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ARTICLE INFO ABSTRACT
Keywords: The Henle fiber layer (HFL) is comprised of bundles of unmyelinated photoreceptor axons intermingled with
Angular sign of HFL hyperreflectivity outer Miiller cell processes. The photoreceptor axons extend from the cell bodies located in the outer nuclear

Henle fiber layer
Macula
Multimodal imaging

layer and radially project toward the outer plexiform layer, the inner third of which includes the synaptic
junctional complexes and the outer two-thirds of which includes the HFL. The oblique path of the HFL provides
Onti unique structural and reflectance properties and this radial anatomy is highlighted in many macular disorders
ptical coherence tomography

Photoreceptor including those with macular star exudation and HFL hemorrhage. Recent investigations using multimodal
Retina imaging techniques, especially cross sectional and en face optical coherence tomography (OCT), have provided
new perspectives regarding HFL disruption in retinal diseases. The aim of this review is to highlight the path-
oanatomy and multimodal imaging, especially OCT, associated with HFL disruption that is present in various
macular diseases. After describing the current knowledge of the embryology, anatomy, and physiology of the
HFL, we review the existing imaging modalities that allow in vivo visualization of the HFL in the healthy and
diseased retina. Finally, we report the clinical and imaging findings of acute HFL alteration in various macular
disorders, including degenerative, inflammatory, and vascular conditions. Also, we propose a novel and signa-
ture OCT biomarker indicative of acute photoreceptor disruption involving the HFL, termed the “angular sign of
HFL hyperreflectivity” (ASHH) of macular disease, to unify the pathoanatomy common to these various macular
disorders and to provide clarity regarding the underlying pathogenesis.

the dendritic portion or Henle fiber layer, HFL) that contains bundles of
unmyelinated cone and rod axons intermingled with outer Miiller cell
processes (Curcio et al., 2011; Fine and Yanoff, 1979; Polyak, 1941).
The human fovea has evolved under selective pressure and adaptive
processes favoring high spatial resolution and optimal optical proper-
ties. The extreme centripetal packing of cone photoreceptors in the fovea
externa and the centrifugal displacement of inner retinal layers in the
fovea interna are the critical ontogenic stages for the development of

layer (OPL), outer nuclear layer (ONL), photoreceptor inner and outer high-acuity vision with reduced retinal light scattering at neuronal and

segments or bacillary layer, and the retinal pigment epithelium (RPE) vascular interfaces, respectively (Davenport, 1960; Hendrickson and
(Curcio et al., 2011; Polyak, 1941; Ramtohul et al., 2021b). The macular Yuodelis, 1984; Polyak, 1957; Walls, 1942). These 2 ontogenic processes
lead to the formation of the radially-oriented HFL (Provis et al., 1998).

The distinctive architecture of the HFL has direct pathoanatomical im-
plications, including macular star formation in exudative and

1. Introduction

The human macula, a 6-mm-diameter area centered on the fovea, is
defined by numerous clinically relevant layers, sublayers, and potential
spaces (Curcio et al., 2011). As classically described by Polyak, the
macula includes the retinal nerve fiber layer (RNFL), ganglion cell layer,
inner plexiform layer (IPL), inner nuclear layer (INL), outer plexiform

OPL is comprised of two sub-layers: the inner one-third synaptic portion
that includes the bipolar and horizontal cell neurites and the cone
pedicles and rod spherules; and the outer two-third axonal portion (i.e.,
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List of abbreviations

AAOR  acute annular outer retinopathy
AMN acute macular neuroretinopathy
ANCA  antineutrophil cytoplasmic antibody

APMPPE acute posterior multifocal placoid pigment epitheliopathy

ARPE acute retinal pigment epitheliitis
ASHH  angular sign of HFL hyperreflectivity
AZOOR acute zonal occult outer retinopathy
BALAD bacillary layer detachment

CAR cancer-associated retinopathy

DCP deep capillary plexus

FA fluorescein angiography

FAF fundus autofluorescence

HFL Henle fiber layer

HLA human leukocyte antigen

ICGA indocyanine green angiography

ICP intermediate capillary plexus

INL inner nuclear layer

IPL inner plexiform layer

OCT optical coherence tomography

OCTA  optical coherence tomography angiography
ONBL outer neuroblast layer

ONL outer nuclear layer

OPL outer plexiform layer

RNFL retinal nerve fiber layer

RPE retinal pigment epithelium

SD-OCT spectral domain optical coherence tomography
SVP superficial vascular complex

WG weeks of gestation

inflammatory retinopathies, radially-oriented cystoid macular edema,
and radial or petaloid HFL hemorrhage in local (e.g. branch and central
retinal vein occlusion) and systemic venous disorders (e.g. intracranial
hemorrhage) and macular telangiectasia type 2 (Au et al., 2018; Baumal
et al., 2020; Bringmann et al., 2022b; Dreyer et al., 1984; Gass, 1977;
Gaudric et al., 2022; Leber, 1916). Recent advances in multimodal im-
aging techniques, especially cross sectional and en face optical coher-
ence tomography (OCT), have provided new insights into the
pathophysiology of the HFL in retinal diseases (Au et al., 2018, 2022;
Baumal et al., 2020; Lujan et al., 2011; Mrejen et al., 2013; Otani et al.,
2011).

The aim of this review is to summarize the evidence supporting the
involvement of the HFL in various macular disorders. A true apprecia-
tion of the pathoanatomy of the HFL cannot be complete without an in
depth understanding of the basic elements of the HFL in healthy retina.
After describing the current knowledge of the embryology, anatomy,
and physiology of the HFL, we review the existing imaging modalities
allowing in vivo visualization of the HFL in healthy and diseased retina.
Finally, we report the clinical and imaging findings of acute HFL alter-
ation in various macular diseases, including degenerative, inflamma-
tory, and vascular disorders. Also, we describe a novel and signature
OCT feature that is a biomarker of acute photoreceptor disruption
involving the HFL, termed the “angular sign of HFL hyperreflectivity”
(ASHH) of macular disease, to unify the pathoanatomy common to these
various macular disorders, to provide clarity regarding the underlying
pathogenesis and to guide clinicians to the correct diagnosis.

