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Purposk. In patients diagnosed with Best vitelliform macular dystrophy (BVMD), quantitative
fundus autofluorescence (qAF), near-infrared fundus autofluorescence (NIR-AF), and spectral-
domain optical coherence tomography (SD-OCT) were used to elucidate pathogenic
mechanisms.

MerHops. Fourteen patients heterozygous for BEST1 mutations were recruited. qAF was
analyzed using short-wavelength fundus autofluorescence (SW-AF) images. Mean gray levels
(GL) were determined in nonlesion areas (7 to 9° eccentricity) and adjusted by GL measured
in an internal fluorescent reference. NIR-AF images (787 nm; sensitivity of 96) were captured
and saved in non-normalized mode. Horizontal SD-OCT images also were acquired and BVMD
was staged according to the OCT findings.

Resurts. In the pre-vitelliform stage, NIR-AF imaging revealed an area of reduced fluorescence,
whereas in the vitelliruptive stage, puncta of elevated NIR-AF signal were present. In both SW-
AF and NIR-AF images, the vitelliform lesion in the atrophic stage was marked by reduced
signal. At all stages of BVMD, nonlesion gAF was within the 95% confidence intervals for
healthy eyes. Similarly, the NIR-AF intensity measurements outside the vitelliform lesion were
comparable to the healthy control eye. SD-OCT scans revealed a fluid-filled detachment
between the ellipsoid zone and the hyperreflectivity band attributable to RPE/Bruch’s
membrane.

Concrusions. NIR-AF imaging can identify the pre-vitelliform stage of BVMD. Mutations in
BEST1 are not associated with increased levels of SW-AF outside the vitelliform lesion.
Elevated SW-AF within the fluid-filled lesion likely reflects the inability of RPE to phagocytose
outer segments due to separation of RPE from photoreceptor cells, together with progressive
photoreceptor cell impairment.

Keywords: best vitelliform macular dystrophy, bestrophin, bisretinoid lipofuscin, near-infrared
fundus autofluorescence, optical coherence tomography, quantitative fundus autofluores-
cence, retina, retinal pigment epithelium

he integral membrane protein bestrophin-1 (BEST1) is

encoded by the gene BEST1 (11q13) and is expressed on
the basolateral membrane of RPE cells.'
associated with early and adult-onset disease”’;
common of these is juvenile-onset Best vitelliform macular
dystrophy (BVMD) (OMIM 607854; BEST).>* More than 200
disease-causing mutations” have been described, most of which
and located in the intracellular N-
terminal portion of the protein. BEST1 also has been associated
with defects in ocular development, specifically nanophthalmos.6

The BEST1 protein functions as an anion channel that is
permeable to chloride and that is activated by changes in
cytosolic calcium concentration.>”"'” Under physiological
conditions there may be additional activators.'®
structures of bacterial and chicken homologs of BEST1 have
confirmed that bestrophin-1 oligomerizes to form a pentamer
with each protomer containing four transmembrane helices

are missense mutations>
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with cytosolic N- and C-termini.””'> Mutations in BEST1 may be
associated with disease due to the production of defective
channels composed of mutant and wild-type subunits or
because of disruption of the putative calcium-binding domain
around the carboxylate loop.”"?

BVMD is typically inherited in an autosomal dominant
manner, although autosomal recessive bestrophinopathy also is
recognized®® and is modeled in a naturally occurring canine
BESTI knockout model.>' Although overt disease in BVMD
manifests as bilateral disease that is often restricted to the
macula,®> atypical BVMD can present as multifocal and
extramacular involvement**?®> and unilateral disease can
occur.?* The central oval lesion appears egg yolk-like (vitelli-
form lesion) in color fundus photographs, and exhibits intense
autofluorescence in short-wavelength fundus autofluorescence
(SW-AFE) images.zs’26 In spectral-domain optical coherence
tomography (SD-OCT), the lesion is visible as a dome-shaped

