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Purrose. To evaluate the progression of the earliest stage of disease in ABCA4-associated
retinal degenerations (RDs).

Mernops. Near-infrared excited reduced-illuminance autofluorescence imaging was acquired
across the retina up to 80 degrees eccentricity in 44 patients with two ABCA4 alleles. The
eccentricity of the leading disease front (LDF) corresponding to the earliest stage of disease
was measured along the four meridians. A mathematical model describing the expansion of
the LDF was developed based on 6 years of longitudinal follow-up.

Resurts. The extent of LDF along the superior, inferior, and temporal meridians showed a
wide spectrum from 3.5 to 70 degrees. In patients with longitudinal data, the average
centrifugal expansion rate was 2 degrees per year. The nasal extent of LDF between the fovea
and ONH ranged from 4.3 to 16.5 degrees and expanded at 0.35 degrees per year. The extent
of LDF beyond ONH ranged from 19 to 75 degrees and expanded on average at 2 degrees per
year. A mathematical model fit well to the longitudinal data describing the expansion of the
LDE

Concrusions. The eccentricity of the LDF in ABCA4-RD shows a continuum from parafovea to
far periphery along all four meridians consistent with a wide spectrum of severity observed
clinically. The model of progression may provide a quantitative prediction of the LDF
expansion based on the age and eccentricity of the LDF at a baseline visit, and thus contribute
significantly to the enrollment of candidates appropriate for clinical trials planning specific
interventions, efficacy outcomes, and durations.
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Hereditary retinal degenerations (RDs) are caused by
mutations of genes primarily or preferentially expressed
in photoreceptor or RPE cells.! One of the most common
molecular causes of RD is due to mutations in the ABCA4
gene,?”” which encodes the critical enzyme ABCR in rod and
cone outer segments.® ABCR acts as an active transporter of all-
trans-retinal (atRAL) by flipping N-retinylidene-phosphatidyl-
ethanolamine from the extracellular to cytoplasmic leaflet of
internal disc membranes within photoreceptor outer seg-
ments.>1° Mutations in ABCA4 cause the accumulation of
toxic bisretinoid adducts of atRAL within photoreceptors and
the RPE.!1-13 The disease process in ABCA4-RD is thought to
initiate near the center of the macula resulting in loss of visual
acuity.”’21 Over decades, there is greater loss of vision as the
disease progresses to loss of a greater proportion of macular
photoreceptors and RPE. Importantly, however, ABCA4-RD is
not limited to the macular regions of the retina; there is often
progression from the macula to extramacular involvement.'%18
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ABCA4-RDs are currently not treatable, but multiple
promising therapeutic avenues are being pursued to protect
photoreceptors and RPE from disease progression. Proposed
interventions include slowing of the visual cycle kinetics,?2-2°
augmentation of ABCR function by gene therapy,3°-32 reduction
of vitamin A dimerization,333* removal of lipofuscin from the
RPE®>3¢ and stabilization of stressed photoreceptor cells by
nutritional and pharmacologic approaches.'”-37-3 ABCA4-RD,
like nearly all other retinal degenerative conditions in humans,
shows an intraretinal distribution of varied disease stages from
normal photoreceptors and RPE to complete degeneration.
Ideally a successful treatment should halt the progression at all
stages of disease existing within the eye at the time of the
intervention. However, in preclinical studies thus far, it has
been easier to prevent the onset of ABCA4 dis-
ease?324,2630.31,33,37 a5 opposed to arresting or reversing later
stages of disease>%3° Better understanding of the spatial
distribution of disease stages in ABCA4-RD eyes, and the
spatiotemporal progression over serial follow-up would allow
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selection of patients and retinal locations for treatments, and
informed choice of efficacy outcomes.

Here, we examine the initiation of disease by following its
leading front in ABCA4-RD patients longitudinally over an
average of 6 years. Data obtained in patients with a large
spectrum of disease severity from fovea-only maculopathies to
retina-wide involvement over a range of ages from first to sixth
decade of life are used to develop a model of spatiotemporal
disease progression in ABCA4-RD. The model reliably predicts
the expansion of the leading disease front (LDF) in four
cardinal meridians and can be useful for estimating clinical trial
duration as a function of the disease stage chosen for patient
enrollment.