2. Embryology, anatomy and physiology of the Henle fiber layer
2.1. Embryology and developmental dynamics

2.1.1. Histologic development of the Henle fiber layer in the human fovea

Understanding of the embryologic development of the human mac-
ula primarily originated from the descriptive report by Bach and See-
felder in 1914 that included anatomical drawings that were refigured by
Ida Mann in 1964 (Bach and Seefelder, 1914; Mann, 1964). Subse-
quently, several histological reports analyzed the morphogenesis of
macular development in pre- and postnatal human retinas (Abramov
et al.,, 1982; Hendrickson and Yuodelis, 1984; Yuodelis and Hen-
drickson, 1986). Well-fixated human retinas spanning the develop-
mental spectrum of the macula were studied and details of the formation
and maturation of the HFL were described (Hendrickson et al., 2012;
Yuodelis and Hendrickson, 1986). At around 10-11 weeks of gestation
(WG), the developing retina comprises 2 layers, the inner and outer
neuroblastic layers, separated by the transient layer of Chievitz which
disappears by the sclerad migration of the inner neuroblastic cells (Bach
and Seefelder, 1914; Bringmann et al., 2018; Mann, 1964; Provis et al.,

1998; Smelser et al., 1973). The inner neuroblastic layer gives rise to the
retinal ganglion cells, amacrine cells, and Miiller cells. The outer neu-
roblastic layer evolves into bipolar cells, horizontal cells, and photo-
ceptors (Bringmann et al., 2018; Smelser et al., 1973). At 15-16 WG,
spherical photoreceptor inner segments appear at the outermost part of
the outer neuroblastic layer (Narayanan and Wadhwa, 1998). At 22 WG,
the foveal OPL becomes well defined but remains relatively thin
compared to older fetuses (Yuodelis and Hendrickson, 1986). Between
19 and 24 WG, the cone inner segments elongate and the cilium is
discernible (Narayanan and Wadhwa, 1998; Provis et al., 1998; Yuodelis
and Hendrickson, 1986). At 24-25 WG, the rod outer segments develop
from the distal ends of each cilium. At this period, the cone and rod inner
segments are interconnected by protoplasmic projections (Narayanan
and Wadhwa, 1998; Yuodelis and Hendrickson, 1986). The foveal cone
outer segments are not present until 38 WG (Bringmann et al., 2018;
Yuodelis and Hendrickson, 1986). Between 24 and 26 WG, the base of
the cone displaces at an angle laterally away from the nucleus, indi-
cating the formation of the HFL comprised of short photoreceptor axons
and parallel pale-staining cell processes representing outer Miiller cell
processes (Yuodelis and Hendrickson, 1986). Elaboration of the HFL by
the foveal cones reflects the degree of separation of these cones from the
bipolar cells with which they are synaptically connected. This separation
results from the centripetal displacement of the foveal cones and the
centrifugal extension of the foveal bipolar cells (Provis et al., 1998). The
rod cell bodies populate between the cone nuclei and pedicles, outside
the rod-free zone (central 1500-1800 pm), causing the cone axons to
lengthen (Hendrickson et al., 2012). Between 28 and 29 WG, the length
of the photoreceptor axons markedly increases and is directly attribut-
able to the continued centripetal displacement of cones (Hendrickson
and Yuodelis, 1984). Between 34 and 36 WG, the elongated photore-
ceptor axons end in a prominent synaptic pedicle (Hendrickson and
Yuodelis, 1984). At birth, the cones of the foveal slope have very long
axons running through the HFL, making the OPL a much thicker layer
(Hendrickson et al., 2012). By 13-15 months postpartum, all the central
foveal cones are extremely elongated and thinned, compared to new-
borns, with long axons extending laterally from the foveal pit to end in a
wide and flattened cup-like cone pedicle (Hendrickson and Yuodelis,
1984). In this first postnatal year, synaptic pedicles disappear over the
foveal pit as all INL neurons are displaced peripherally, thereby elimi-
nating the OPL entirely from the foveal center (Hendrickson et al.,
2012). At 45 months postpartum, the inner portion of the foveola is
composed of the cone axons which run along the inner limiting mem-
brane at an angle approaching 90° to the axis of the cone inner and outer
segments (Yuodelis and Hendrickson, 1986). During the following years,
eyeball growth is associated with the elongation of the HFL and the
stretching of the retinal tissue (Gong et al., 2016; Hendrickson, 2005; H.
Lee et al., 2015). The foveal cone axons further elongate as cone packing
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into the fovea occurs after birth; long axons are prominent as they 2.1.2. Radial and peripheral extension of the Henle fiber layer

radiate away from the center (Hendrickson et al., 2012). Postnatal The radial extension of the HFL reflects the displacement between
changes of the central fovea (up to 16 years of age) also include a the inner and outer retina during foveal development (Provis et al.,
decreased thickness of the HFL in the foveola and increased thickness of 1998). The centrifugal displacement of the inner retina has a shorter
the HFL in the foveal walls (between 0.3 and 1.5 mm from the foveal duration and starts after 28 WG, long after the beginning of the cen-
center) (H. Lee et al., 2015). The OPL around the fovea is much thicker tripetal displacement of the outer retina (fetal week 8), and is complete
than in the periphery, where it contains mainly synaptic contacts between 9 and 45 months postnatally (Dubis et al., 2012; Yuodelis and
(Hendrickson et al., 2012). Hendrickson, 1986). Conversely, the centripetal displacement of the

outer retina continues for several years postnatally (Bringmann et al.,
2018). Therefore, the radial extension of the HFL is proportionally more

36 weeks
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Fig. 1. Dynamics of foveal maturation from 31 weeks post-menstrual age (preterm infants) to 15 months of age: analysis on optical coherence tomog-
raphy and histology. Adapted from He et al. (2022); Vajzovic et al. (2012).

A. Optical coherence tomography (OCT) B-scan from a 31 weeks postmenstrual age (PMA) infant eye. At this stage, the ganglion cell layer (GCL), inner plexiform
layer (IPL), and inner nuclear layer (INL) are clearly evident at the fovea, whereas the outer plexiform layer (OPL) and outer nuclear layer (ONL) are very thin. The
ellipsoid zone (EZ) is not visible. Layers are defined as follows: 1 = retinal nerve fiber layer (RNFL); 2 = ganglion cell layer (GCL); 3 = inner plexiform layer (IPL); 4
= inner nuclear layer (INL); 5 = outer plexiform layer (OPL); 6 = outer nuclear layer (ONL); 10 = retinal pigment epithelium (RPE)/Bruch’s complex.

B. At 36 weeks PMA, the EZ (Band 8) is barely detectable in the perifovea and absent in the fovea. Layers are defined as follows: 5 = OPL; 6 = ONL; 8 = EZ.

C. At 39 weeks PMA, OCT B-scan from a full-term infant shows a very thin band 6 (ONL) in the fovea and band 8 (EZ) is nearly absent at the foveal center. Layers are
defined as follows: 1 = RNFL; 2 = GCL; 3 = IPL; 4 = INL; 5 = OPL; 6 = Henle fiber layer + ONL; 8 = EZ; 9 = photoreceptor outer segments; 10 = RPE/Bruch’s
complex.

D. At 40 weeks PMA, OCT B-scan from a full-term infant shows the presence of the EZ (Band 8) at the foveal center. Layers defined as follows: 3 = IPL; 4 = INL; 6 =
Henle fiber layer + ONL; 8 = EZ; 9 = photoreceptor outer segments; 10 = RPE/Bruch’s complex. The annotations (a), (b), and (c) are not relevant for the current
article but were displayed on the original figure.