2 Mutations in BESTI are
35, the most
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Tasie. Clinical, Demographic, and Genetic Data
Disease Disease BCVA* BCVA* Refraction Refraction
Patient Family Sex Age Ethnicity Stage OD Stage OS oD oS oD oS Mutation
1 I M 44 Caucasian Vitelliform Preclinic 0.10  0.00 +0.25 plan €.884T>C:p.11e295Thr
2 il F 34 Caucasian Vitelliruptive Vitelliruptive 0.00  0.00 plan plan c.727G>A:p.Ala243Thr
I F 12 African Vitelliruptive Vitelliruptive 0.62  0.10 +6.0 +4.0 ¢.28G>A:p.Alal0Thr
American
4 M 59 Hispanic Vitelliruptive Vitelliruptive 0.88  0.50 +2.5 +2.75 ¢.653G>A:p.Arg218His
5 A% M 49 Caucasian Vitelliruptive Atrophic 0.40 050 -1.5 —1.25  ¢.900G>C:p.Glu300Asp
6 VI M 55 Caucasian Vitelliruptive Vitelliruptivet 0.70  0.68 +2.0 +2.0 ¢.89A>G:p.Lys30Arg
7 VII M 23 Caucasian Vitelliruptive Vitelliruptive 0.02  0.00 +1.25 +4.0 ¢.887A>G:p.Asn296Ser
8 VII M 61 Caucasian Vitelliruptive Vitelliruptive 0.68 0.62 +4.0 +4.0 ¢.887A>G:p.Asn296Ser
9 VIII F 32 Caucasian Pseudohypopyon Pseudohypopyon 0.10 1.2 +0.25 plan ¢.727G>A:p.Ala243Thr
10 X M 60 Caucasian Vitelliruptive Vitelliruptive NA NA NA NA C.274C>T:p.Arg92Cys
11 X M 43 Caucasian Vitelliruptivet Vitelliruptivet 1.30 0.30 +0.75 +1.00 C.218T>A:p.Ile73Asn
12 XI F 43 Asian Vitelliruptive Vitelliruptive 0.20  0.00 plan plan €.652C>T:p.Arg218Cys
13 XII M 57 Caucasian  Atrophic Vitelliruptive 1.30  0.60 —-2.75 —2.50 ¢.652C>T:p.Arg218Cys
14 XIII M 45 Caucasian Pseudohypopyon Vitelliform 0.22  0.10 +0.50 +0.50 €.653G>A:p.Arg218His

RPE 26-28

* BCVA: Best-corrected visual acuity logMAR equivalent.
T Eyes excluded from the qAF analysis.

fluid-filled separation between photoreceptor cells and

Electrophysiological testing of BVMD patients usually
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reveals a normal fullfield electroretinogram, although there
can be exceptions.29 On the other hand, an electrooculogram
(EOG), a test that measures changes in the transepithelial
potential across the RPE,>® can be diagnostic for BVMD?" if the
recorded light peak/dark trough ratio (Arden ratio) is less than
1.5. The light peak is considered to reflect a depolarization of
the basolateral membrane of RPE due to activation of a chloride
conductance in response to changes in intracellular calcium
concentration.3*3%33

This association led to the suggestion that BEST1 mediates
the conductance involved in the light peak of the EOG.>* A
recent study of microperimetry in BVMD reported that

although sensitivity is particularly decreased in the affected
central maculopathy, a reduction in retinal sensitivity also can
occur in nonlesion areas.>®

Emission spectra recorded spectrofluorometrically within
the vitelliform lesions of BVMD patients exhibit maxima (580-
620 nm) that are consistent with emission spectra of RPE
lipofuscin recorded in healthy eyes.26 Because the vitelliform
lesion is also notably hyperautofluorescent in SW-AF images, it
has been assumed that this intensity represents a generalized
increase in lipofuscin autofluorescence throughout the retina
of BVMD patients.3’6 Nevertheless, we have previously
observed that SW-AF (488 nm) autofluorescence, measured
as quantitative fundus autofluorescence (qAF) is not elevated
outside the vitelliform lesion in BVMD.?° Here we report qAF
analysis of SW-AF images acquired from a second cohort of 14

