold greater reflectance
within the lesion is likely due to depigmentation or atrophy of the RPE. (b) SW-RAFI of the
central retina showing dramatically reduced lipofuscin autofluorescence within the lesion.
Surrounding the lesion is an irregular annulus of hyperautofluorescence. (c) NIR-RAFI shows
both similarities to and differences from SW-RAFI. Choroidal vessels are distinctly apparent
within the lesion. Inset: OCT image obtained at an angle (dashed white line) through the fovea
shows the transition from a high (triple lines) to a relatively low (single line) sub-RPE
backscatter region at the temporal boundary of the lesion.
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Fig. 3.

Qualitative and quantitative analyses of central disease between the fovea and the optic nerve
head in a representative patient (patient 6) with early/mild ABCA4 disease (a) NIR-reflectance
image showing the clinically overt maculopathy surrounded by normal appearing retina. (b)
Microperimetry thresholds (in decibels, dB) with red-on-red stimulus. Stimuli not seen with
red-on-red and white-on-red conditions are shown as x's at the equivalent red-on-red threshold
of —12.5 dB. (c) SW-RAFI image showing a parafoveal region of severe RPE disease. Intensity
and run-length values quantified along the horizontal profile are shown on the right panels. (d)
NIR-RAFI image shows similarities to and differences from SW-RAFI. Intensity and run-
length values quantified along the horizontal profile are shown on the right panels. Regions of
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the retina with enrichment of choroidal component to the NIR-RAFI signal are marked as
uninterpretable (x). All images (a,c,d) are shown individually contrast stretched for visibility
of features. (e) OCT scan along the horizontal profile. Pair of overlaid white lines represents
the normal limits of retinal thickness from the RPE peak (retinal depth of O um). Estimated
sub-RPE backscatter index (sRBI) is shown to the right. Boundaries of subclinical disease
stages Ila and IIb are shown with vertical dashed lines coregistered in both columns across all
panels. Pairs of gray lines on right panels represent normal limits (mean+2 SD) for each
measure.
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Fig. 4.

NIR-RAFI images and colocalized summary of all quantified parameters along the foveo-
papillary profile in six patients All images are shown individually contrast stretched for
visibility of features. The parameters include microperimetry thresholds (MP/T); SW-RAFI
intensity (SW-RAFI/I) and run-length (SW-RAFI/RL); NIR-RAFI intensity (NIR-RAFI/T) and
run-length (NIR-RAFI/RL); and OCT-based sub-RPE backscattering index (OCT/sRBI).
Parameters at each retinal location are classified into “within normal range” (graybars), “above
normal range” (cross-hatched bars), and “below normal range” (hatched bars). Retinal loci
where data were not available or NIR-RAFI was excluded because of above-normal sRBI
values are specified as “not available/not used” (white). Boundaries of subclinical stage Ila
and IIb disease are shown on NIR-RAFI images with dashed lines extended from parameter
results.
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