E. At 9 months of age, OCT B-scan shows adult-like retinal layers. At this period, the foveal pit is wider than in the earlier phase. The thickening of OCT band 6 is
attributable to cone packing and elongation of photoreceptor axons. The external limiting membrane (ELM) (horizontal white arrow) is more apparent. Layers
defined as follows: 1 = retinal nerve fiber layer (RNFL); 2 = ganglion cell layer (GCL); 3 = IPL; 4 = INL; 5 = OPL; 6 = Henle fiber layer + ONL; 8 = EZ; 9 =
photoreceptor outer segments; 10 = RPE/Bruch’s complex.

F and G. Histology from a 15-month-old infant retina at the foveal center. The image in (G) is a magnified view of (F). Note the thickening of the photoreceptor axons
in (F). Vertical double arrows in (G) show the length of the inner and outer segments of the photoreceptors (the distance between the ELM and RPE). Abbreviations:
NFL = nerve fiber layer; GCL = ganglion cell layer; IPL = inner plexiform layer; INL = inner nuclear layer; Ax = photoreceptor axons; ONL = outer nuclear layer;
ELM = external limiting membrane; IS = inner segment; OS = outer segment; RPE = retinal pigment epithelium/Bruch’s membrane complex.
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influenced by the wide displacement of the outer retina (Bringmann
et al., 2018).

The in utero and postnatal development of the human macula has a
prominent foveal-to-peripheral gradient (Hendrickson, 2016). There-
fore, the horizontal extension or distance of the HFL from the foveal
center is not uniform and two retinal loci only 2 mm apart may be at
strikingly different stages of development (Bringmann et al., 2018;
Hendrickson, 2016). In the human retina, the horizontal extension of the
HFL is greatest in the temporal retina (mean + SD: 2.51 &+ 0.21 mm; n =
3) and smallest in the nasal retina (mean 4 SD: 1.89 & 0.29 mm); the
extension in the superior and inferior retinas are between these two
values (Bringmann et al., 2018; Curcio et al., 1987). The asymmetrical
horizontal extensions of the HFL in the temporal and nasal retina suggest
that the temporal retina is more stretched than the nasal retina during
postnatal eyeball growth (Bringmann et al., 2018). A similar asymmet-
rical pattern of growth is demonstrated in macaque retina, where the
postnatal dimension between the optic disc and the fovea remains
constant although the area of the whole retina increases (Packer et al.,
1990). This topographic distribution and radial asymmetry in the car-
dinal meridians reflect the greater cone and ganglion cell densities in the
nasal than in the temporal retina (Curcio et al., 1987; Curcio and Allen,
1990; Perry and Cowey, 1988; Wassle and Boycott, 1991). Interindi-
vidual variability of the HFL density in young adult human eyes is well
documented and may contribute to individual differences in visual
acuity (Curcio et al., 1987).

2.1.3. Spectral domain optical coherence tomography analyses of Henle
fiber layer morphogenesis

Spectral domain OCT (SD-OCT) is an additional valuable resource to
study the dynamics of human foveal development after premature birth
(Dubis et al., 2012; Maldonado et al., 2011; Vajzovic et al., 2012)
(Fig. 1). In contrast with previous studies of postmortem human foveal
specimens, SD-OCT imaging analyses can track retinal maturation in the
same eye over time and can assess the variation in the timing of foveal
development across individuals (Maldonado et al., 2011). The in vivo
changes of the inner and outer retinal layers at the foveal center with
OCT are consistent with cellular redistribution reported in histologic
studies (Abramov et al., 1982; Hendrickson and Yuodelis, 1984; Isen-
berg, 1986; Yuodelis and Hendrickson, 1986). Moreover, the foveal re-
gion follows a developmental time course similar to that associated with
in utero maturation (Dubis et al., 2012). Between 30 and 32 WG, the HFL
is faintly visible on SD-OCT which correlates with the extremely short
axons reported on histologic sections at this phase (Vajzovic et al.,
2012). Between 40 and 42 WG, the HFL becomes thicker and forms an
identifiable hyporeflective band separated from the ONL (Vajzovic et al.,
2012). After birth, there is gradual thickening of the HFL which is
attributable to central cone packing and increased axon length (Vajzovic
etal., 2012). After 6 years, a thick HFL is present on the foveal shoulders
and may appear hyperreflective depending on the angle of OCT scanning
(Vajzovic et al., 2012).

2.2. Architecture of the Henle fiber layer in the macular area

2.2.1. From a frontal perspective

The HFL has a unique geometrical arrangement. From a frontal or en
face view, the HFL displays a radial pattern arising centrifugally from the
center of the fovea and extending through the parafovea (2500 pm from
the fovea) and the perifovea (5500 pm from the fovea) (Polyak, 1941;
Quinn et al., 2019). The HFL is absent in the near periphery (8500 pm
from the fovea) and far periphery (26,000 pm from the fovea) (Quinn
etal., 2019). The centrifugal extension of the HFL is asymmetrical in the
cardinal meridians (Bringmann et al., 2018; Perry and Cowey, 1988). In
the human retina, the horizontal extension of the HFL is longest in the
temporal retina and shortest in the nasal retina; the extension in the
superior and inferior retinas are between these two values (Bringmann
etal., 2018; Curcio et al., 1987). Also, the length of the HFL components
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is not uniform and exhibits a complex eccentricity dependency (Drasdo
et al, 2007, Perry and Cowey, 1988). The length of the
vertically-oriented HFL components is 24% less than the horizontal HFL
components (Drasdo et al., 2007; Perry and Cowey, 1988; Sjostrand
et al.,, 1999a, 1999b). The vertically-oriented HFL components in the
superior and inferior hemi-meridians show similar lengths at compara-
ble eccentricities with a slight curvature towards the optic disc remi-
niscent of the arcuate bundles of the RNFL (Perry and Cowey, 1988;
Sjostrand et al., 1999b). The length of the nasal HFL components is
longer than the temporal HFL components at comparable eccentricities
(Drasdo et al., 2007; Perry and Cowey, 1988). The radial pattern of the
HFL is not apparent clinically in healthy retinas; however, the spoke-like
accumulation of exudates forming a macular star can be attributed to the
radial geometry and loose structure of the HFL according to historical
textbooks (Duke-Elder, 1941; Elwyn, 1946; Friedenwald, 1952). The
first clinical description in the literature was provided by Leber in 1916
under the term “retinitis stellata” (Leber, 1916).

