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Abstract

Purpose—Using multiple imaging modalities we evaluated the changes in photoreceptor cells
and RPE that are associated with bone spicule-shaped melanin pigmentation in retinitis
pigmentosa (RP).

Methods—In a cohort of 60 RP patients, short-wavelength autofluorescence (SW-AF), near-
infrared (NIR)-AF, NIR-reflectance (NIR-R), spectral domain optical coherence tomography (SD-
OCT) and color fundus images were studied.

Results—Central AF rings were visible in both SW-AF and NIR-AF images. Bone spicule
pigmentation was non-reflective in NIR-R, hypoautofluorescent with SW-AF and NIR-AF
imaging and presented as intraretinal hyperreflective foci in SD-OCT images. In areas beyond the
AF ring outer border, the photoreceptor ellipsoid zone (EZ) band was absent in SD-OCT scans and
the visibility of choroidal vessels in SW-AF, NIR-AF and NIR-R images was indicative of reduced
RPE pigmentation. Choroidal visibility was most pronounced in the zone approaching peripheral
areas of bone spicule pigmentation; here RPE/Bruch’s membrane thinning became apparent in
SD-OCT scans.

Conclusions—These findings are consistent with a process by which RPE cells vacate their
monolayer and migrate into inner retina in response to photoreceptor cell degeneration. The
remaining RPE spread, undergo thinning and consequently become less pigmented. An
explanation for the absence of NIR-AF melanin signal in relation to bone spicule pigmentation is
not forthcoming.
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Introduction

Retinitis pigmentosa (RP) is a genetic heterogeneous disease that can be inherited as
autosomal-dominant (about 30-40% of cases), autosomal-recessive (50-60%) or X-linked
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(5-15%)1: 2 traits. An autosomal dominant (ADRP) subgroup of RP is caused in 25% of the
cases by a mutation in the rhodopsin gene (RHO). In approximately 20% of cases,
autosomal recessive RP (ARRP) is associated with a mutation in the USH2A gene and X-
linked RP is causative in 70% of patients by a mutation in the RPGR (retinitis pigmentosa
GTPase regulator) gene. Many other genes are involved in the genesis of each type of RP,
however there are a large percentage of cases in which the genetic cause is unknown.

The disease generally starts in the periphery of the retina and progresses centrally resulting
in a tunnel-like field of vision. The inner nuclear layer and the ganglion cell layer are usually
well preserved in early stages of the disease, but degenerate later.2 The most characteristic
fundus findings in RP patients are retinal vessel attenuation, and a pale waxy optic nerve
head.2 Especially in the later stages of RP, aberrant aggregations of melanin pigment-
containing cells can be visible in the mid-peripheral or far periphery of the fundus. These
pigmentary changes are typically described as assuming the shape of bone-spicules.

Optical coherence tomography (OCT) has shown, as expected, that thinning of outer retina
precedes that of inner retina3 and spectral domain (SD)-OCT has demonstrated that
diminishing best corrected visual acuity (BCVA) corresponds to the loss of ELM, 1S/OS and
ONL.# In SW-AF images wherein the signal originates primarily from retinal pigment
epithelium (RPE) lipofuscin®, a ring or arc of high AF is often visible within the transitional
zone between degenerated and intact photoreceptor cells.5~17 The inner border of the ring
delimits an area interior to the ring that exhibits normal function!® and a preserved
hyperreflective band attributable to the ellipsoid zone (EZ) on SD-OCT.1! Across the ring
visual sensitivity was found to be normal while external to the ring visual sensitivity was
profoundly reduced.! Studies employing SW-AF have demonstrated that AF rings may
constrict over time.1% 17 The high AF ring in RP is also visible with NIR-AF imaging;1° this
modality employs an excitation light of 787 nm and generates a signal from RPE and
choroidal melanin.29 The location of the outer border of the ring was found to be similar in
both SW-AF and NIR-AF images although the inner border of the ring was closer to the
fovea in the NIR-AF images and corresponded to the position in SD-OCT scans where the
EZ band was at least partially intact.1 Interestingly, in patients presenting with NR2E3-
p.G56R-linked (nuclear receptor 2E3) autosomal dominant retinitis pigmentosa (ADRP),
two concentric hyperautofluorescent rings have been described.?!

