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Abstract

Background To analyse cellular and spatiotemporal factors of neurodegeneration and gliosis in a patient with submacular
haemorrhage (SMH) secondary to type 1 macular neovascularization in neovascular age-related macular degeneration
(nAMD).

Methods This is a case study and clinicopathologic correlation of an 84-year-old white man with nAMD treated with
antiangiogenic drugs and photodynamic therapy during a 6-year follow-up. Eyes were recovered for histology 8.23 h after
death. In vivo multimodal imaging including optical coherence tomography (OCT) and en face modalities was compared
with ex vivo OCT and high-resolution histologic images, using a custom image registration procedure. SMH components
were defined (intraretinal, subretinal, sub-retinal pigment epithelium (RPE), and dehemoglobinized blood). Neurodegen-
erative changes in each of these areas were described. One anonymous donor eye with haemorrhagic nAMD was also
reviewed as a comparator.

Results By in vivo OCT, progressive resolution of the haemorrhage and gradual transformation of sub-RPE fluid to fibrous
hyperreflective tissue, progressive macular atrophy, and variation in external limiting membrane (ELM) visibility were
observed. Histology showed intense photoreceptor loss with preservation and self-adhesion of macular Miiller glia resulting
in ELM condensation. The comparator eye exhibited shed cone inner segments among subretinal erythrocytes.
Conclusion This is the most detailed clinicopathologic correlation of nAMD with SMH resolution to date, and the first in the
OCT era. Our results reveal profound macular neurodegeneration and gliosis, signified by condensed ELM, soon after
haemorrhage begins. Intensified OCT reflectivity of the ELM, an important retinal barrier, has potential as a biomarker for
severe photoreceptor loss and gliosis.

Introduction

In eyes with neovascular age-related macular degeneration
(nAMD), submacular haemorrhage (SMH) can occur sud-
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sub-RPE neovascularization in which a branching vascular
network feeds dilated vascular elements prone to exudation,
a pattern recently termed ‘aneurysmal type 1 macular neo-
vascularization’ (AT1) [1, 2]. When SMH occurs in nAMD,
it may accumulate between the neurosensory retina and
retinal pigment epithelium (RPE), or under the RPE. A
small haemorrhage (<1 disk diameter (DD)) is considered
part of the typical disease presentation, whereas larger
haemorrhages are considered SMH. They are classified by
size: small (1-4 DD); medium (>4 DD, within the vascular
arcades); and massive (extending beyond the arcades).
SMHs are usually <500 um thick and are considered thick if
>500 um [3]. We use this terminology, although this defi-
nition does not include intraretinal haemorrhage, as seen in
the index case of this report.

The natural history of SMH is poor, including visual
impairment associated with progression to fibrosis, RPE
tears, or atrophic scars [4, 5]. Haemorrhage thickness has
been correlated with prognosis [4, 5], although not directly
to the final visual acuity. SMH secondary to nAMD entails
worse prognosis than haemorrhage associated with other
conditions [5]. Factors underlying limited visual improve-
ment include the presence of sub-RPE blood, a tendency for
scarring, and other concomitant AMD-related retinal and
RPE abnormalities. In experimental SMH, photoreceptors
are damaged as soon as 1h [6] after exposure to whole
blood, irreversibly within 24 h [7], due to fibrin contraction
and a diffusion barrier imposed by the clot.

Human macula exhibits distinctive forms of neurode-
generation and gliosis [8—10]. Unique to this region are
photoreceptors with long axons interleaved with Miiller
glia outer trunks in the Henle fibre layer [11-13]. Histo-
logically validated, longitudinal imaging anchored on
optical coherence tomography (OCT) [14, 15] has
recently confirmed early observations [16, 17] that the
border of atrophy in the photoreceptor layers is a descent
of the external limiting membrane (ELM) towards Bruch’s
membrane. The ELM represents junctional complexes
between Miiller cells and photoreceptors, a physiologic
barrier to fluid flow, and a regulator of the photoreceptor
environment [18]. When the ELM curves downward as in
complete RPE and outer retinal atrophy (cRORA) [19],
the normally vertical Miiller glia re-orient horizontally
and strongly express glial fibrillary acidic protein, a
marker for reactive gliosis [20, 21]. Previously investi-
gated as a predictor of visual acuity in macular atrophy
[22-25], the ELM thus also has potential as a readout of
photoreceptor survival after insult [14].