2.2.2. From a cross-sectional perspective

On a cross-sectional view, the HFL displays regional variations of its
angulation: at the foveal center, the HFL is short and entirely vertical;
from the center of the fovea to the perifovea, the obliqueness of the
striation increases so as to become almost horizontal (after an initial
vertical tracking) resulting in the typical Z-shape pattern of the HFL;
outside the perifovea, the obliqueness of the striation decreases with
eccentricity so as to become almost vertical (Figs. 2 and 3) (Bringmann
et al., 2018; Cao et al., 2021; Curcio et al., 2011; Polyak, 1941; Yamada,
1969). These topographic changes are associated with variations of the
HFL thickness (Curcio et al., 2011). Histologically, the HFL rises to a
maximum thickness at 0.4 mm eccentrically (72 pm nasal and 54.6 pm
temporal to the foveal center) and declines from there to 13.5-20 pm at
the macular edge (Curcio et al., 2011). The thicker nasal HFL may be
related to the higher photoreceptor and ganglion cell densities in the
nasal compared to the temporal retina (Curcio et al., 2011; Curcio and
Allen, 1990; Finlay et al., 2008; Perry and Cowey, 1988; Wassle et al.,
1989). At 1 mm eccentricity, the HFL accounts for 14.2-16.6% of the
total neurosensory retina thickness (Curcio et al., 2011). With aging, the
HFL becomes 21% thicker possibly due to an increase in the volume of
Miiller cells rather than photoreceptor axons, in contradistinction to the
common expectation of atrophy of aging tissues (Curcio et al., 2011).
Qualitative and quantitative in vivo OCT analyses of the HFL in healthy
Asian and Caucasian population have reproduced these histology-based
measurements of the HFL (Bagci et al., 2008; Curcio et al., 2011; Loduca
etal., 2010; Ooto et al., 2011; Wang et al., 2020). Thickness of the HFL is
significantly higher in men than women (Ooto et al., 2011; Wang et al.,
2020). Increased thickness of the OPL with aging has also been
corroborated in vivo (Wang et al., 2020). Associations between HFL
thickness and axial length are heterogenous (Kim et al., 2019, 2020;
Ooto et al., 2011; Ye et al., 2019).

2.3. Oxygenation and energy metabolism

The present article does not intend to repeat prior reviews describing
the detailed anatomy and physiology of the retinal microvasculature,
but will focus on the physiology and anatomy of oxygen consumption of
the OPL (Hardarson, 2013; Linsenmeier and Zhang, 2017; J. Scharf
et al., 2020; Wangsa-Wirawan and Linsenmeier, 2003; Yu et al., 2019;
Yu and Cringle, 2001). Similarly, extensive reviews summarizing the
enormous topic of the Miiller cell in healthy and diseased retinas are
already published (Bringmann et al., 2006, 2022b; Reichenbach and
Bringmann, 2020; Vecino et al., 2016).

2.3.1. Organization of the human retinal capillary plexuses

Ex-vivo human models demonstrate that the human retinal capillary
vasculature is comprised of three major laminar plexuses at different
retinal depths: a superficial, intermediate and deep capillary plexus
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Fig. 2. Geometry of Henle fiber layer in a normal macula. Adapted from Li et al. (2018b).

A. The en face view of Henle fibers shows their radial dispersion from the foveal center. The annotations “B” and “C” indicate the locations of the sections in the image
(B) and (C), respectively.

B. In the perifoveal area of the central section, the Henle fibers are longitudinally oriented but short. A Miiller cell (orange), rod (yellow) and cone (pink) photo-
receptor are shown. One fiber is 115-pm long (from external limiting membrane to outer surface of outer plexiform layer). The Miiller cell bodies are annotated
(orange arrowheads).

C. Close to the fovea in the central section, the Henle fibers are longitudinally oriented and long. One fiber is 350-pym-long (from external limiting membrane to outer
surface of outer plexiform layer). Miiller cell, orange; rod, yellow; cone, pink. Bar in (D) applies to all panels. Abbreviations: INL, inner nuclear layer; external limiting
membrane: green arrowheads; IS, inner segment; ISmy, inner segment myoid; ISel, inner segment ellipsoid; OS, outer segment.
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Fig. 3. Cross-sectional high-resolution OCT B-scan of a healthy 29-year-old man with schematized cone photoreceptors and Miiller cells. The Henle fiber
layer (HFL) displays regional variations of its angulation. At the foveal center, the HFL is short and perpendicular. From the center of the fovea to the perifovea, the
oblique orientation of the striation increases so as to become almost horizontal centrally, resulting in the typical Z-shaped pattern of the HFL. Outside the perifovea,
the oblique orientation of the striation decreases with eccentricity so as to become almost vertical. Schematic cone photoreceptor and Miiller cell trajectories were
prepared in reference to a retinal section immunostained with guanine nucleotide-binding protein 3 (GNB3), cellular retinaldehyde-binding protein (CRALBP),
cytochrome-C antibodies, and glial fibrillary acidic protein (Cuenca et al., 2020). The schematized Miiller cells are colored in orange. The 1: 1 ratio of photoreceptor
axon to outer Miiller cell process is not displayed to facilitate the interpretation. The schematized cells have been magnified. Annotation of the retinal layers is
displayed. Abbreviations of the retinal layers: ILM: internal limiting membrane; GCL: ganglion cell layer; IPL: inner plexiform layer; INL: inner nuclear layer; OPL:
outer plexiform layer; HFL: Henle fiber layer; ONL: outer nuclear layer; ELM: external limiting membrane; EZ: ellipsoid zone; IZ: interdigitation zone; RPE: retinal
pigment epithelium; BrM: Bruch’s membrane. High-Resolution OCT: Spectralis, Heidelberg Engineering, Heidelberg, Germany.

(DCP) (Michaelson, 1954; Toussaint et al., 1961). In the central macula,
the DCP is located at the outer boundary of the INL bordering the OPL
(Snodderly et al., 1992; Snodderly and Weinhaus, 1990). The DCP dis-
plays a typical planar configuration with a lobular organization

characterized by the presence of a central vortex venule (Bonnin et al.,
2015; Cabral et al., 2022; Park et al., 2016; Xu et al., 2019). Although the
nature of the retinal blood flow remains debated, several animal models
and human eye studies support a predominantly vertical or in series path
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of blood flow wherein the DCP represents the major level of venous
outflow (An et al., 2020; Cabral et al., 2020; Fouquet et al., 2017; Freund
et al., 2018; Garrity et al., 2017; Ramtohul et al., 2022b; Shimizu and
Ujiie, 1978; Snodderly et al., 1992; Yu et al., 2010). In the OPL, the
Miiller cell processes ensheath the capillaries of the DCP and are the sole
mediator of the macroglia-vascular interaction at the DCP where as-
trocytes are absent (Hogan and Feeney, 1963; Schnitzer, 1988). More-
over, in the OPL, Miiller cells form a honeycomb-like meshwork of
processes that ensheath the photoreceptor synapses (Fig. 4) (Reich-
enbach et al., 1989).