Since RP patients present with a higher incidence of cataracts than in the healthy population,
near infrared reflectance (NIR-R) has been helpful for the study of RP as these wavelengths
can better penetrate optical media opacities.? This modality revealed the presence of a
tapetal reflex in carriers of X-linked RP.22

The AF signal generated at the position of rings in RP remains visible after bleaching of
photopigment;22 this observations excludes a window defect, emanating from RPE cells that
are unobstructed by degenerated photoreceptors, as an explanation for these AF rings.
Others have suggested that the abnormal AF from the ring derives from the accelerated
phagocytosis of photoreceptor outer segments.1’: 2425 However the rate of bisretinoid
fluorophore formation is predetermined in photoreceptors prior to outer segment shedding
and subsequent phagocytosis. We have previously presented data indicating that disease-
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related SW-AF patterns are indicative of an accelerated lipofuscin synthetic pathway
initiated in disabled photoreceptor cells unable to detoxify excess retinaldehyde of the visual
cycle.26.27

The purpose of this study was to use current multiple imaging modalities to evaluate the
characteristics of pigmentary changes in RP so as to better understand the degenerative
processes underlying the disease. The evaluation of RPE cells in RP is essential to the
assessment of future therapeutic outcomes.

Materials and Methods

Patients and Clinical Evaluation

All patients presented in this study were consented under clinical research protocols
AAAB6560 and AAAM5813 approved by the Columbia University Medical Center
Institutional Review Board. All study procedures adhered to the tenets laid out by the
Declaration of Helsinki.

Complete ophthalmic examinations were performed in all patients by a retina specialist
(SHT), which included a dilated (Tropicamide 1% and Phenylephrine 2.5%) slit-lamp
fundus exam, measurement of best-corrected visual acuity and multi-modal retinal imaging.
Diagnostic criteria of RP consisted of typical fundus features and symptoms, family history
and, if available, full-field electroretinogram (fFERG) results. Patients with poor or
uninterpretable clinical data were also excluded.

Multi-Modal Retinal Image Acquisition and Analysis

Spectral domain-optical coherence tomography (SD-OCT) scans and corresponding fundus
images were acquired with a Spectralis HRA+OCT (Heidelberg Engineering, Heidelberg,
Germany). Horizontal single line (9 mm, ART, average of a minimum of 50 images) SD-
OCT scans though the fovea were acquired in high resolution mode. Additionally high
resolution volume scans (at least 6mm, 19 scans, ART 9 images averaged, 250um distance
between B-scans, or higher) were acquired in all cases. If pigmentary changes were not
visible in the central 30° field, images of retinal periphery were acquired. Fundus images
(30° and 50°) acquired with the Spectralis HRA+OCT included near infrared reflectance
(NIR-R) and short wavelength autofluorescence (SW-AF, 488-nm excitation).

Near infrared autofluorescence (NIR-AF) images were obtained using a confocal scanning-
laser ophthalmoscope (cSLO, Heidelberg Retina Angiograph 2, Heidelberg Engineering,
Dossenheim, Germany). All images were acquired in “normalization mode” by a skilled
operator ensuring complete illumination of the fundus and optimum focus. Color and red
free fundus photos (30 and 55°) were obtained with a FF 450plus Fundus Camera (Carl
Zeiss Meditec AG, Jena, Germany).

Post-acquisitional registration of multi-modal fundus images was performed using the i2k
retina software (DualAlign LLC, Clifton Park, NY) allowing for point-by-point correlation
of localized changes between modalties. Fundus images and SD-OCT scans were acquired
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simultaneously with Spectralis HRA+OCT thereby allowing automatic alignment by the
hardware-supported HEYEX software.

Multivariate regression was performed using Microsoft Excel 2013 (Version 15.0.4)
Analysis ToolPak.