METHODS

Subjects

The study population consisted of 44 eyes of 44 patients (mean
age = 28.4, range, ages 7-01 years at the first visit) with a
clinical diagnosis within the spectrum of Stargardt disease or
cone-rod dystrophy caused by ABCA4 mutations (Supplemen-
tary Table S1). A complete eye examination was performed in
all subjects, including best-corrected ETDRS visual acuity.
Informed consent was obtained for all subjects; procedures
followed the Declaration of Helsinki and were approved by the
institutional review board. Visual function results from 20 of
the patients have been previously reported; identical patient
designations (P4-PG66; Supplementary Table S1) are used to
enable comparison with the previous work.!® Seventeen of 20
patients had more recent follow-up reported here but not
previously. Molecular studies in patients and their family
members were performed as previously reported.”

Retinal Imaging

En face imaging was performed with a confocal scanning laser
ophthalmoscope (HRA2 or Spectralis HRA; Heidelberg Engi-
neering, Heidelberg, Germany) to obtain near-infrared reduced-
illuminance autofluorescence imaging (NIR-RAFD)'®2! between
October 2005 and April 2015. For HRA2 (visits between 2005
and 2011), NIR-RAFI laser (790 nm) was at the manufacturer’s
standard calibration of 2.6 mW at the cornea and an instrument
sensitivity setting of 95% was used the majority of the time
(rare exceptions included recordings at 93% and 94% settings).
Starting in 2007, the ‘automatic real time’ (ART) feature of the
acquisition software was used to average multiple frames with
intensity normalization turned off. Starting in 2011, Spectralis
HRA was used with laser output setting of 100% and detector
sensitivity of either 87% or 105%. Spectralis HRA-+optical
coherence tomography (OCT) is much more commonly
available in retina clinics and could potentially be used by
other investigators to perform NIR-RAFI albeit with lower
signal-to-noise ratio compared with the Spectralis HRA used in
the current work. In all patients, the 30° lens was used; in the
subset of visits performed in 2009 and later, additional imaging
with the 55° lens was obtained to extend coverage to further in
the periphery. In addition, short-wavelength (SW)-excited
RAFI'® was performed with the 30° lens mostly at and near
the macular region. All images were acquired with the high
speed mode wherein either 30° X 30° square or 55° diameter
circular fields were 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. Wide-field image
montage was assembled by manually specitying corresponding
retinal landmark pairs in overlapping segments using custom-
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written software (MATLAB 6.5; MathWorks, Natick, MA, USA).
Images from left eyes are displayed as equivalent right eyes for
ease of comparability. Cross-sectional imaging was performed
with a spectral-domain (SD) OCT system (RTVue-100; Opto-
vue, Inc., Fremont, CA, USA).

The extent of abnormal NIR-RAFI signal was determined
along four cardinal meridians by a procedure named ‘windmill
analysis’ (Supplementary Fig. S1). First, OCT imaging was
registered to NIR-RAFI to locate the anatomical fovea. Next,
four wedges starting at the anatomical fovea and extending
along each cardinal meridian were overlaid digitally onto the
wide-angle NIR-RAFI composite images. The tip angle of each
wedge was 30° and was demarcated into small areas of interest,
which incremented in 1° steps up to 9° eccentricity along
superior, inferior, and temporal meridians, and up to 15°
eccentricity along the nasal meridian; thereafter, the areas of
interest incremented in 2° steps (Supplementary Fig. S1). For
each area of interest along each wedge, the coverage of local
NIR-RAFI heterogeneity was determined manually by a single
grader (Supplementary Fig. S1). The percent coverage of local
heterogeneity was plotted as a function of eccentricity and the
furthest eccentricity demonstrating a transition to a criterion
threshold of 10% coverage was defined as the LDF detectable
by NIR-RAFL

RESULTS

Earliest Stages of Disease in ABCA4-RD

Short wavelength-RAFI (or its higher light level equivalent
fundus autofluorescence [FAF] imaging) of the macula is a
readily available and a convenient method for evaluating
natural lipofuscin accumulation disturbances described in
ABCA4-RD. The RAFI method provides the same information
content while reducing the patient discomfort from bright
lights and minimizing the likelihood of disease acceleration in
light-sensitive retinas.'®2! Short wavelength-RAFI imaging of
the macula can demonstrate the extent of the lipofuscin
disturbance in early macular disease such as P12 and P11 (Fig.
1A). The central lesion tends to expand over time as
demonstrated by P64 and P47, and eventually fills the entire
macula as demonstrated by P90 (Fig. 1A).