2.3.2. Oxygen flux and consumption in the outer plexiform layer

The understanding of macular oxygen flux and consumption greatly
originates from oxygen-sensitive microelectrodes inserted in the living
animal retina, which remains the most accurate and direct experimental
tool to measure the oxygen tension across each cellular layer (Linsen-
meier and Zhang, 2017; Yu and Cringle, 2001). This technique allowed
for the mapping of oxygen gradients with high spatial and temporal
resolution in cat, rats, pigs, rabbits and monkeys (Ahmed et al., 1993;
Alder et al., 1983; Ames et al., 1992; Birol et al., 2007; Cringle et al.,
1991; Pournaras et al., 1989). Except for monkey fovea, the oxygen
gradients in the outer retina show minor differences across species
(Linsenmeier and Zhang, 2017). The dominant oxygen-consuming
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layers include the photoreceptor inner segments, the OPL and the
deeper portion of the IPL (Yu and Cringle, 2001). Measuring the oxygen
consumption of the inner segments is relatively easy; in fact, due to the
avascular nature of the outer retina, the oxygen consumption of the
inner segments can be determined using mathematical models based on
Fick’s law of diffusion (Avtar and Tandon, 2008; Cringle et al., 2002;
Haugh et al., 1990; Seth et al., 2022; Yu et al., 2009). Determining the
oxygen consumption of the OPL is more problematic due to the presence
of vascular beds (Yu and Cringle, 2001). Measuring the oxygen con-
sumption of the OPL requires occlusion of the retinal circulation and/or
experiments involving changes in physiological conditions (i.e., modu-
lation of the systemic blood pressure, exposure to hypoxia, hyperoxia or
hypercapnia, alteration of light and darkness) (Cringle and Yu, 2002;
Linsenmeier, 1986; Yu et al., 1999, 2005, 2007). In animals, the OPL has
a high oxygen consumption rate, likely related to the synaptic activity of
cone pedicles and rod spherules, and the high density of mitochondria
(Linsenmeier and Zhang, 2017; Yu and Cringle, 2001, 2005). Oxygen
consumption in the OPL shows a relative stability during light or dark
adaptation (Birol et al., 2007; Linsenmeier, 1986; Linsenmeier and
Braun, 1992). Under hyperoxic conditions, the oxygen consumption rate
of the OPL increases significantly and gradually at all hyperoxic levels,
indicating the potential for high oxygen consumption in the OPL
(Cringle and Yu, 2002). In the monkey fovea, the oxygen tension ranges
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Fig. 4. Schematic representation of the parafoveal vascular network demonstrates the most frequently observed connectivity patterns observed with
high-resolution OCT. Courtesy of Cabral et al. (Cabral et al., 2022). Superficial retinal arteries supply the deep capillary plexus (DCP) through large arteriolar
connections to the superficial vascular complex (SVC) and intermediate capillary plexus (ICP). DCP inflow originates from small arterioles in the ICP. Venules
originate from the convergence of capillaries in every plexus but the DCP is major level of venous outflow. DCP draining venules angle towards a superficial vein and
typically receive ICP draining venules prior to reaching this target. The schematic representation demonstrates a hybrid model of flow between arteries and veins in
the human parafovea, with a parallel circuit in the SVC and ICP and an in-series or vertical circuit through the DCP. Note that rod bipolar cells do not synapse directly

with ganglion cells in human macula.
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from 2 to 8 mmHg at the surface of the inner retina and reaches multiple
peaks at the level of the IPL and OPL (up to 40 mmHg). These peaks
occur with variable timing and amplitudes, indicating that the blood
supply is very actively regulated to meet the local metabolic demands
(Wangsa-Wirawan and Linsenmeier, 2003; Yu et al., 2005). The iden-
tification of the OPL as a major oxygen consumer in the middle retina
accounts for its selective vulnerability to ischemic insults (Sarraf et al.,
2013; Yu and Cringle, 2001); reduced perfusion pressure to the DCP
which does not have a direct arterial supply from the major arterioles
and is supplied by connectors from the intermediate capillary plexus
(ICP) may be an additional factor explaining this vulnerability (An et al.,
2020). After laser-induced retinal artery occlusion in the rat, the choroid
becomes the only source of retinal oxygenation: under air-breathing
conditions (20% Os), the choroid supplies only a small proportion of
the oxygen needs of the OPL; under moderate systemic hyperoxia (40%
0O,), the oxygen uptake of the OPL exceeds that of the photoreceptor
inner segments, which further indicates the potentially high oxygen
demand of the OPL (Yu et al., 2007). However, the proportions of the
OPL and HFL oxygen needs supplied by the choroid under physiologic
and pathologic conditions in humans remain unexplored.

2.4. Optical properties, birefringence and macular pigment content

2.4.1. Birefringence property of the Henle fiber layer

The unique orientation and packing geometry, together with the
packing arrangement of microtubules, cause the HFL to exhibit the op-
tical property known as birefringence, a measure of phase retardation
per unit distance. Analogous to a uniaxial crystal, axons in the HFL
retard light in one orientation of polarization more than another (Brink
et al., 1988; Cense et al., 2013; van Blokland, 1985). The birefringence
values peak between two to three degrees eccentricity from the fovea,
where the HFL density increases, and then decline with increasing ec-
centricity due to the cone axons re-orienting more parallel with the
incident beam (Cense et al., 2013). There is no measurable birefringence
of the HFL within the center of the fovea due to the parallel orientation
of central cone photoreceptors relative to the incoming light source
(Cense et al., 2013). It has been proposed that the Miiller cells act as
living optical fibers that guide light from the inner retinal surface
through their main processes towards photoreceptor cell nuclei (Agte
et al., 2011; Franze et al., 2007; Labin et al., 2014). Specialized inter-
mediate filaments that traverse the entire length of the Miiller cells and
interact with the photoreceptor disk membrane have been suggested to
confer cell transparency, although the exact mechanism is unknown
(Makarov et al., 2017). These intermediate filaments have a diameter of
10-18 nm and are built of electrically conductive polypeptides (Khme-
linskii et al., 2017; Ron et al., 2010). Spectral studies in animal retinas
suggest that these intermediate filaments show the capacity to transfer
light energy with a very high efficiency (~90%) (Makarov et al., 2017;
Zueva et al., 2016, 2019, 2020).

2.4.2. Macular pigments in the Henle fiber layer and Haidinger’s brush
entoptic phenomenon

Macular pigment is a generic term that refers to the yellow xantho-
phyll pigment comprised principally of three isomeric carotenoids:
lutein, zeaxanthin, and meso-zeaxanthin, (Bone et al., 1997; Landrum
and Bone, 2001). The highest levels of macular pigment in the human
body are found in the HFL at the fovea, with a sharp drop-off with
increased eccentricity from the fovea (Bone and Landrum, 1992;
Snodderly et al., 1984a; Trieschmann et al., 2008). Lutein is the domi-
nant pigment in the peripheral macula, zeaxanthin in the mid-peripheral
macula, and meso-zeaxanthin at the epicenter of the macula (Bone et al.,
1997; Bone and Landrum, 1992; Snodderly et al., 1984a). The lutein:
zeaxanthin ratio in the fovea is ~1:2.4 and it reverses in the peripheral
macula, exceeding 2:1 (Bone et al., 1988). The absorption spectra of
macular pigment overlap and peak at 460 nm (Bone et al., 1992; Pease
et al., 1987). Due to their chemical structure, these carotenoids act as an
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optical filter for blue light and provide antioxidant protection by
inhibiting peroxidation of long-chain poly-unsaturated fatty acids
(Britton, 1995; Edge et al., 1997; Junghans et al., 2001; Khachik et al.,
1997; Snodderly et al., 1984b; Sujak et al., 1999). Filtration of blue light
reduces chromatic aberration and enhances visual acuity and contract
sensitivity. Lutein and zeaxanthin reduce discomfort associated with
glare and improve photostress recovery time, macular function, and
neural processing speed (Hammond et al., 2014; Nolan et al., 2011;
Stringham et al., 2004, 2011; Stringham and Hammond, 2007; Wenzel
et al., 2006).