Demographic characteristics of the study cohort (n=60) are summarized in Table 1. Mean
cohort age was 36.3 years and ranged from 7 to 77 years. A majority of patients (n=30)
exhibited best-corrected visual acuities (Snellen) of 20/25 or better while in the rest of the
cohort values varied widely (20/30 to HM). Familial inheritance was assessed in all patients
at the time of examination with the following results: autosomal dominant (AD), 33%);
autosomal recessive (AR), 52%; X-linked recessive (XL), 7% and 8% unknown. Genetic
information was available in 23 patients. Amongst AR patients, 5 were clinically diagnosed
with Usher 2 syndrome; USH2A mutations were confirmed in 2 (P4 and 33). Other
confirmed AR cases included: CNGB1 (P6, P32), KIAA1546 (P14), GPR98 (P22), EYS
(P35), RGR (P36), PDE6A (P46) and FAM161B (P50). Mutations in rhodopsin (RHO) was
most prevalent in those of AD inheritance (P5, P16, P49 and P58) while singles cases of the
following were identified: RP1 (P11, P25), PRPF31 (P26), RP1L1 (P48) and KLHL1 (P51).
Mutations in RPGR were confirmed in 4 patients (P29, P30, P38 and P44) of XL
inheritance.

Multimodal Imaging

All patients exhibited canonical features associated with retinitis pigmentosa including
attenuated arterioles, waxy disc palor (Figure 1). In the SD-OCT cystoid macular edema was
found in 11 patients. Notably, bone spicule pigment migration, in varying degrees of
confluence, was evident on fundoscopy and color fundus photography in the peripheral
regions of 27 patients. Bone spicules were less apparent in SW-AF images of 3 patients
because the pigment-associated shadowing overlapped with areas of reduced SW-AF signal
due to advanced atrophy. Cross-imaging analyses of the pigment revealed that it was non-
reflective in NIR-R and hypoautofluorescent with SW-AF and NIR-AF imaging (Figure 1).
SD-OCT scans through the pigmented areas revealed corresponding hyper-reflective
aggregations in inner retina and less frequently in ONL (Figure 2, B, D, H). Visibility in
color fundus photographs, NIR-R and NIR-AF images depended on the size of the pigment
aggregations and the extent of hyper-reflectivity in inner retina; however, intraretinal
pigment was always discernible in SW-AF images as areas of reduced signal (Figure 2E).

Central AF rings of variable size, typically round or elliptical in shape, were best visualized
in SW-AF and NIR-AF images (Figure 3). A hyperfluorescent ring was found in 85%
(51/60) of patients in SW-AF images. Distinct inner and outer borders of the ring were
discernable with SW-AF in 80% (48/60) of patients while in 38% (23/60) of patients only an
outer border was apparent in NIR-AF images (Table 2 and Figure 3). In SD-OCT scans, the
hyper-reflective, photoreceptor-attributable ellipsoid zone (EZ) terminated at a position that
corresponded to the outer borders of the rings in both SW-AF and NIR-AF images (Figure 4
only NIR-AF shown). Regions beyond the ring outer border exhibited characteristics of
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advanced atrophy: hypopigmentation and choroidal vessel visibility in SW-AF, NIR-AF and
NIR-R images, hyperreflective foci in SD-OCT images and spicular pigmentation in color
and NIR-R images (Figures 2 and 3). Interestingly, in a large proportion of patients (n=46)
the region outside and adjacent to the outer border of the ring appeared less hypopigmented
relative to more peripheral atrophied areas; here choroidal vessels were somewhat obscured
(Figure 3 yellow arrows; Figure 4, blue lines). This finding was most evident in color, NIR-
R and NIR-AF images. Moreover, the outer edge of this region was found to correlate with
abrupt thinning of the RPE/Bruch’s membrane attributable reflectivity band along with
severe delamination of the inner and outer retina on SD-OCT (Figure 4, at transition
between blue line (horizontal and vertical) and no line). Hypopigmentation in color
photography or NIR-R images was noted in all 60 patients. In 59 of these patients the
hypopigmentation corresponded to hypoautofluorescence in NIR-AF images (1 patient did
not have NIR-AF). To assess associations between inheritance patterns (AR, AD, XL and
unknown) and other described phenotypes (bone spicules, hypoautofluorescence, ring
patterns in SW-AF and NIR-AF), a multivariate regression analysis was performed but did
not reveal significant associations amongst the groups.