Ficure 1. Quantitative fundus autofluorescence image analysis. Mean GLs recorded from eight circularly arranged segments (outlined in green)
centered on the fovea were used to calculate gAFE (A) Vitelliruptive stage (P7). In this patient, three segments were excluded because they
overlapped the lesion area. (B) Vitelliform stage (P14). All eight segments were analyzed in this patient.
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Features of SW-AF (A) and NIR-AF (B) and SD-OCT (C) in a healthy eye. The central macula appears dark in SW-AF images due to

absorption of the blue excitation wavelength by macular pigment, whereas in the NIR-AF image, the central macula is hyperautofluorescent due to
increased optical density of melanin. The foveal depression is visible in the SD-OCT scan (C). Reflectivity layers are defined according to Staurenghi

etal.’®

Bruch’s membrane.

patients. By way of extending our previous work, we present
not only qAF values reflecting SW-AF intensities 7° to 9° outside
the fovea, but also qAF color-coded images that illustrate the
topographic distribution of SW-AF intensities. In addition, the
signal derived primarily from RPE melanin was studied
qualitatively and semiquantitatively in NIR-AF images acquired
from the BVMD patients.

METHODS

Subjects

Fourteen patients heterozygous for BEST1 disease-causing
variants were recruited for the present study. All patients
presented to the Edward S. Harkness Eye Institute, Columbia
University. Demographic, clinical, and genetic data are
presented in the Table. The clinical diagnosis of BVMD was
based on fundus appearance, family history, and low Arden
ratio on EOG. The International Society for Clinical Electro-
physiology of Vision (ISCEV) standards were accorded when
performing the EOG. The anterior segment evaluation was
unremarkable; all the patients were phakic and had clear
media. BVMD patients were staged according to SD-OCT
findings as published previously.*®

All procedures adhered to the tenets of the Declaration of
Helsinki, and written informed consent was obtained from all

ELM, external limiting membrane; EZ, ellipsoid zone; 1Z, interdigitation zone; ONL, outer nuclear layer; RPE/BM, retinal pigment epithelium/

patients after a full explanation of the procedures was
provided. The protocol was approved by the Institutional
Review Board of Columbia University.

Image Acquisition and Analysis: Short-Wavelength
Autofluorescence (SW-AF)

gAF imaging was performed as described previously.26 SW-AF
images (488-nm excitation, barrier filter transmitted light from
500 to 680 nm, 30° X 30° field) were acquired using a confocal
scanning laser ophthalmoscope (cSLO; Spectralis HRA+OCT,
Heidelberg Engineering, Heidelberg, Germany) equipped with
an internal fluorescent reference for correction of variable
laser power and differences in detector sensitivity. Pupils were
dilated to at least 7 mm in diameter using 1% tropicamide and
2.5% phenylephrine before image acquisition. Room lights
were turned off. A near-infrared reflectance image (NIR-R) was
taken first and after switching to qAF mode, photoreceptor
cells were bleached (20 to 30 seconds) during focusing and
alignment to produce a uniform and maximum signal. The
images were acquired in high-speed mode (8.9 frames/s), as a
minimum of 12 frames (video format). The image quality was
evaluated after recording and at least 7 of 12 frame images
were required per video for further analysis. Misaligned frames
(due to eye movements) or frames having diminished AF signal
(due to eyelid interference or iris obstruction) were excluded.
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Ficure 3. Pre-vitelliform stage. P1. (A) SW-AFE The fundus appearance is normal. (B) NIR-AF imaging reveals foveal hypofluorescence. (C) qAF
color-coded image of P1 presents intensities comparable to that in an age-similar healthy eye (E). (D) SD-OCT scan. The green line in A indicates the
position of the SD-OCT scan; no abnormalities are noted.
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Ficure 4. Vitelliform stage. P1. (A) SW-AE Hyperautofluorescent signal within the lesion is considerably brighter than in surrounding fundus. (B)
NIR-AE Lesion has a dark central area and hyperfluorescent puncta. (C) gAF color-coded image. Hyperautofluorescence is confined to the lesion.
gAF is not elevated outside the lesion. (D) Horizontal SD-OCT scans reveal a dome-shaped lesion. At the edge of the lesion the hyperreflective bands
attributable to the ELM, EZ, and IZ are displaced anteriorly, separating these bands from the RPE/BM. Within the lesion, the IZ is disorganized. The
positions of the scans are indicated by green lines in (A). The AF puncta in (A) and (B) (blue and yellow arrows) correspond to hyperreflective foci