Macular carotenoid molecules have dichroic properties which may
be ascribed to their unique orientation perpendicular to the plane of the
cell membranes of the photoreceptor axons (Bone and Landrum, 1983,
1984; Hemenger, 1982; Mottes et al., 2022). This spatial distribution of
dichroic macular pigments forms a radial polarizer embedded in the
foveal region and is responsible for the entoptic phenomenon known as
Haidinger’s brushes (Haidinger, 1844; Mottes et al., 2022). We refer the
reader to a recent review on Haidinger’s brushes (Mottes et al., 2022).
The Haidinger’s brushes refer to the perception of the characteristic
two-petal or bow-tie pattern resulting from the selective filtration of a
linearly-polarized light by the radial polarizer formed by dichroic
carotenoid pigments (Mottes et al., 2022). The contrast is maximum
under blue light exposure, in correspondence with the peak of lutein
absorption (458 nm). This entoptic phenomenon has direct clinical ap-
plications, including diagnosis and correction of eccentric fixation, and
estimation of the fixation status (Cleary and Thompson, 2001; Sherman
and Priestley, 1962) (see 3.2. Scanning Laser Polarimetry).

3. In vivo visualization of the Henle fiber layer on multimodal
imaging

Due to the distinctive radial pattern arising centrifugally from the
center of the fovea, the HFL can be indirectly identified on ophthal-
moscopic examination or en face imaging in the setting of cystoid spaces,
exudates, hemorrhages, or schisis of the HFL (Au et al., 2018; Baumal
et al.,, 2020; Fragiotta et al., 2019; Gaudric et al., 2022). Optical
coherence tomography uses infrared light to interferometrically derive
optical reflectivity features in vivo with depth resolution (Lujan et al.,
2011). Despite progresses in spectral domain OCT technology, the
delineation of the HFL on cross-sectional images remains challenging,
likely due to the inability to distinguish a change in reflectivity between
the hyporeflective HFL and ONL (Lujan et al., 2011; Staurenghi et al.,
2014). Changes in HFL reflectivity (from hyporeflectivity to hyper-
reflectivity) can be spontaneously induced by distortion of the outer
retinal architecture (e.g., subretinal fluid) or elicited by deviation of the
OCT beam (i.e., directional OCT) (Lujan et al., 2011; Mrejen et al.,
2013). Recent advances in the optical axial resolution of OCT devices,
including the High-Resolution OCT (High-Res OCT, Spectralis, Heidel-
berg Engineering, Heidelberg, Germany) may achieve precise delinea-
tion of the hyporeflective HFL from a non-titled scan. Improvement in
automatic segmentation of HFL boundaries on OCT imaging may also
provide additional insights into macular disease pathophysiology. Ac-
curate quantification of the HFL thickness and volume may represent
salient biomarkers of disease severity and progression.

3.1. Directional optical coherence tomography

A seminal paper published in 2004 comparing OCT images of mon-
key fovea to histology recognizes the HFL as a major layer of the retina
(Anger et al., 2004). It also identifies the directional variability of the
HFL reflectivity as the HFL orientation changes with eccentricity (Anger
etal., 2004). Difficulty in HFL visualization by conventional OCT may be
related to the absence of reflectivity change at the HFL/ONL interface
(Lujan et al., 2011). Gao et al. first used a custom OCT setup to image
off-axis macular photoreceptors and measure the contributions of
photoreceptor components to the psychophysical Stiles-Crawford effect
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(Gao et al., 2008; Snyder and Pask, 1973; Stiles et al., 1933). The po-
tential interest of directional OCT to improve delineation of the HFL was
highlighted by Lujan et al., thereby allowing accurate evaluation of the
thickness of the ONL, which is an important biomarker of retinal
degeneration (Lujan et al., 2011, 2015). Directional OCT is a technique
to contrast directionally reflective structures by recording images using
an intent angle alteration of the incident beam (Lujan et al., 2011).
Directional OCT of the HFL also relies on the Stiles-Crawford effect
indicating that the tissue reflectivity is maximal when light is parallel to
the physical orientation of the HFL (Fig. 5) (Gao et al., 2008; Lujan et al.,
2011; Snyder and Pask, 1973; Stiles et al., 1933). Apart from ONL
thickness measurements, the reflectivity properties of the HFL with
directional OCT may provide valuable insights into disease processes
affecting the HFL (D. J. Lee et al., 2018; Lujan et al., 2015; Mrejen et al.,
2013; Otani et al., 2011; Ouyang et al., 2013b; Sjostrand et al., 2017;
Tong et al., 2016). Recent advances for investigating the scattering
properties of directionally reflective tissue samples, including
multi-directional OCT and volumetric directional OCT, may improve the
applicability of directional OCT in clinical practice (Kesim et al., 2022;
Ni et al., 2022; Ramrath et al., 2008; Wartak et al., 2017).

On SD-OCT, delineation of the HFL from the hyporeflective ONL is
subtle, likely due to the inability to distinguish a change in reflectivity
between the hyporeflective HFL and ONL (Staurenghi et al., 2014).
High-Resolution OCT (High-Res OCT, Spectralis, Heidelberg Engineer-
ing, Heidelberg, Germany) is a novel device that increases the axial
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resolution of SD-OCT to 3 um, enabling more precise evaluation of the
retinal microstructure (Ramtohul et al., 2022a). Illustration of a
High-Res OCT B-scan from a normal eye shows the demarcating tran-
sition between the HFL and ONL (Fig. 6). On directional OCT, the
changes in reflectivity are confined to the HFL and do not extend
downward to the ONL and photoreceptor inner and outer segments.

3.2. Scanning laser polarimetry

As mentioned earlier, the HFL possesses form birefringence, a mea-
sure of phase retardation per unit distance, due to its unique regularity
and geometry (Brink et al., 1988; van Blokland, 1985). Polarization
sensitive imaging can use the presence or absence of phase retardation
as a biomarker of tissue changes. In healthy eyes, the interaction of
polarized light with macular birefringence results in the macular cross,
also known as a macular bow tie sign, which is a windmill-shaped
pattern centered on the fovea (Brink et al., 1988; Elsner et al., 2008).
This macular bow tie pattern has been used to localize the fovea in
normal subjects, monitor fixation and eye tracking in infants, and
characterize damages due to age-related macular degeneration, epi-
retinal membrane, and central serous chorioretinopathy (Elsner et al.,
2007; Gramatikov, 2017; Gramatikov et al., 2006, 2007; Hunter et al.,
1999; Irsch et al., 2014; Miura et al., 2005, 2007; VanNasdale et al.,
2009). The intensity of the macular bow tie birefringence can be used to
quantitatively model the foveal structure, and assess cone photoreceptor

Fig. 5. Directional high-resolution OCT in a
healthy 29-year-old man.