Histopathology of haemorrhage resolution in human
retina can add new knowledge to that learned from
experimental animals lacking maculae [6, 7], with the
benefit of also informing the interpretation of clinical OCT.
Herein we present histology of a clinically documented case

of AT1 nAMD with a medium-sized, multi-layered SMH
that was treated with non-surgical methods, thus allowing
insight into photoreceptor destruction. We analyse cellular
and spatiotemporal factors of neurodegeneration using a
novel procedure to co-register multimodal images, corre-
lating in vivo images through a 6-year follow-up and
ex vivo high-resolution epoxy resin histology. Our data
show remarkable photoreceptor loss with preservation of
the ELM and Miiller glia.

Methods
Compliance

This study complied with the Health Insurance Portability
and Accountability Act of 1996 and adhered to the Tenets
of the Declaration of Helsinki. Clinical review was
approved by the Institutional Review Board of the Man-
hattan Eye, Ear and Throat Hospital/North Shore Long
Island Jewish Hospital. The histopathology study was
approved by the Institutional Review Board at the Uni-
versity of Alabama at Birmingham.

In vivo multimodal imaging analysis

An 84-year-old white man diagnosed with nAMD in his
right eye and non-neovascular AMD in his left eye under-
went comprehensive ophthalmologic examination and
multimodal imaging. As separately detailed and sum-
marised in the ‘Results’ [26], this patient received care at
Vitreous Retina Macula Consultants of New York for 6
years. In 2008 and 2011 he underwent photodynamic
therapy (PDT) in his right eye, in combination with intra-
vitreal anti-vascular endothelial growth factor (VEGF) (55
injections over a 78-month follow-up). His last intravitreal
treatment and clinical examination was in April 2015,
14 weeks before death. Clinically, the left eye demonstrated
peripapillary subretinal drusenoid deposits and signs of
diffuse outer retinal atrophy, but these features were not
available for histology due to poor preservation.

Images available for review included colour fundus pho-
tography (CFP), red free (RF), fluorescein angiography (FA),
indocyanine green angiography (ICGA), eye-tracked spectral-
domain OCT, and near-infra-red reflectance (NIR). CFP and
RF images were acquired using the Topcon TRC 501x fun-
dus camera (Topcon Imagenet, Tokyo, Japan). FA and ICGA
images were acquired using Topcon TRC 501x fundus
camera or Heidelberg Spectralis HRA + OCT (Heidelberg
Engineering, Heidelberg, Germany). OCT and NIR imaging
were performed using the Spectralis. OCT imaging utilised
eye tracking and image registration, with a customised eva-
luation field between 20°x 15° and 30°x25° and with
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Automatic Real Time (ART) values between 10 and 30, and
quality value between 17 and 38 dB.

Ex vivo multimodal imaging and histopathologic
analysis

The patient died due to subdural haematoma after a fall.
Eyes were recovered 8.23 h after death by personnel of the
Eye-Bank for Sight Restoration (New York, NY). Globes
were opened anteriorly with encircling cuts at the limbus
and immersed in 10% neutral buffered formalin, shipped on
wet ice overnight, and transferred to 2% glutaraldehyde and
1% paraformaldehyde in 0.1 M phosphate buffer. Ex vivo
OCT and NIR (787 nm) reflectance imaging of the pre-
served globe were obtained prior to histologic processing,
as described [27]. An 8-mm-diameter full-thickness tissue
punch centred on the fovea was post-fixed with osmium
tannic acid paraphenylenediamine to preserve extracellular
lipids, embedded in epoxy resin, sectioned at 0.8 um
thickness, and stained with toluidine blue [26].

To provide seamless multi-scale review without switch-
ing between microscope objectives, sections were scanned
in their entirety using a 60x oil-immersion objective (1.4
numerical aperture), a robotic microscope stage, and slide
scanning software (Olympus VSI 120, CellSens; Olympus,
Center Valley PA). For detailed evaluation, scanned images
were viewed on a monitor at magnifications up to 1240X
using ImageJ (https://imagej.nih.gov/ij/download.html).
Photomicrographs were composited for figures with
adjustments for exposure, contrast, and background colour
(Photoshop CS6, Adobe Systems, USA).