Figure 5 summarizes the changes deduced by correlating information obtained by
multimodal imaging of RP patients. The inner border of the AF ring (Figure 5; 1)
demarcates a healthy area having intact inner and outer retinal layers on SD-OCT (Figure 5;
4). In the region adjacent to the outer border of the ring (Figure 5; 5) the choroidal vessels
were faintly visible in color and NIR-R images and in SD-OCT images this position was
defined by an absence of the EZ band but apparently intact RPE/Bruch’s membrane.
Regions more distant in the periphery were characterized by visibility of choroidal vessels,
presence of migratory pigment, AF foci (n=32) (Figure 5; 3) and severe inner and outer
retinal layer disorganization in SD-OCT images (Figure 5; 6).

Discussion

Our results obtained with non-invasive imaging are consistent with earlier studies employing
light and electron microscopy to examine retinas obtained postmortem from donors with
RP.28-30 These authors have described partially de-differentiated melanin-containing RPE
cells that have detached from Bruch’s membrane and migrated along blood vessels to inner
retina. Accretions of these cells are visible as intraretinal hyperreflective foci in SD-OCT
images (Figure 2)31 In some instances it is reported that these migrating RPE cells lack
lipofuscin?® while in other cases lipofuscin is present.28 A dearth of lipofuscin would
explain the absence of SW-AF signal, as observed here in association with bone spicules.
Whether the RPE cells that eventually migrated, had accumulated lipofuscin at one time is
not known. If they had, the lipofuscin content could have been diminished by cell division
and dilution amongst daughter cells. Indeed, it has been suggested that RPE cells proliferate
in RP.32 Nevertheless, the dilution of melanin does not seem to occur during the formation
of bone spicules, as the cells forming these aggregations remain heavily pigmented. Mature
RPE cells /n situ are said to be incapable of melanin synthesis but whether this limitation is
also expressed by proliferating and migrating RPE in RP is not known. Unexpectedly and
despite their obvious melanin content, bone spicules did not exhibit a NIR-AF signal, only
darkness (787 nm excitation) (Figures 1-3). By way of explaining this conundrum, we
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suggest that the NIR-AF emission may be reduced by self-absorbance of the fluorescence as
a result of dense packing of melanosomes.

The outer border of the high AF ring in RP demarcates a transition between degenerating
photoreceptor cells and dysfunctional but intact photoreceptor cells. By examining SD-OCT
scans at the level of the outer border of the AF ring, we noted that at positions peripheral to
EZ loss, the RPE/Bruch’s membrane attributable band is absent or significantly thinned.

Interestingly, this location corresponded to areas of decreased pigmentation and
autofluorescence in color fundus, NIR-R and NIR-AF images. This area is sufficiently
opaque to diminish the visibility of choroidal vessels that are clearly apparent in more
eccentric areas corresponding to apparent RPE loss on SD-OCT. We hypothesize that in this
area external but adjacent to the outer ring boundary, RPE cells are structurally present but
hypopigmented due to disease-related changes. It is worth noting that bone spicule
pigmentation and observed hyper-reflective foci in SD-OCT scans are only present outside
this area. We suggest that the hypopigmentation and thinning of RPE occurs secondary to
proliferation, spreading and migration of RPE with the formation of bone spicule pigment
abnormalities. Just as with the visible thinning of RPE/Bruch’s membrane we observed in
SD-OCT images, reports from histological studies have described a flattened RPE
monolayer in some zones, absence of RPE in other areas and clumping of dislocated RPE at
yet other locations.30: 33