Wide-angle lipofuscin imaging beyond the macula is
possible, however, longer imaging times with bright lights
repeated to cover overlapping regions across the retina adds to
patient discomfort and negates any advantages provided by
RAFI methods. Ultra-wide imaging methods can be used but
the lower spatial resolution in the macular region makes it
difficult to follow central progression. An alternative method
for evaluating RPE disturbances takes advantage of the
autofluorescence of melanin-based pigments with NIR-RA-
FI.16:21,40:41 Near-infrared-RAFI appears as a dim red light and
can be performed across the retina with no patient discomfort.
Wide-angle NIR-RAFI of P72 and P49 (Fig. 1B, main panels)
demonstrate how two patients of similar age and with similar
macular SW-RAFI appearance (Fig. 1B, insets) can have
substantially different distribution of disease across and within
the retina. Both patients show extended regions of signal with
spatial heterogeneity that transitions to brighter signal and
spatial homogeneity in the midperipheral regions. The extent
of the heterogeneity is similar in the nasal and inferior
directions but substantially different in the temporal retina.
Superior retina also shows substantial differences except for a
small island of heterogeneity in P72 along the vertical meridian
that is at the same eccentricity as the extent of disease in P49
(Fig. 1B, right).
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Ficure 1. The retinal location of the LDF in the wide spectrum of severity encountered in ABCA4-RD. (A) Short-wavelength excited RAFI of the
macula in a healthy subject and five ABCA4-RD patients selected to represent increasingly wider expansion of disease from the fovea. The apparent
boundaries of the diseased area are visible for P12, P11, and P64, but extend beyond the field of view of imaging for P47 and P90. (B) Ultra-wide-
angle NIR excited RAFI (main images) demonstrate similarities and differences in the extent of the LDF in P72 and P49 in whom the macular SW-
RAFI (insets) appear to show similar disease severity. Square region on NIR-RAFI delimits the location of the SW-RAFI shown. (C, D) Comparison of
SW-RAFI and NIR-RAFI in two representative patients P58 and P55. Shown on the right are OCTs along the vertical meridian crossing the fovea, and
quantitative classification of the OCT layers in terms of ONL thickness, ISe existence, and rod-outer segment (ROS) thickness. Also shown on the
right are rod-mediated sensitivity loss (RSL) and cone-mediated sensitivity loss (CSL) along the vertical meridian.'® All data are classified into normal
(white) and abnormal (black) regions. Vertical dashed lines show the location of the data shown on the right. Horizontal dashed lines delimit the
greatest extent of abnormality detectable within the data shown in the right panels. Relevant layers and boundaries on the OCT are painted for
visibility (ONL = blue; 1Se = yellow; RPE = orange). All images are shown as equivalent right eyes and individually contrast stretched to allow
visibility of features.
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Ficure 2. Long-term progression of the LDF as determined from wide-angle NIR-RAFI performed serially in ABCA4-RD along the superior, inferior,

and temporal meridians. (A) Representative progression in a patient (P34) with a central macular lesion; NIR-RAFI recorded over a 9-year interval at
ages 30 and 39. (B) Representative progression in a patient (P74) with a lesion extending well beyond the macula; NIR-RAFI recorded over a 7-year
interval at ages 22 and 29. (C-E) Eccentricity of the LDF in ABCA4-RD as a function of age along the superior (C), inferior (D), and temporal (E)
meridians. Symbols connected by lines represent serial follow-up in the same eye at two visits.