Integration of in vivo imaging, over time, with
histology

Our goal was to correlate histology with specific macular
regions on in vivo imaging, each with distinct features of
neovascularization, exudation, and haemorrhage over the
course of follow-up. This goal was implemented by locating
these areas on in vivo en face images acquired at different
time points from different devices, projecting them onto
in vivo OCT B-scans, and then from there to ex vivo tissues
sections, as described [26], using two custom Imagel plug-
ins (Register Barycentric, EnFace2OCT_Markup).

In brief, all in vivo en face images were aligned to a
reference NIR using barycentric alignment [28]. Retinal
vessels were used to align en face images of all imaging
modalities, two at a time to the NIR locator image used for
OCT. Then, haemorrhagic areas on the aligned en face
images were outlined manually in different colours [26] and
simultaneously indicated in the B-scans by identically
colour-coded vertical lines. Working in the other direction,
histology was compared with ex vivo B-scans then to
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in vivo B-scans from the last clinic visit with OCT
(December 2014, 8 months before death) by comparing
shapes of entire sections and scans, as described above.
Atrophic retina remained attached to the underlying support
tissues in one area. We reduced the impact on alignment of
torsion around this attachment by considering the spatial
ordering of tissue features as (superior to inferior and nasal
to temporal), across scans and across sections. Finally, we
accounted for shrinkage of detached retina.

Comparator donor eye

Histopathologic features of neurosensory retina in the index
eye were compared with an eye with nAMD from the
Project MACULA website of AMD histopathology with a
haemorrhage that was smaller than SMH as defined [3].
This eye had undergone ex vivo colour fundus imaging and
OCT as described [29]. The comparator case was acces-
sioned in 2001, i.e. before the anti-VEGF era. Presence of
basal linear and laminar deposits supported the histologic
diagnosis of AMD. Subretinal drusenoid deposits were not
detected.

Results

Figure 1 shows different components of the AT1 lesion at
baseline on in vivo multimodal imaging, including CFP
(Fig. 1a), RF (Fig. 1b), ICGA (Fig. lc, mid phase) and FA
(Fig. 1d, late phase). Clinical features included intraretinal,
subretinal, and sub-RPE haemorrhage/fluid, dehemoglobi-
nized haemorrhage, and as detailed separately [26], aneur-
ysms/polyps and a peripapillary branching vascular
network. At baseline, a haemorrhage area greater than 4 DD
was confined to the macula without extending to the tem-
poral vascular arcades, meeting the criterion for medium-
sized SMH [3]. Subfoveal haemorrhage thickness was 201
um, and dehemoglobinized blood was the thickest compo-
nent (400 um). Intraretinal haemorrhage appeared red and
radiated outward from the foveal centre in a pattern con-
sistent with localisation to the HFL. This haemorrhage
extended mostly into the outer nuclear and outer plexiform
layers with some hyperreflective material also within the
inner nuclear layer. Subretinal haemorrhage was bright red
and diffusely distributed. Sub-RPE haemorrhage hetero-
geneously brownish-red, diffusely distributed, and mixed
with serous fluid. Dehemoglobinized blood was yellowish-
white with sharply delimited borders.

During the follow-up, resolution of subretinal and
intraretinal haemorrhage and progressive transformation of
the sub-RPE fluid to hyperreflective fibrous tissue (Fig. 2)
were observed by OCT. At baseline, areas of subretinal
haemorrhage (Fig. 2a) and fluid, intraretinal haemorrhage
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Fig. 1 Lesion components at
baseline (October 2008), in
aligned en face images. Lesion
boundaries are not shown for
illustrative clarity. Components
are numbered and color-coded
for correspondence with Fig. 2.
1, sub-retinal pigment
epithelium (RPE) fluid; 2,
subretinal dehemoglobinized
hemorrhage; 3, hemorrhage in
Henle fiber layer; 4, sub-RPE
hemorrhage and fluid; 5,
subretinal hemorrhage; 6, sub-
RPE hemorrhage; 7, aneurysm/

polyp; 8, 9, peripapillary
neovascularization. a Color
fundus photograph; b red-free
image; ¢ mid phase indocyanine
green angiogram; d late phase
fundus fluorescein angiogram.
Aneurysmal type 1 lesions 8-9
were best seen in a separately
published late phase
indocyanine green

angiogram [26]; these are
included here for completenes.