in the SD-OCT scans. (E) gAF color map of a healthy eye.

An averaged non-normalized image was generated from each
video and two images from each session were analyzed (four
averaged images per eye).

For analysis, images were exported to IGOR (WaveMetrics,
Lake Oswego, OR, USA). Mean gray levels (GLs) were
determined in eight circular segments at an eccentricity of
approximately 7° to 9° from the fovea (middle ring, Figs. 1A,
1B). Only segments that did not overlap the lesion were
included in the measurement. The outer contour of the high
SW-AF signal defined the outer limits of the lesion. The
presence of vessels in the sampling area, which would
decrease the gAF level, was accounted for by the software
algorithm. qAF values were calculated after GLs were
calibrated to GLs in the reference; and after accounting for
the zero-GL of the laser, refractive error, image magnification,
and age-adjusted lens transmission.>” For each eye, a qAF value
was computed as the mean of the gAF values of the segments
(qAFy).

Comparison was made to 374 eyes of 277 controls of similar
age range (5 to 60 years old), without eye disease and having

the following ethnic composition: 87 white, 79 Hispanic, 47
African American, 43 Asian, 6 Indian, and 15 mixed ethnicity
(i.e., descending from more than one distinct race). Color-
coded qAF maps were computed based on pixel-wise
transformation of qAF values (WaveMetrics).

Near-Infrared Autofluorescence (NIR-AF)

The HRA2-SLO (Heidelberg Engineering) was used with the
indocyanine-green angiography mode (787 nm excitation, 830
nm emission) to capture NIR-AF images (30 X 30° field). With a
sensitivity of 96 (within a range of 51%-100% to adjust
brightness) and the eye-tracking function, 100 single frames
were averaged to obtain high-quality images saved in non-
normalized mode. ImageJ (http://imagej.nih.gov/ij/; provided
in the public domain by the National Institutes of Health,
Bethesda, MD, USA) (Microsoft Java 1.1.4) was used to analyze
and plot the NIR-AF signal. All images were aligned using
i2kRetina software (DualAlign LLC, Clifton Park, NY, USA).
Nineteen subjects (mean age 35.96 years) without a history of

Ficure 5. Pseudohypopyon stage. P9. (A) SW-AF discloses a lesion with hyperautofluorescence that is more pronounced inferiorly. (B) NIR-AF
presents a dark central lesion with AF foci. The lesion is surrounded by hyperautofluorescence that is typical of the macula. (C) qAF color-coded
image reveals an intensely AF punctum within the lesion. (D) The SD-OCT scan. The ELM and EZ bands follow the anterior contours of the lesion.
The hyperreflective 1Z is disorganized within the lesion. The optical clarity of the lesion is consistent with fluid in the /ine 1, while photoreceptors
outer segment debris are likely the source of the dense deposits in the inferior region (/ine 2). The positions of the scans are indicated by green lines
in (A). (E) gAF color-coded image acquired from an age-similar healthy eye demonstrates that gAF outside the lesion in (C) is within the normal
range.
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Ficure 6. Vitelliruptive stage. P2. (A) SW-AF image. The lesion edge and an interior spot are hyperautofluorescent. Two other round areas are
hypoautofluorescent (blue asterisks). (B) The NIR-AF image. Hyperautofluorescence at the superior margin of the lesion, with three round areas of
increased fluorescence in the center (asterisks). (C) SD-OCT. The ELM, EZ, and IZ are obliterated. Increased transmission into the choroid is
pronounced except at positions of hyperreflective projections (A, B, C1, red asterisks) suggestive of a fibrotic scar within the central lesion (A, B,
C1-3, red and blue asterisks). The horizontal axes of the scans are indicated by green lines in (A). (D) gAF color map. Areas of high fluorescence at
the lesion edge and normal levels outside the lesion. (E) qAF color-coded image. Healthy eye; age similar to the patient in (D).