The transition from spatial heterogeneity to homogeneity
apparent on NIR-RAFI either matches or leads the earliest
abnormalities detectable on other modalities as demonstrated
with two examples. P58 at age 62 represents patients with a
maculopathy that shows a central region of signal loss with SW-
and NIR-RAFI, which is consistent with end stage of disease
with total atrophy of the photoreceptor and RPE cells (Fig. 1C).
Surrounding the region of end stage disease is an annular
region of heterogeneity mostly with brighter spots on SW-RAFI
and mostly darker spots on NIR-RAFI implying abnormalities in
RPE pigmentation in small clusters. Photoreceptor structure
(outer nuclear layer [ONL] and OS thickness and inner-segment
ellipsoid [ISe] detectability) tends to be abnormal in this
annular region. The transition from atrophy to detectable RPE
and photoreceptor structure represents the trailing disease
front, which is expected to expand peripherally over time.
Surrounding the heterogenous annulus is a region of relative
homogeneity on SW-RAFI and NIR-RAFI corresponding to
normal-appearing photoreceptor structure and RPE pigmenta-
tion. The transition from heterogeneity to homogeneity likely
represents the LDE

P55 at age 55 represents patients with abnormal regions
extending beyond the macula (Fig. 1D). The central region of
RPE atrophy is smaller than P58, but there is a larger annulus of
heterogeneity extending well beyond the vascular arcades. The
region of heterogeneity is mostly associated with abnormal
photoreceptor structure. Toward the peripheral edges of the
annular region of heterogeneity, photoreceptor structure
becomes normal suggesting an LDF substantially separated

from the trailing front. In the remainder of the current work,
the LDF in ABCA4-RD will be estimated using wide angle NIR-
RAFI, which was obtained at far enough eccentricities to allow
visibility of a clear transition from a heterogeneous appearance
to a homogeneous and brighter appearance.

Expansion of the LDF in ABCA4-RD

Qualitatively, NIR-RAFI in ABCA4-RD shows a region of
heterogeneity that often appears darker than normal with rare
brighter spots intermingled. The LDF was defined quantita-
tively along the four cardinal meridians as the eccentricity at
which retinal loci with heterogeneity cross the criterion
threshold of 10% spatial coverage (Supplementary Fig. S1).
Analyses were performed in 44 patients with two ABCA4
variants likely to cause the retinal disease (Supplementary
Table S1). The segregation of alleles could be confirmed in 37
patients. Included in the analyses were a subset of 26 patients
(ages at first visit: 7-55 years, mean, 27.3 years; median, 24.8
years) with long-term serial data available (mean follow-up
interval: 5.9 years; range, 2.2-9.1 years; median, 5.4 years).
Some patients, like P34, demonstrated modest expansion of
the LDF by 2° to 6.5° over 9 years (Fig. 2A), whereas others,
like P74, showed much greater expansion up to 19° over 7
years of follow-up (Fig. 2B).

Initially, quantitative analyses were performed along supe-
rior, inferior, and temporal meridians; the complexities of the
nasal meridian will be considered separately below. The LDF
along the superior meridian ranged from 3.9° to 69.8° (Fig. 2C).
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Along the inferior meridian the LDF ranged from 3.5° to 52.3°
(Fig. 2D), whereas in the temporal retina the range was 4.6° to
64.4° (Fig. 2E). These data illustrate the wide spectrum of LDF
results encountered in ABCA4-RD in the current work. In the
subset of patients with longitudinal data, younger ages tended
to display steeper progression than older ages (Figs. 2C-E,
connected symbols). The average rates of expansion were
1.64°, 1.10°, and 1.52°/y along the superior, inferior, and
temporal meridians, respectively. Among the three nonnasal
meridians, the largest rate of expansion tended to be more
along superior and temporal meridians as compared with the
inferior meridian (36%, 41% vs. 23% of the eyes, respectively).
When only the meridian with the largest rate of expansion was
considered for each patient, the average rate of expansion was
2.0%%y.