(Fig. 2b) showed an intensified (more reflective) ELM that
progressed to outer retinal atrophy (ORA) and undetectable
ELM after resolution (Fig. 2c, d). At baseline, dehe-
moglobinized haemorrhage appeared as a homogeneously
hyperreflective subretinal material, and the ELM was not
visible (Fig. 2b, orange arrowhead). As this subretinal
material was resorbed, progressive outer retinal degenera-
tion was evident. Over the follow-up, areas of RORA with
choroidal hypertransmission on OCT B-scans were
observed in areas of subretinal and Henle fibre layer hae-
morrhage (Fig. 2c, d). The ELM variably presented as
continuous and homogeneously hyperreflective (normal,
A1, B1), thick hyperreflective (intensified, A2, B2), or not
visible due to a diffuse and heterogeneous reflectivity
extending from the RPE band through the ONL (A3, B3).

Outer retina was studied at cellular and subcellular levels
with high-resolution histology (Figs. 3, 4, S1, S2). ELM
status varied remarkably with photoreceptor content
(Fig. 3). In areas where numerous photoreceptor inner
segments passed through the ELM, the ELM exhibited its
normal light microscopic appearance of a discontinuous thin
line (Fig. 3a). In areas where IS and OS were absent due to
total or near-total photoreceptor depletion, fine processes of
Miiller cells made junctions among themselves, and the
ELM condensed into a nearly continuous line at this mag-
nification (Fig. 3c). An intermediate stage of ELM con-
densation was also defined (Fig. 3b). This prominent

histologic variation could not be definitively correlated to
variation in OCT appearance at the time points examined
(2009 OCT, 2014 OCT, 2015 histology).

In areas with intraretinal haemorrhage and sero-
haemorrhagic PED, depletion of photoreceptors from the
ONL left a thickened HFL consisting of only Miiller cell
processes (Figs. 2b, 3c, 4d). HFL/ONL dyslamination, i.e.
loss of discrete layers due to inward translocation of pho-
toreceptor cell bodies [12], was also seen. In areas with
subretinal and dehemoglobinized haemorrhage (Fig. 4a—c,
e, f) were also other cells (phagocytes, re-positioned Miiller
cells, migrated RPE), and debris. Other findings included a
hyperreflective foci within ORT that correlated to an entu-
bulated RPE cell (Fig. S1, yellow arrowhead). Areas of
ordered Miiller cell fibres and atrophic ONL lacking cellular
infiltration, with an ELM descent on each side (Fig. S2,
green arrowheads), correlated to hyporeflective wedges.

Retinal findings in the index eye, seen histologically 4
years after the last clinically documented haemorrhage,
were compared with a donor eye with nAMD and subretinal
haemorrhage (Fig. 5). Because blood was apparent in
ex vivo CFP of the comparator eye (Fig. 5a) and ery-
throcytes were present in the subretinal space (Fig. 5c), we
concluded that this eye represented an earlier time point in
the resolution of haemorrhage than that of the index eye.
Nevertheless, there was noticeable loss of photoreceptor
inner and outer segments, inner segments containing
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Fig. 2 Resolution of subretinal A 2009-01-13
and intraretinal hemorrhage e
and exudation; variability of T
the external limiting
membrane (ELM). The ELM
was seen as normal, condensed,
and not visible on cross-
sectional appearance on optical
coherence tomography scans
(a-b). a The subretinal
exudation and trace amount of
hemorrhage remained (blue
frame) 3 months after the first
photodynamic therapy (2009).
The reflection of the associated
ELM was intensified (magnified
in A2, blue arrowhead)
compared with the one visible in
the temporal side (green frame,
magnified in Al, green
arrowhead). b Subretinal
hyperreflectivity corresponding
to the area of dehemoglobinized
hemorrhage (orange arrowhead),
and the hemorrhage in the HFL |ﬂum
accompanied with
intensification of ELM (teal Bl
frame, magnified in B2), were
present. Areas with undetectable
ELM (yellow frames, magnified
in A3, B3) exhibited diffusely
homogeneous hyperreflectivity
that subsumed bands from RPE
to HFL. ¢ The follow-up scan of
(a). The exudation and
hemorrhage resolved, and the
ELM was absent at the visit of 5
years later (2014). d The follow-
up scan of (b). The hemorrhage
resolved, and the ELM was