eye disease served as the healthy-eye group. These individuals
self-identified as Caucasian (11), African American (3), Asian
(3), and Hispanic (2).

Spectral-Domain Optic Coherence Tomography
(SD-OCT)

SD-OCT images were acquired with the Spectralis HRAHOCT
(Heidelberg Engineering) as horizontal 9 X 9-mm scans (870
nm; 7 microM axial resolution) through the macula acquired in
high-resolution mode with averaging of 100 single scans. The
scans were registered automatically to a simultaneously
acquired IR-R (820 nm) fundus image, which was later used
for point-to-point correlation with other fundus images.
Nomenclature used to identify reflectivity bands in SD-OCT
images was as published.>®

RESULTS

We analyzed 28 eyes from 14 patients having a clinical
diagnosis of BVMD that was confirmed by genetic testing.
For all patients, heterozygous mutations were found in the
BEST1 gene (Table). The age of the patients ranged from 12 to
60 years (mean 43.3 years, median 45 years). Patients were
grouped as to stage of disease based on SD-OCT findings.*® Of
the 14 patients, 10 were male. Of the 26 eyes (13 patients) for
which refraction was recorded, 16 were hyperopic, 4 were

mildly myopic, and 6 were emmetropic. The visual acuity
measured in logMAR varied from 0.00 to 1.30 (mean 0.43,
median 0.35) in 26 eyes (for one patient visual acuity was not
recorded). Most of the eyes included in this study were in the
vitelliruptive stage (20), whereas one was classified in the pre-
vitelliform stage, two were in the vitelliform, three in the
pseudohypopyon stage, and two were atrophic.

The appearance of the fundus in SW-AF and NIR-AF images
in BVMD patients varied with the stage of the disease. In an eye
staged as pre-vitelliform, the central elliptical-shaped NIR-AF
signal characteristic of a healthy eye (Fig. 2B) was altered by a
central zone of reduced NIR-AF (Fig. 3B). Conversely, no
abnormalities were noted in the SW-AF and SD-OCT images in
the subclinical stage (Figs. 3A, 3D) when compared with a
healthy eye (Figs. 2A, 20).

In SW-AF images, vitelliform lesions were hyperautofluor-
escent and exhibited a small central decreased SW-AF (Fig. 4A).
On the other hand, in NIR-AF images, the vitelliform lesions
exhibited reduced signal (Fig. 4B). In SD-OCT scans, these
lesions were located in central macula and presented as dome-
shaped separations between the ellipsoid zone and RPE/
Bruch’s membrane reflectivity layers (Fig. 4D). Hyperreflective
material extended posteriorly into the fluid-illed space; based
on continuity with the interdigitation zone, this material is
assumed to be outer segments. Some hyperreflective foci
associated with the lesion and visible in the SD-OCT (Fig. 4D)
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Ficure 7. Atrophic stage. P5. (A) SW-AE The lesion is hypoautofluorescent except for punta of hyperautofluorescence inferiorly. (B) NIR-AE The
interior of the lesion is primarily hypoautofluorescent; hyperautofluorescence is present at the lesion edge. (C1-3) SD-OCT scans. A thickening of
the RPE/BM reflectivity band in C1 (red arrow) is not autofluorescent in the SW-AF image (A, red arrow) but presents as a bright punctum in the
NIR-AF image (B, red arrow). Hyperreflective material corresponding to disorganized IZ in C2 (yellow arrow) is not autofluorescent in the SW-AF
(A) and NIR-AF (B) images. The edge of the original lesion, identifiable in (C3) as anterior displacement of EZ, and ELM (blue arrow) presents as
autofluorescence in the SW-AF image in (A) but is not visible in the NIR-AF image (B). Increased transmission of OCT signal into the choroid is
pronounced in (C3) and inner retina has collapsed into the lesion. The positions of the scans are indicated by green lines in (A). (D, E) qAF color-