Emergence and Progression of Early Disease in the
Nasal Retina

Nasal to the fovea, human retinas have a natural discontinuity
due to the optic nerve head (ONH), an approximately 5°
diameter round structure centered on average 16° nasal and 2°
superior to the fovea. The ONH consists of nerve fibers leading
from the ganglion cells across the retina to the central nervous
system and does not have photoreceptors or RPE. We have
previously shown that an approximately 2°wide annulus
centered approximately 4° from the center of the ONH is
protected from the progressive retinal degeneration in ABCA4-
RD.'> The underlying reason for this protection remains
unknown to date. Due to the combination of the ONH and
the parapapillary preservation, determination of the disease
progression in the nasal meridian is more complex than the
other three meridians. In all patients, there is an inner nasal
LDF defined along the meridian between the fovea and ONH.
In a subset of patients with extramacular disease, there is also
an outer nasal LDF located nasal to the ONH (Supplementary
Fig. SD).

P82 represented patients where at the first visit there was
only an inner nasal LDF and no evidence of disease peripheral
to the ONH; 3.5 years later, the inner nasal LDF had expanded
modestly by 0.23°/y and there was surprising emergence of
local heterogeneity beyond the ONH, which was not
contiguous with the central disease (Fig. 3A). P32 represented
the next stage where punctate abnormalities apparent beyond
the ONH at the first visit progressed to a bona fida outer nasal
LDF 5 years later (Fig. 3B). P52 was representative of the
patients with both inner and outer nasal LDFs at the first visit
that both expanded and merged over 8 years to result in an
appearance of parapapillary preservation within a wide
expanse of disease (Fig. 3C). And P72 showed an example of
substantial expansion of the outer nasal LDF over a 5-year
follow-up period (Fig. 3D).

The inner nasal LDE by definition, was delimited by the
fovea and the ONH and appropriately the patients’ results
ranged from 4.3° to 16.5° (Fig. 3E). Of the patients with serial
data, 27% did not show detectable progression at the inner
nasal LDF during the follow-up period (Fig. 3E). On average,
the expansion rate was 0.35°/y, which was substantially lower
than the superior, inferior, and temporal expansion rates. The
eccentricity at the outer nasal LDF ranged from 19° to 75° (Fig.
3F). In a subset of 16 patients with detectable outer nasal LDF
at two visits, there was substantial progression in each patient
(Fig. 3F); the average expansion rate was 1.98°/y, which was
equivalent to the maximal expansion rate of 2.0°/y measured
along nonnasal meridians. Another six patients showed only an
inner nasal LDF at the first visit and developed an outer nasal
LDF on the second visit. Considering the evidence that outer
nasal LDF can develop independently from the inner nasal LDF
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(Figs. 3A, 3B), the progression rate was not calculated for these
patients.

Predictive Model of Spatiotemporal Disease
Progression

The initial and final eccentricities of the LDFs along the
superior, inferior, and temporal (Figs. 2C-E) meridians show a
wide range of disease progression rates across ABCA4-RD
patients studied. Progression rate tended to be higher for
patients first examined at earlier ages compared with those first
examined at later ages (Fig. 4A, symbols). In addition, there
appeared to be a tendency for those with relatively smaller
lesions at first visit (Fig. 4A, red symbols) to expand slower
compared with those with relatively larger lesions (Fig. 4A,
green symbols) at any given age. Along the nasal meridian, the
progression rate of the outer nasal LDF also appeared to be
higher for patients first examined at earlier ages. To mathe-
matically model the progression data a formula with exponen-
tial and linear components was considered

LDF, = LDF+{k1 + k2 X EXP(—k3/AGE;) + k4 X LDF, }
X(AGE, — AGE,), (1)

where LDF; and LDF, are the eccentricities (in degrees) of the
LDF at the first and second time points, respectively, AGE; and
AGE, (in years) are the ages at first and second time points,
respectively, k1, k2, k3, and k4 are parameters. The term in
curly brackets defines the rate of expansion of LDF (in °/y). All
available serial data along superior, inferior, and temporal
meridians (symbols in Fig. 4A) were used with a least squares
fitting algorithm (Excel Solver; Microsoft Office 2013, Red-
mond, WA, USA) to estimate a single set of four model
parameters as: RI =—0.095 °/y, k2 =25.25 °/y, kK3 =0.18 yrs!,
and k4 = 0.049 °/y. The use of the more limited data from the
outer nasal boundary resulted in a different set of model
parameters as: R1 =0.61 °/y, k2=4.41 °/y, R3=0.06 yrs~!, and
k4 = 0.008 °/y. Family of curves produced by the model (Fig.
4A, lines) appear to describe the data well.