absent.
lﬂ) um

D 2014-06-25

B 2009-01-13
Timei

\

C 2014-06-25

scattered and fragmented mitochondria shed into the sub-
retinal space (Fig. 5e) [9], dyslamination of the HFL/ONL
(Fig. 5e), Miiller cell bodies repositioning within a distorted
INL (not shown), and ORT in atrophic retina overlying the
fibrovascular scar (not shown). Similar to this comparator
eye, the index eye exhibited absent photoreceptors or
scattered cone nuclei in the area of RPE atrophy, persistence
of Miiller cell processes after photoreceptor depletion,
dyslaminate HFL/ONL, and ELM condensation. Unlike this
comparator eye, the index eye exhibited depletion of pho-
toreceptor nuclei with persistence of Miiller cells in HFL in
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an area of still-present RPE (Fig. 4d), ORTs in both non-
atrophic (Fig. 4c, green arrowhead) and atrophic areas,
abundant foreign cells/cellular debris in the HFL/ONL, and
no evidence of shed inner segments.

Discussion
We present a detailed correlation of SMH in nAMD, the

first in the OCT era. In the index case, we found photo-
receptor damage not only in areas meeting criteria for
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Fig. 3 Histologic condensation of the external limiting membrane
(ELM). NFL nerve fiber layer, GCL ganglion cell layer, IPL inner
plexiform layer, INL inner nuclear layer, OPL outer plexiform layer,
HFL Henle fiber layer, ONL outer nuclear layer, IS inner segment, OS
outer segment. External limiting membrane, green arrowheads. Scale
bar in (c) applies to all panels. All panels are from the studied eye.
a ONL is thick with some ectopic rod photoreceptor nuclei in the HFL
and cone nuclei in the inner segments. The ELM is perforated by intact

cRORA, where only scattered cone cell bodies remained,
but also over non-atrophic RPE (ORA), where the HFL
consisted almost exclusively of Miiller glia (Fig. 4d). We
suggest that severe neurodegeneration and gliosis in non-
atrophic areas were due to exudation and haemorrhage
rather than RPE failure. In our study, we infer that Miiller
cell fibres persisting in the HFL are gliotic, extrapolating
from the previously reported, marked up-regulation of glial
fibrillary acidic protein in atrophic areas of eyes with
advanced AMD [20, 21, 30]. An inherent limitation to
histology is the snapshot view, often after a disease process
has terminated. By adding a comparator case of a donor eye,
we could see that inner segment shedding and HFL/ONL
dyslamination is underway when blood is still present in the
subretinal space (Fig. 5d, e).

High-resolution histology of the neurodegeneration of
nAMD adds new detail to this literature. In analysing 176
human eyes by paraffin histology, Green and Key reported
serosanguinous retinal detachments associated with loss of

A0S

9, R

it M LAl

20 ym

IS and appears normal. b With IS largely absent, the ELM is mostly
composed of fine processes of Miiller glia contacting each other and
thus appears condensed. The HFL/ONL is dyslaminate. ¢ Photo-
receptor nuclei are mostly depleted, so ONL is absent and only a thick
layer of Miiller glia outer trunks remain. The ELM appears highly
condensed. Distance of the scaled areas from the center of section: A-
1756 pm, B-2283 pm, and C-606 pum.

photoreceptors, ONL thinning, and INL sparing [31]. Stu-
dies of intact donor eyes noted concomitant absence of
photoreceptors and RPE [32-34], and at the border of
atrophy, fewer photoreceptor nuclei and shorter outer
segments [33]. Excised submacular neovascular mem-
branes had photoreceptors attached [35, 36] in 24% of
specimens [37]. One of us (CAC) showed survival of cones
over rods, both overlying fibrovascular scars subsequent to
macular neovascularization (MNV) and in the intact pho-
toreceptor layer peripheral to an ELM descent [38].
Recently we demonstrated shedding of cone inner seg-
ments into the subretinal space, distinguishable from sub-
retinal drusenoid deposit in the same histologic sections,
and containing degenerate mitochondria verified with
electron microscopy [8].