The reference OCT B-scan is acquired through the
center of the pupil (non-tilted OCT B-scan). In order
to acquire OCT scans from the same retinal loca-
tions, the built-in auto-alignment feature of the
device was used by assignment of the first acquired
image as the “reference scan” and the assignment of
the following tilted scans as its “follow-up” scans. In
directional scans, the retinal image is tilted to the
desired quadrant (nasal and temporal quadrants)
before acquisition by modifying the pupil entry
position of the OCT light beam. To obtain a tilted
image on desired direction, the arm of the OCT is
deviated laterally. The scan is titled until an
adequate hyperreflective Henle fiber layer (HFL)
was observed (about 15° between the horizontal
line and the imaginary line that passes through the
retinal pigment epithelium band). With this tech-
nique, the reflectivity of the HFL is increased which
facilitates delineation of the HFL from the hypore-
flective outer nuclear layer.

A. High-resolution foveal OCT B-scan (Spectralis,
Heidelberg Engineering, Heidelberg, Germany) ac-
quired through the left side of the pupil results in
hyperreflectivity of the HFL on the nasal half of the
macula (green arrowheads) while the temporal HFL
remains hyporeflective. Note that the distinctive Z-
shaped configuration of the HFL is not at all
apparent on the nasal half of the macula. The green
line in the near-infrared reflectance image indicates
the location of the high-resolution OCT B-scan. The
pupil entry position of the B-scan is depicted by the
colored spot location within the circle.

B. Same eye-tracked high-resolution foveal OCT B-
scan acquired through the center of the pupil shows
the hyporeflective HFL with a clear demarcation

from the outer nuclear layer (ONL) (red arrowheads). The green line in the near-infrared reflectance image indicates the location of the high-resolution OCT B-scan.
The pupil entry position of the B-scan is depicted by the colored spot location within the circle.

C. High-resolution foveal OCT B-scan acquired through the right side of the pupil results in hyperreflectivity of the HFL on the temporal half of the macula (blue
arrowheads) while the nasal HFL remains hyporeflective. Note that the distinctive Z-shaped configuration of the HFL is not at all apparent on the temporal half of the
macula. The green line in the near-infrared reflectance image indicates the location of the high-resolution OCT B-scan. The pupil entry position of the B-scan is

depicted by the colored spot location within the circle.
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Fig. 6. High-resolution OCT of the normal Henle fiber layer (HFL).

A. Confocal color fundus photography of the right eye in a healthy 29-year-old man. The green line indicates the position of the High-Resolution OCT B-scan in (B).
B. Cross-sectional High-Resolution OCT scan (Spectralis, Heidelberg Engineering, Heidelberg, Germany) through the fovea shows regional variations of the thickness
of the hyporeflective HFL. The thickness of the HFL is maximal in the parafoveal area and higher in the nasal compared to the temporal fovea. There is a progressive
disappearance of the HFL in the temporal macula. The insets below the panel (B) are magnified views of the High-Resolution OCT B-scans at different eccentricities
from the foveal center. Subtle hyperreflective lines crossing the HFL are seen in the magnified view of the fovea (between 0 and 1 mm) and may represent increased
reflectivity of the HFL due to angulation of HFL bundles in the foveal slope. The distance from the foveal center is displayed in millimeter. The white arrowheads

indicate the transition between the hyporeflective HFL and the outer nuclear layer.

density and repartition (Elsner et al., 2008). This is based on the prin-
ciple that the ratio of cone cell bodies to cone axons is consistently 1:1 in
the foveal region (Elsner et al., 2008). Similarly, qualitative alteration of
the bow tie reflex producing a concentric macular ring sign or finger-
print sign has been recognized in patients with foveal hypoplasia, epi-
retinal membrane and vitreoretinal traction, Alport syndrome,
Vogt-Koyanagi-Harada (VKH) disease, and even in normal eyes (Bring-
mann et al., 2022a; Cornish et al., 2014; Degli Esposti et al., 2020;
Griffin et al., 2021; Jadon et al., 2022; Missaka et al., 2022; Ramtohul
et al., 2020a; Ramtohul and Denis, 2019; Rotsos et al., 2021; Sisk et al.,
2020). This finding can be elicited with various modalities including
scanning laser polarimetry, scanning laser ophthalmoscopy, and polar-
ized infrared imaging. Several mechanisms have been proposed,
including verticalization of the HFL, localized intracellular edema in the
HFL, outer retinal distortion by choroidal thickening, distortion of the

HFL by intra- and/or subretinal fluid in VKH disease, development of
Newton’s rings (i.e., interference between light reflected from adjacent
flat and curved surfaces), or compression of the HFL by tractional vit-
reoretinal disorders (Degli Esposti et al., 2020; Griffin et al., 2021;
Missaka et al., 2022; Rotsos et al., 2021). Reproduction of this concen-
tric macular ring pattern can be performed with en face OCT segmented
at the level of HFL, which suggests that altered geometry of the HFL can
qualitatively impair its birefringent properties (Fig. 7) (Griffin et al.,
2021; Li et al., 2021; Missaka et al., 2022; Ramtohul et al., 2020a; Rotsos
et al., 2021).

3.3. Structure-function relationships in glaucoma: implication of the
Henle fiber layer

Structure-function correlation is a topic of significant interest in the
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Fig. 7. Multimodal imaging of the concentric macular ring sign in foveal
hypoplasia. Adapted from Ramtohul et al. (2020a).

A. Ultra-widefield fundus photography (Optos PLC, Dunfermline, UK) of the left
eye of a 4-year-old-child diagnosed with Chediak-Higashi syndrome and
nystagmus. Note the concentric macular rings centered on the fovea (white
arrowhead).

B. En face OCT image (Cirrus HD-5000 OCT, Carl Zeiss Meditec, Jena, Germany)
at the level of the Henle fiber layer (HFL) shows a similar concentric macular
ring pattern around the hypoplasic fovea (white arrowhead). A 20-pm-thick
ellipsoid zone-based contour positioned at the depth of the HFL was used to
obtain en face OCT image.