To better evaluate the accuracy of the model, the LDF at the
first time point, and the ages at first and second time points
from all patients were used to predict the LDF at the second
time point; this prediction was directly compared to the actual
measurement of the LDF at the second time point (Fig. 4B).
Model predictions were well matched to the measurement (72
= 0.94) and the intercept (1.7°) and slope (0.94) of linear
regression (Fig. 4B, thinner line) were not substantially
different than an ideal result zero intercept and unity slope
(Fig. 4B, thicker line).

Predictive models can be particularly useful as tools for
enrollment into clinical treatment trials as well as evaluation of
effectiveness of a potential treatment in modifying the natural
history of the underlying condition. Schematic drawings
demonstrate the predicted spatiotemporal natural history of
ABCA4-RD disease based on the model developed in the
current study (Fig. 4C). For these schematics we assumed a 12°
eccentricity difference between the outer nasal LDF and the
three other meridians based on the average difference found in
33 eyes where both types of data were available. For a
hypothetical 10-year-old ABCA4-RD patient with a LDF of 7°
along the superior, temporal, and inferior meridians at first
visit, the model would predict an ‘explosive’ expansion of the
LDF to 20° in 3 years (Fig. 4C, first schematic); an initial 20°
eccentric LDF would be expected to expand to 34.9° in the
same period (Fig. 4C, second schematic). Along the outer nasal
meridian, the expansion from 19° would be to 28.6° and from
32° to 41.9°.
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Ficure 3. Serial wide-angle NIR-RAFI demonstrates different progression patterns observed along the nasal meridian in representative ABCA4-RD

patients (A-D) and summary of all patients (E, F). (A) De novo appearance of outer nasal disease over 4 years in P82. (B) Formation of LDF in the
outer nasal region over 5 years in P32. (C, D) Expansion of the LDF in the outer nasal region over 8 and 5 years, in P52 and P72, respectively. All eyes
are shown as equivalent right eyes and individually contrast stretched. (E, F) Eccentricity of the LDF in the inner and outer nasal retina in all patients
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as a function of age. Symbols connected by lines represent serial follow-up in the same eye.

For a hypothetical 30-year-old ABCA4-RD patient with
similar initial LDFs, predicted expansions would be much
smaller. Specifically, along the superior, temporal, and inferior
meridians an LDF initially at 7° would be expected to expand
only to 8.1° (Fig. 4C, third schematic), whereas an initial 20°
would be expected to expand to 23° over 3 years (Fig. 4C,
fourth schematic). Along the outer nasal meridian, the
expansion from 19° would be to 23.5° and from 32° to 36.8°.
Depending on the test-retest variability of the evaluation
method used, our model can be used to define enrollment
criteria that would be expected to show detectable progres-
sion of LDF for a given duration of a clinical trial.

An alternative is to use the model to predict the duration for
an LDF initially at 7° (typical result for a maculopathy-only stage

of disease) to expand to 30° (definite extramacular disease).
Along the nonnasal meridians, for a patient who is 10 years old
at initial visit, the predicted duration is 7.4 years, whereas for a
patient who is 30 years old at initial visit, the predicted
duration is 16.4 years. Interestingly, for a 50-year-old, the
predicted duration for a 7° maculopathy to expand to
extramacular disease is 25.8 years. These results conform to
the clinical adage of better visual prognosis for older Stargardt
patients with ophthalmoscopic abnormalities limited to the
macula,42-45