Mechanistic knowledge about neurodegeneration fol-
lowing subretinal haemorrhage was attained experimentally
through surgical introduction of autologous fresh whole
blood into laboratory animals [6, 7, 39]. Notable findings
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Fig. 4 Cells in Henle fiber layer (HFL)/outer nuclear layer (ONL)
in areas with subretinal and intraretinal hemorrhage. IPL inner
plexiform layer; INL inner nuclear layer; OPL outer plexiform layer.
Scale bar in (f) applies to all panels. All panels are color-coded in
accordance with Fig. 1: orange frame (a—c) areas with dehemoglobi-
nized subretinal hemorrhage; teal frame (d) areas with intraretinal
hemorrhage; blue frame (e, f)- areas with non-dehemoglobinized
subretinal hemorrhage. In areas with subretinal hemorrhage (a—c, e, f),
the cellular changes are more common than in areas with intraretinal

included irreversible photoreceptor damage within 24 h,
due to mechanical disruption by the introduced blood and
contraction of fibrin strands at <1 h [6, 7]. Histochemically
detectable iron attributed to engulfed erythrocytes appeared
in the retina at 7 days, supporting a potential role for iron
toxicity in the long term [7]. Lewis et al. [39] reported that
early photoreceptor damage was confined to the haemor-
rhage area and included loss of ONL cells overlying the
thickest blood, underscoring the importance of a barrier to
diffusion from the choriocapillaris [7]. These latter authors
also described lack of gliosis, preservation of INL, pre-
sence of intraretinal vacuolisation and cystoid spaces, and
relative sparing of the RPE monolayer, with loss of apical
specialisations that normally contact outer segments [6].
Lesser glial involvement in rabbits compared with human
tissues could be due to species’ differences in cellular
response, shorter time points examined, or both. Previous
investigators noted species’ differences in vascular systems
[40] and the absence of a macula, but did not comment
what the latter meant for cellular composition and
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hemorrhage (d). In areas with intraretinal hemorrhage (d), the photo-
receptor nuclei are mostly depleted, and the HFL is gliotic. Pink
arrowheads, purple-stained debris; orange arrowheads, phagocytes
with pigment granules; teal arrowheads, possible Miiller cells with
pigment granules; blue arrowheads, possible microglia; red arrow-
heads, phagocytes with lipids; green arrowhead, outer retinal tubula-
tion; yellow arrowheads, migrated RPE cells; small white arrowheads,
Miiller cell bodies in INL; big white arrowheads, possible Miiller cell
bodies presenting in HFL/ONL with distortion of INL.

activities, e.g., Miiller glia and photoreceptors with unique
properties.