coded images. Outside the vitelliform lesion in the BVMD patient (D), the qAF levels are similar to that in age-similar healthy eye (E).

corresponded to points of hyperautofluorescence in the NIR-
AF image (Fig. 4B).

For the three eyes in the pseudohypopyon stage, the SW-AF
signal in the lesion was more intense in the gravitationally
dependent inferior zone of the lesion (Fig. 5A). Thus, in the
corresponding SD-OCT images (Fig. 5D), the scan through the
superior aspect of the lesion (Fig. 5A, line 1) revealed
hyporreflectivity, whereas in the more inferior scan (Fig. 5A,
line 2) the lesion was hyperreflective (Fig. 5D, lines 1 and 2). In
the NIR-AF image, the lesions presented a generalized
hypofluorescent signal with foci of normal or slightly increased
fluorescence (Fig. 5B).

In the eyes in the vitelliruptive stage, zones of both hypo-
and hyperautofluorescence were visible in SW-AF and NIR-AF
images (Figs. 6A, 6B). Regions of increased fluorescent signal in
SW-AF images (Fig. 6A, red asterisk) colocalized in SD-OCT
scans with hyperreflective material that projected anteriorly;
the RPE/Bruch’s membrane band was displaced and followed
the contours of this material (Fig. 6C1, red asterisk). Other
anterior projections were visible in the SD-OCT scans and NIR-
AF images (Figs. 6B, 6C2, 6C3; blue asterisks) but were
hypoautofluorescent in the SW-AF image. The apparent
continuity of RPE over the projection is consistent with their
detection in NIR-AE The detection in NIR-AF images versus SW-
AF images could also constitute an optical effect; absorption of
NIR wavelengths by tissue (through which the light beam
passes) is less than the blue SW light. Eleven of 20 vitelliruptive
eyes presented with this hyperreflective anterior projection;
this was not observed at other stages. This hyperreflective
material has been previously described as choroidal neovascu-

larization® and fibrosis.>® Transmission of SD-OCT signal into
the choroid was reduced posterior to the projection in SD-OCT
scans (Fig. 6C1-3), whereas at other lesion-positions, trans-
mission of SD-OCT signal was increased, indicating that the
RPE was not intact.

For eyes in the atrophic stage, the lesions in SW-AF and NIR-
AF images were largely absent of signal with only limited spots
of brightness (Figs. 7A, 7B; red, yellow, and blue arrows),
whereas in the SD-OCT there was a loss of outer retinal
reflectivity layers (Fig. 7C1-3). Transmission into the choroid
was increased in some areas (Fig. 7C3).

An additional disease feature that was observed was a halo
of decreased NIR-AF and SW-AF signal just outside the border
of the vitelliform lesion (Figs. 6A, 6B; 7A, 7B; 8A, 8B). The halo
was more visible superiorly and laterally than inferiorly and
was more prominent in the SW-AF images (Figs. 8B, 8C).
Twenty-three of 26 eyes exhibited this halo; these eyes
represented all stages of disease except the pre-vitelliform
stage. Two eyes had a large lesion that extended beyond the
vascular arcades, thus precluding analysis of the presence or
absence of halo at the border of the lesion. The NIR-AF signal
was also reduced in this region, except in two eyes. In the SD-
OCT scans the halo corresponded to thinning of the outer
nuclear layer (Fig. 8D).