In summary, multimodal imaging using color, NIR-R, NIR-AF, SW-AF and SD-OCT reveals
the changing spatial characteristics of RPE cells along the disease trajectory of RP (Figure
5). The AF rings see on SW-AF and NIR-AF delimit an area of functionally and structurally
intact retina. In an area immediately outside the external boundary of the ring, RPE cells
may be present but hypopigmented, as RPE cells vacate the monolayer and the remaining in
situ RPE spread to fill the gaps. The severe retinal disorganization associated with RPE cell
migration to inner retina and bone spicule pigmentation occurs beyond this area.
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Figure 1.
Bone spicule-like intraretinal pigment aggregation in retinitis pigmentosa (RP) (P17). Color

montage (A), short-wavelength fundus autofluorescence (SW-AF) (B) and near-infrared
fundus autofluorescence (NIR-AF) (C) images. Bone spicule pigmentary changes (arrow
heads) visible in color fundus photography are not autofluorescent in SW-AF and NIR-AF
images.
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Figure 2.
Multi-modal fundus imaging and corresponding SD-OCT of bone-spicule pigment migration

of RP patients (P57, P58 and P43). Near-infrared reflectance (NIR-R) (A,G), spectral
domain optical coherent tomography (SD-OCT) (B, D, H), color fundus photography (C),
short-wavelength fundus autofluorescence (SW-AF) (E) and near-infrared fundus
autofluorescence (NIR-AF) (F). The horizontal axis and extent of SD-OCT scans is
indicated by white lines with single arrows in the fundus images. The intraretinal
hyperreflective cellular deposits (arrow heads) generate a shadow-effect in the SD-OCT and
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corresponding darkness in the SW-AF image. NIR-AF intensity is diminished with increased
eccentricity.
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Figure 3.
Representative short-wavelength fundus autofluorescence (SW-AF), near-infrared fundus

autofluorescence (NIR-AF), near-infrared reflectance (NIR-R) and color fundus images
obtained from RP patients. The dotted lines indicate the outer border of the AF ring. Note
the appearance of the AF ring in various modalities. Interior to the ring, there is brightness in
the NIR-AF image and relative darkness in the SW-AF image. The zone of reduced melanin
in the RPE monolayer (yellow arrows) permits choroidal vessel visibility.
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Position of EZ loss

Figure 4.
Horizontal SD-OCT scans (A-H) and corresponding near-infrared fundus autofluorescence

(NIR-AF) in P57, P23, P19, P48 and P22. The red lines (horizontal in the SD-OCT images
and vertical (horizontal) in the fundus images) mark the zone where the ellipsoid zone (EZ)
and RPE/Bruch’s bands are intact. The blue lines demarcate the zones where the EZ band is
absent. The horizontal lines in A-H are placed below the reflectivity bands attributable to
RPE/Bruch’s membrane in the SD-OCT images. Within the zones indicated by the blue
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lines, reduced pigmentation is apparent in color fundus, NIR-R and NIR-AF images. The
latter aberration is more pronounced in the zones peripheral to the blue lines.
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Legend

1. Autofluorescent ring (EZ
boundary)

2. Hypopigmented RPE zone

3. Peripheral region of
photoreceptor and RPE

" 2 rg S 4 migration
> ‘] 4. 3. SD-OCT: Structurally
1"4( : unaffected EZ and RPE

5. SD-OCT: EZ loss
\!\ 6. SD:OCT: RPE loss (outer
;’i * ? retinal delamination)
Figure5.

Scheme illustrating changes in the RPE and photoreceptor cells deduced by correlating
information obtained by multi-modal imaging of RP patients. Bone spicule pigment in the
fundus periphery (black) is populated by translocated RPE cells. The AF ring (1) is visible
in both SW-AF and NIR-AF images and the outer border of the ring in NIR-AF and SW-AF
images exhibits good correspondence. Outside the ring, changes (e.g. visibility of choroidal
vessel) in the NIR-R, NIR-AF and SW-AF images are indicative of reduced RPE
pigmentation in the original RPE monolayer (2). Reduced melanin pigmentation in the cells
progresses (3) with distance from the AF ring (1). The photoreceptor ellipsoid zone (EZ)
visible in SD-OCT images, terminates at the outer border of the AF ring thus creating a zone
of EZ absence (5). With greater eccentricity (6) SD-OCT imaging reveals RPE displacement
and progressive retinal delamination.
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