With OCT imaging precise localisation of subretinal and/
or sub-RPE components of SMH is possible, although
posterior shadowing may limit the visualisation of deeper
structures [3]. Our case demonstrates radiating intraretinal
haemorrhage (Fig. 1a) in a case of AT1 diagnosed by ICGA
(Fig. 1c). In typical cases with similar intraretinal haemor-
rhages, OCT shows cysts with diffusely hyperreflective
contents in the inner aspect of the ONL [41]. This char-
acteristic distribution suggests that the intraretinal blood
first occupies the inter-axon space at the HFL, up to a limit.
If the haemorrhage enlarges within the HFL, it can grow
only in the centrifugal direction, creating the distinct, aster-
like appearance [41]. In the presence of a radiating hae-
morrhage, which reportedly occurs in up to 14.2% of
nAMD cases, mainly associated with AT, it is recom-
mended to check for AT1. A radial pattern within the HFL
due to spontaneous haemorrhage of deep capillary plexus
was recently described in macular telangiectasia type 2 [42].
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Fig. 5 Subretinal hemorrhage in the macula of a neovascular
AMD eye. The scale bar in (c¢) applies to both (b) and (c). a. Ex vivo
color fundus photograph shows macular atrophy and annular sub-
retinal hemorrhage (yellow circle). Green line, scan level of the
ex vivo optical coherence tomography (OCT). b Subretinal hemor-
rhage is hyperreflective (yellow frame) on ex vivo OCT. Hyperre-
flective type 1 macular neovascularization (MNV) is seen; the extent is
indicated by pink arrows. ¢ Yellow frame indicates area of subretinal
hemorrhage. Pink arrows, extent of the fibrovascular scar (Fv); black
arrowheads, Bruch membrane. The Fv correlates to the type 1 MNV in
(B). At this location, the retina is artifactually detached from the RPE,
and the choroid, from the sclera. d Green frame, area detailed in panel

SMH in nAMD has a poor visual prognosis, and dif-
ferent biomarkers influence the final visual outcome [43].
Ueda-Arakawa et al. found that despite frequent disruption
of photoreceptor layers, 21 of 31 eyes demonstrated ELM
preservation [44]. Our index case presented preserved ELM,
due to Miiller glia forming junctions among themselves in
the setting of severe photoreceptor depletion. These results
thus corroborate our similar findings in geographic atrophy
secondary to AMD [12]. Although ELM integrity on OCT
is considered a prognostic feature in retinal disease [45-47]
including nAMD [22-25, 48], our current and published
histology collectively underscore that ELM presence is not
necessarily a sign of intact outer retina in the absence of
independent evidence for photoreceptor survival.

These findings on ELM condensation have implica-
tions for the readout of clinical trials. For example, an
ELM band visible over RPE cells transplanted into an
atrophic area was considered evidence for possible inte-
gration with overlying retina [49]. In addition, inner

e Orange arrowhead, subretinal hematoma mixed with fibrosis. At this
location RPE is dysmorphic and continuous over a thin continuous
BLamD, which overlies a fibrocellular scar with scattered blood cells.
The overlying retina has dyslaminate HFL/ONL, and shortened inner
segments, and absent outer segments. e Blood in the subretinal space is
mixed with shed inner segments (yellow arrow), which harbor frag-
mented mitochondria [9]. Few inner segments extend beyond the
external limiting membrane (green arrowhead). The HFL/ONL is
dyslaminate. INL inner nuclear layer, OPL outer plexiform layer,
HFL Henle fiber layer, ONL outer nuclear layer, RPE retinal pigment
epithelium, BLamD basal lamina deposit.

segments are shed at an early stage of haemorrhage
(Fig. 5), contributing to a disrupted ellipsoid zone (EZ)
integrity on OCT. Intact EZ at baseline is indicative of
visual prognosis in subretinal haemorrhage caused by
nAMD [44] and high myopia (without choroidal degen-
eration) [50]. Taking together, our study supports EZ as a
preferable biomarker for functioning photoreceptors over
the ELM.

In the index eye, ELM intensification appeared during
the first months of follow-up, then became invisible within
areas of ORA and cRORA as exudation resolved. Yet a
condensed ELM was apparent on histology. For this dis-
crepancy between in vivo OCT and histology, we discuss
three potential factors, in order: time elapsed between
clinical presentation and histology analysis, clinical image
quality including OCT axial resolution, and alignment of
in vivo OCT with histology. During the 6 years’ follow-up,
only during the first months and in the presence of sub-
retinal blood and fluid, ELM intensification was visible,
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suggesting that subretinal exudation or hyperreflective
material reduced ELM visibility, rather than modifying
ELM structure itself. ART values of OCT volumes in the
index eye were 10-30, and quality values were 17-38 dB,
considered adequate for ELM visibility [51], yet ELM
visualisation on OCT was limited in areas of ORA, sug-
gesting that better axial resolution may be required. Finally,
it is possible that misalignment between in vivo OCT and
histologic images may have introduced imprecision into this
comparison, despite our precautions.