Yet another use of the model is to estimate the age when
foveal disease started in each patient. Although the extrapola-
tion over decades is frought with uncertainty, model results
could provide estimates of severity for different genotypes. For
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Ficure 4. Model of the centrifugal expansion of the LDF in ABCA4-RD. (A) Measured rates of expansion of the LDF along superior, inferior, or
temporal meridians as a function of age (symbols). Distinguished are the patients with the extent of the LDF at the first visit with less than 15° (red
symbols) from those with greater than 15° (green symbols). Lines represent the model of disease expansion as function of age for a range of initial
disease extents between 5° and 60°. (B) Comparison of the LDF eccentricity predicted from the model to that actually measured in the eyes with
long-term serial data. Thin line is the linear regression fit to the data and the thicker line represents ideal match between prediction and
measurement. (C) Representative predictions of the model of progression over a 3-year interval for hypothetical patients at age 10 (left two
schematics) or age 30 (right two schematics), enrolling in a hypothetical clinical trial with an initial maculopathy (first and third schematics) or

with extramacular disease (second and fourth schematics).

example, among the 14 patients compound heterozygous for
the common G1961E allele (Supplementary Table S1), the
model would predict foveal disease in the first decade of life for
three alleles (PGSL;G1961E, L541P;A1038V, and T1019M),
second decade of life for four alleles (R1129L, C54Y, R152Stop,
and V256V) and fourth decade of life for four alleles (P1380L,
R1640Q, ¢.5312+1 G>A, and M669fs).

DIScUSSION

The earliest stage of disease in human ABCA4-RD is not well
understood but abnormalities reported to date include changes
in the RPE pigments lipofuscin and melanin, photoreceptor
inner and outer segments, external limiting membrane (ELM),
nuclei, and loss of light sensitivity of rods and
cones.14$15.18,19.21,46-49 The end stage of human disease in
ABCA4-RD, on the other hand, is well established and involves
degeneration of all photoreceptors and atrophy of all RPE cells
within spatially delimited retinal zones.!®1621.50-53 Cross-
sectional and longitudinal studies suggest that retinal loci
transition progressively, and often slowly, from a normal
structure and function to early stages of disease followed by
intermediate and late stages.

In the current work, we used ultra-wide-angle coverage with
NIR-RAFI to evaluate RPE melanization abnormalities in the full
ABCA4-RD spectrum ranging from abnormalities limited to the
macula only to disease across wide expanses of the retina. We
defined the LDF as the transition from local heterogeneity of
signal to homogeneity and measured its eccentricity along four
cardinal meridians. We found that the eccentricity of the LDF
varied continuously. We did not find supportive evidence of a
bimodal distribution of eccentricities that could have been
hypothesized to separate maculopathy from retina-wide disease
phenotypes, such as implied previously by electrophysiological
analyses.>*>> Spatiotemporal pattern of most ABCA4-RD sug-
gests a wave of disease that centrifugally sweeps across the
retina over years or decades as patients progress from
maculopathy to retina-wide disease.!3%>5¢ Both cell-autono-
mous and extrinsic factors likely contribute to the natural
history of disease to generate the centrifugal progression.>”-¢!
The existence of cell-autonomous factors are supported by the
initial onset of disease at the foveal/parafoveal region in all
ABCA4-RD reported to date as well as the onset of disease nasal
to the ONH spatially unattached from macular disease as
demonstrated in the current work. Incremental expansion of the
LDF from degenerate areas to neighboring healthier areas on the
other hand likely involves contributions from both extrinsic as
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well as cell-autonomous factors. Pathophysiological bases within
rod or cone photoreceptors or RPE driving specific extrinsic and
cell-autonomous factors in ABCA4-RD remain mostly unknown.