gAF and semiquantitative NIR-AF measurements were
acquired from 28 eyes of 14 BVMD patients. After image
analysis, one patient (P11, two eyes) was excluded from the
gAF analysis because the lesions extended beyond the arcades,
precluding measurements outside the lesion. Another eye was
excluded (P6, left eye) due to eye movement artifacts. In Figure
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Ficure 8. Vitelliruptive stage. P13. Corresponding positions are
shown as dashed vertical lines in each image. (A) NIR-AF presents a
region of faint hypofluorescence surrounding the lesion (dashed
lines). (B) SW-AF image. A hypoautofluorescent zone, indicated by the
vertical dashed lines, presents as a halo outside the lesion border. (C)
gAF color-coded image. The zone between the vertical dashed lines
exhibits reduced qAE (D) SD-OCT. ONL is thinned within the zone
indicated by the vertical dashed lines. Green lines in (A) and (B)
indicate horizontal axis of SD-OCT scan.

9, gAF values measured outside the vitelliform lesion are
plotted as a function of age for all remaining 25 eyes. Plotting
the gAFg values acquired from the single Hispanic, African
American, and Asian patients versus ethnicity-matched healthy
eyes revealed that in all three cases the qAF value of the BVMD
patient was well within the 95% confidence intervals of the
ethnicity-matched healthy eyes plotted as a function of age
(data not shown). Therefore, for presentation (Fig. 9A) we
compared all BVMD eyes with our database of 374 healthy eyes
(277 control subjects) with the ethnic composition as
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Ficure 9. Quantitative fundus autofluorescence; 25 eyes of BVMD
patients. (A) Mean nonlesion gAF in BVMD eyes (red circles) are
plotted together with mean (solid black line) and 95% confidence
levels (dasbed lines) acquired from eyes of healthy subjects. (B) qAF
values in BVMD (colored circles) and healthy eyes (black circles). Stage
of BVMD is indicated.

described in the Methods section. Stage of disease is also
indicated (Fig. 9B). In all cases, nonlesion gAF in the BVMD
eyes was within the 95% confidence intervals for healthy eyes,
independent of the stage of the disease (Figs. 9A, 9B).

Color-coded gAF images scaled to gAF units (1-1200)
demonstrated foci of hyperautofluorescence inside the lesion.
For instance, in the pseudohypopyon stage, the SW-AF signal of
the vitelliform lesion was more intense inferiorly than
superiorly and this difference was more noticeable in the
gAF color-coded map (Fig. 5C). In the pre-vitelliform stage, SW-
AF levels were comparable to a healthy eye (Figs. 3C, 3E). At
other stages, the vitelliform lesions presented with variable but
high SW-AF levels (Figs. 4C, 6D, 7D, 8C). Areas of atrophy and/
or fibrosis showed low or absent SW-AF signal (Figs. 6D, 7D,
80). In all stages of BVMD, gAF levels outside the lesion were
normal (Figs. 3-7).

We also generated NIR-AF intensity profiles along a
horizontal axis through the fovea and compared the profiles
acquired from BVMD patients with profiles from healthy
subjects (19 subjects). As shown in Figure 10, the NIR-AF signal
in the healthy eyes increased to a peak in the fovea, whereas in
the BVMD eyes the NIR-AF signal was depressed. The NIR-AF
intensity was also reduced within the halo (Fig. 10, area
between black and yellow lines) (P = 0.03).

DISCcUSSION

We used the qAF approach to noninvasively measure SW-AF in
BVMD patients and conclude that in fundus areas outside the
central lesion, RPE lipofuscin levels are not increased. Thus, a
generalized retina-wide increase in RPE lipofuscin is unlikely to
be one of the primary features underlying the pathogenesis of
BVMD. That said, the fluorescence within the vitelliform
lesions exceeded the levels typically measured in the macula®®
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Figure 10.