With the high-resolution histologic analysis, cellular
changes in areas with subretinal haemorrhage (Fig. 4a—c, e,
f) could be detected, including phagocytes (microglia/
macrophages), re-positioned Miiller cells, migrated RPE
cells and debris. Interestingly, intraretinal hyperreflective
dots were identified in diseases with subretinal haemorrhage
[44, 52] on OCT and presumed to be inflammation, mac-
rophages, glia, or fibrin without direct evidence. Our study
may provide clues to the cellular basis of the
hyperreflective dots.

Our data can assist the development of new treatments
for SMH by elucidating the influence of different hae-
morrhage components. SMH secondary to nAMD has
been treated with tissue plasminogen activator (TPA),
anti-VEGF drugs, intravitreal gas, and vitrectomy (with
removal of neovascular membranes, macular transloca-
tion, RPE patch grafting, or SMH drainage) [3], all with
the main goal of displacing blood away from the fovea.
Management of acute massive SMH with intravitreal
TPA, gas, and anti-VEGF therapy (‘intravitreal triple
therapy’) may be an appropriate first-line treatment [3].
Visual improvement is limited, compared with eyes with
absence of blood and presence of subretinal fluid, and
varies with nAMD subtype, i.e. worst in type 1 aneur-
ysmal, and best in type 3 [53]. Our histologic evidence for
photoreceptor damage supports early intervention for
massive SMH.

Of interest the patient received full-fluence PDT at
initial presentation and once more while also receiving
anti-VEGF medication [26]. The type 1 MNV complex
was very fibrous in this case [26]. It is uncertain how PDT
specifically impacted findings in neurosensory retina, in
part because four years passed between the second treat-
ment and death [26]. Previous research has shown that
photoreceptors are preserved after PDT using the standard
parameters for treating AMD [54]. In experimental studies
in cynomolgus monkeys, increased treatment intensity can
cause damage to retina [55, 56]. Type 1 MNV is thought
to compensate for outer retinal hypoxia and can sustain
overlying RPE and photoreceptors, even during anti-
VEGEF treatment [57, 58].

Strengths of this study include high quality clinical
multimodal imaging with serial eye-tracked OCT, long-term

SPRINGER NATURE

follow-up, comprehensive histology, multi-scale viewing of
OCT scans and histology, and current nomenclature for
OCT and AMD pathology. Limitations include a 3-month
gap between presentation and the first available spectral
domain OCT, a 4-year gap between the last clinically
documented haemorrhage and histopathology, and the
overall complexity of haemorrhages in three tissue com-
partments. Nevertheless, this is the first detailed examina-
tion of human neurosensory retina following haemorrhage
secondary to nAMD. Our data have implications for OCT
interpretation. First, survival of only Miiller cells in HFL/
ONL complicates interpretation of layer thickness mea-
surements. Second, therapies and interventions should take
into account a massive glial response, which may be
underestimated with diagnostic technologies like CFP and
dye angiography. Third, condensation of the ELM, a
structure important in delimiting subretinal fluid and
maintaining retinal integrity, can be investigated as an OCT
biomarker for severe photoreceptor loss and gliosis in
patients in whom neovascular lesions can be observed from
when they start.

Summary
What was known before

¢ Existing histopathology of intact eyes with neurodegen-
eration in neovascular AMD is limited and does not
show the detail needed for interpretation of multimodal
OCT-based imaging.

e Our recent publications have underscored that neurode-
generation in the macula, with large cone photoreceptors
and long Henle fibres, is distinct features relative to that
in laboratory animals lacking maculae.

What this study adds

e Here we show with multi-modal clinical imaging
haemorrhage in intraretinal, subretinal, and sub-RPE
compartments and their long-term consequences.

e Via high-resolution epoxy-resin histology, retina asso-
ciated with intraretinal haemorrhage had the most severe
photoreceptor loss of the involved layers. In areas with
complete photoreceptor depletion the external limiting
membrane concomitantly condensed, as surviving
Miiller glia knitted together.

e Our data advance the interpretation of OCT, which is
widely used for monitoring neovascular AMD, by
demonstrating that presence of an ELM should not be
construed as presence of photoreceptors without addi-
tional evidence.
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