Longitudinal observations of disease progression in ABCA4-
RD are rare. Our studies concentrating on early RPE disease
represented by the LDF and performed over an average follow-
up period of approximately 6 years showed an average radial
expansion rate of approximately 2°/y both along the maximally
expanding nonnasal (superior or inferior or temporal) merid-
ian as well as along the outer nasal meridian. Several other
longitudinal studies of RPE structure have been reported but in
each case the concentration was on the end stage of disease
where investigators measured the growth of RPE atrophy
within the macula and reported it in terms of areal enlargement
rate.52-%4 For comparison with our work, we can calculate the
effective radial expansion of circular-equivalent atrophy
boundaries from average areas reported and their expansion.
In one study of 13 patients followed for 3 years, average radial
expansion of atrophy corresponded to 0.38°/y.°2 In another
study of 12 patients followed for 3 years, radial expansion of
the atrophy boundary corresponded to 0.53°/y (assuming a
typical atrophy area of 7 mm?, which was not specified by the
authors).®® In a more recent study of 67 patients, atrophy
growth corresponded to radial expansion rates of 0.4 and 0.8°/y
depending on different autofluoresence subtypes.® Taking
these results together, it appears that the LDF measured in the
current work is expanding on average at least at twice as high a
rate as compared with the expansion of the RPE atrophy
reported previously. Pathophysiological basis of the implied
differences in progression of early disease, as measured here,
and late disease, as more commonly measured, is currently
unknown.

We previously reported on the peripheral rod and cone
dysfunction in ABCA4-RD measured longitudinally over 8.7
years.!® Results were consistent with two components
summing to contribute to the spatiotemporal progression of
the dysfunction: a central-to-peripheral gradient and a
uniform retina-wide pattern. In the subset of patients
showing evidence of peripheral dysfunction, the implied rate
of radial expansion of early rod and cone visual dysfunction
was estimated to be 3°/y,'® which is similar to the maximum
LDF expansion rate of 2.6°/y in the comparable subset of 14
patients analyzed here with an initial LDF at greater than 30°.
Thus, even though a direct structure-function correlation
was not within the scope of the current work, expansion of
the LDF appears to parallel the centrifugal progression of
early rod and cone dysfunction.

Ultra-wide-angle imaging is used to visualize simultaneously
the central as well as the peripheral retina.®> Scanning laser
ophthalmoscope-based systems have been used to image color
fundus and SW FAF imaging of the peripheral retina in AMD,®
retinitis pigmentosa,®”-°® and cone-rod dystrophy.®® There was
a general correspondence between peripheral autofluores-
cence abnormalities and visual fields.®”-%® We are not aware of
ultra-wide-angle imaging in Stargardt disease, or ultra-wide-
angle NIR-RAFI for any retinal disease published to date. Future
studies quantifying far peripheral LDF may have to first
measure and then computationally account for the warping
introduced by the specific combinations of lenses and imaging
systems.”%71

There was an ‘explosive’ expansion of the LDF in several
younger patients such as P28 at age 9, P49 at age 14, and
siblings P71 and P72 at ages 12 and 16, respectively. Rapid
enlargement of scotoma size in younger patients with early-
onset Stargardt disease have been previously reported.”? In one
large study of Stargardt patients, loss of visual acuity was found
to progress much faster for patients initially seen in the first 2
decades of life compared with those first evaluated at later
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ages.”> Patients with early-onset Stargardt disease also showed
structural changes of the ELM, which was not observed in later
onset disease.?® In other studies of early-onset Stargardt, RPE
atrophy was noted to expand from the macula to beyond the
vascular arcades.®®74 Taken together considerations of com-
fortable imaging and the potential for measurements involving
large changes over short follow-up periods, wide-angle NIR-
RAFI may be especially useful for following the progression of
the early disease in early-onset forms of ABCA4-RD.

There have been many challenges in producing animal
models that represent well the disease stages of ABCA4-RD
observed in humans. Pigmented Abca4 knockout and
L541P;A1038V knockin mice show substantial accumulation
of lipofuscin in the RPE but show little, if any, retinal
degeneration.®’7> Albino Abca4 knockout mice show both
lipofuscin accumulation and a slow photoreceptor degenera-
tion but similarity of photoreceptor loss in homozygote and
heterozygote animals do not match the normal retinas of
human heterozygote carriers.”®~78 Abca4-Rdh8 double-knock-
out mice show hypersensitivity to acute light damage which
has not been observed in human patients.>® Thus, it is
currently difficult to extrapolate from preclinical experimental
therapies what component and which stages of human disease
may successfully be treated with different approaches.
Simultaneous recording of both the leading and trailing disease
fronts and their progression may be one practical strategy to
follow in future clinical trials.
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