Semiquantitative NIR-AF intensity profiles. Mean (solid lines) and 95% confidence intervals (dashed lines); 28 eyes. Gray lines

represent healthy control eyes and red lines indicate BVMD patients. Black vertical lines are the limits of the lesion, and the yellow vertical lines are
the approximate limits of the halo. Upper right, within the halo mean GLs in the control versus BVMD eyes are significantly different (P =0.031).

(Figs. 4C, 5C, 6D, 7D). Given that bisretinoid lipofuscin forms
in photoreceptor outer segments before transfer to RPE, one
need not assume that the autofluorescence within the vitelli-
form lesion is emitted from RPE. The most parsimonious
explanation for the intense autofluorescence within the dome-
shaped vitelliform lesion is that the emission originates from
accumulating outer segment debris within the lesion, not
because of an intrinsic inability of the RPE to phagocytose but
because of separation of photoreceptor cells from the RPE
monolayer.

The intense autofluorescence within the lesion probably
also indicates that the rate of bisretinoid production in the
photoreceptor cell outer segments is accelerated within the
lesion. This could be due to the impairment of photoreceptor
cells located in association with the fluidfilled lesion. As
observed in a model of Mertk deficiency, defective phagocy-
tosis of outer segments by RPE leads not only to deposition of
outer segment debris at the RPE-photoreceptor cell interface
but also to elevated production of bisretinoid fluorophores
within the accumulating outer segments and eventually
photoreceptor cell degeneration.*® Thus, the hyperautofluor-
escence of the vitelliform lesion is unlikely to be a primary
disease feature but rather a secondary consequence of the
fluid-filled lesion.

The focal reduction in the NIR-AF signal we observed in the
pre-vitelliform stage (Fig. 3), has been noted previously.! This
variance in the NIR-AF signal was present without evidence of
a lesion in SW-AF images or by SD-OCT. The anomaly may be
indicative of an aberration in melanin. Alternatively, it could be
due to an absorbance change. Water does not absorb light in
the visible range (e.g., at the 488-nm wavelength used for SW-
AF detection) but it does absorb in the near-infrared range
(650-1350 nm). Thus, in the early stage of the disease, changes
in the ionic and fluid composition of the cellular environment
in the subretinal space may be the cause of the attenuated NIR-
AF signal in the pre-vitelliform (subclinical) stage. We note,

however, that fluid is not visible in the SD-OCT image at this
stage (Fig. 3D). Mean retinal sensitivity measured by micro-
perimetry was reported to be suppressed within 2 to 4 degrees
eccentricity. This zone may correspond to the hypoautofluo-
rescent area detected by NIR-AE*! The hyper- and hypoauto-
fluorescence associated with the lesion at other stages of
BVMD in NIR-AF images could reflect various processes. For
instance, the depressed signal associated with the vitelliform
lesion (Figs. 4-7, 10), particularly when viewed in conjunction
with RPE/Bruch’s membrane thinning, likely reflects a loss of
RPE cells. Alternatively, hyperautofluorescent foci within the
lesion (Figs. 4-7) could be a sign of displacement and
overlapping of RPE cells*? and/or elevated bisretinoid lipofus-
cin that contributes to the NIR-AF signal (Fig. 4).%>

The presence of the fluid-filled lesion as observed in SD-
OCT scans is likely the key to understanding disease processes
in BEST1 disease. Because water follows the movement of
anions, the outwardly directed movement of chloride is
accompanied by fluid transport across the RPE cell from the
subretinal space to the choroid. ** Accordingly, the formation of
the fluidfilled detachment between photoreceptor cells and
RPE in BVMD is attributable to impaired fluid transport
secondary to the loss of anion channel activity. Reduction of
anion currents in the presence of mutations in BEST1 has been
demonstrated by whole-cell patch clamp 1‘ec0rding.45’47
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