C. Spectral domain OCT B-scan (Spectralis, Heidelberg Engineering, Heidel-
berg, Germany) shows a vertically-oriented HFL with alternating hypo- and
hyperreflective bands (white arrowheads). Note the foveal hypoplasia.

field of glaucoma research (Denniss et al., 2019; Hood et al., 2007; Kim
etal., 2010, 2015; Lee et al., 2017; W. J. Lee et al., 2018; Miraftabi et al.,
2016; Na et al., 2012; Nilforushan et al., 2012; Rao et al., 2011; Sato
et al., 2013). It is generally accepted that evaluating both structure and
function could result in more efficient and timely detection of glau-
comatous damage and progression (Mohammadzadeh et al., 2020).
Macular OCT is the imaging modality of choice to assess the retinal
ganglion cell complex, which comprises the RNFL, GCL, and IPL (Cho
et al., 2010; Greenfield et al., 2003; Kim et al., 2010; Raza et al., 2011;
Wang et al., 2009). The unique HFL geometry connecting the inner and
outer retina in the macular region needs to be considered when
comparing structural and functional measurements in glaucoma. Due to
the radial displacement of the retinal ganglion cells from their input
photoreceptors, a given central visual field location may correspond to a
different area of the retina (Drasdo et al., 2007; Hood and Kardon,
2007). This displacement diminishes with eccentricity, becoming minor
at around 10 visual degrees from the fovea (Drasdo et al., 2007; Turpin
et al., 2015). Different numerical models based on histologic measure-
ments of HFL components have been proposed (Drasdo et al., 2007;
Hood and Kardon, 2007; Sjostrand et al., 1999b). Several studies support
that adjustment for the average displacement of the retinal ganglion
cells in the central macula improves the structure-function relationships
in glaucoma (Cho et al., 2010; Hood, 2017; Nouri-Mahdavi et al., 2019;
Raza et al., 2011). Several anatomical factors, including the foveal
shape, fovea-disc axis angle, or temporal raphe location may affect the
spatial and temporal aspects of structure-function relationships in
glaucoma (Amini et al., 2014; Bedggood et al., 2017; Sepulveda et al.,
2016).

10
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4. OCT angular sign of HFL hyperreflectivity (ASHH) of macular
disease

Traditionally, the description of OCT patterns in macular diseases
often includes terms related to the anatomical structures affected, the
changes of reflectivity (hyperreflective versus hyporeflective), and the
shape of the lesions on cross-sectional or en face views. The HFL has an
angular shape in the macula and is comprised of tubular structures, the
orientation and optical properties of which render the HFL virtually
indistinguishable from the ONL with OCT of normal eyes. Alterations in
the HFL reflectivity are associated with changes in the orientation of the
incident OCT light beam either primarily during the acquisition or
secondary to structural changes causing uneven orientation of HFL.
Therefore, it is likely that disruption of the HFL may affect its reflectivity
and facilitate its detection on OCT. However, on directional OCT, these
changes in reflectivity are confined to the HFL and do not extend
downward to the ONL and ellipsoid (EZ) and interdigitation zones (IZ).

In certain macular diseases, including acute macular neuro-
retinopathy (AMN) and acute posterior multifocal placoid pigment
epitheliopathy (APMPPE), a distinctive hyperreflective lesion mirroring
the angulation of the HFL and further extending from the OPL to the EZ/
1Z has been reported on OCT. Mrejen et al. elegantly illustrated curvi-
linear hyperreflective lesions of the outer retina in APMPPE and first
proposed inflammatory disruption of the HFL as the underlying mech-
anism (Mrejen et al., 2016). Similarly, Fawzi et al. identified hyper-
reflective lesions of the OPL/HFL on OCT, attributed to disruption of the
photoreceptor axons, as an early finding of AMN (Fawzi et al., 2012).

Certain authors in the literature have erroneously adopted the
acronym “AMN” to describe changes on OCT featuring HFL hyper-
reflectivity in other retinal diseases. However, these AMN-like lesions
can be secondary to a myriad of different diseases that have etiologies,
risk factors, multimodal imaging features, clinical implications and
management distinct from the disease entity AMN.

In this section, we introduce the OCT “Angular Sign of HFL Hyper-
reflectivity” (ASHH) to provide a novel descriptive OCT terminology
that is a diagnostic feature unifying various macular diseases and is the
result of disruption of the whole photoreceptor length, including the
HFL. This sign aims to encompass presumed acute insults of the macular
photoreceptor cell compartments, including synaptic terminals, photo-
receptor axons, nuclei, inner and outer segments. Concurrent involve-
ment of the outer Miiller cell processes which run through the HFL is
plausible and may contribute to ASHH. Acutely, this OCT finding refers
to the hyperreflective lesion mirroring the angulation of the HFL and
extending from the OPL to the EZ/IZ. Resolution of ASHH typically
occurs in few weeks and can lead to a legacy of OPL, HFL and ONL
thinning, and varying degrees of EZ/IZ disruption. Due to the unique
geometry of the HFL, the shape of ASHH on cross-sectional OCT is
influenced by its location and eccentricity: (1) foveal-centered lesion
follows the vertical-oriented HFL; (2) parafoveal ASHH follows the
obliqueness of the HFL; (3) perifoveal ASHH follows the more vertical-
oriented HFL. Moreover, the typical angular appearance of this feature
may not be apparent on a single OCT B-scan due to scan position and
direction. Radial acquisition patterns on OCT may help to highlight the
angular nature of this lesion.

The etiology may be related to an ischemic, inflammatory, thermal
or mechanical insults to the photoreceptor and outer Miiller cell pro-
cesses although no clinical-histopathological description exists. This
finding can be associated with functional consequences including par-
acentral or central scotoma, although central visual acuity may remain
intact. Prognosis and treatments are variable and related to the under-
lying disorder. While ASHH is a signature OCT finding that is caused by a
limited number of macular disorders, multimodal imaging may be
critical for more precise definitive diagnosis and to elucidate the exact
etiologic mechanism. ASHH is distinct from hyperreflective lesions (e.g.,
pigment, hemorrhage, exudate) migrating or accumulating through the
HFL. The aim of this section is to provide clinicians a restricted catalog of
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retinal diseases associated with ASHH on OCT in order to orient further
investigations and treatments and to guide accurate diagnosis. A sum-
mary of the presumed pathogenesis is shown is Fig. 8. We also review
alternative disorders associated with hyperreflective lesions migrating
or accumulating through the HFL.

4.1. Acute macular neuroretinopathy

Acute macular neuroretinopathy (AMN) is a relatively rare condi-
tion, originally described by Bos and Deutman as dark-reddish, wedge-
shaped lesions pointing toward the fovea in young women taking oral
contraceptives (Bos and Deutman, 1975). Although the initial descrip-
tion localized the lesions to the superficial retinal layers, subsequent
reports using OCT demonstrated outer retinal involvement with the
earliest detectable sign affecting the posterior border of the OPL (Bau-
miiller and Holz, 2012; Fawzi et al., 2012; Ramtohul et al., 2020b).
Subsequent downward hyperreflectivity of the HFL, ONL, EZ and IZ is
typical and is mostly evident for lesions in the fovea or parafovea where
the oblique orientation of the HFL is maximal (Baumiiller and Holz,
2012; Fawzi et al., 2012; Iovino et al., 2021; Ramtohul et al., 2020b).
Resolution of the ASHH in AMN is often followed by OPL/HFL and ONL
thinning and varying degrees of EZ/IZ disruption (Fawzi et al., 2012).
Fundus autofluorescence (FAF), fluorescein (FA) and indocyanine green
angiography (ICGA) in patients with AMN are usually unremarkable
(Bhavsar et al., 2016). Near-infrared reflectance (NIR) imaging shows
round, tear-drop or petaloid hyporeflective parafoveal lesions that can
gradually expand over time and correlate with scotoma and co-localize
with EZ/IZ disruption (Fig. 9) (Bhavsar et al., 2016; Casalino et al.,
2019; Fawzi et al., 2012). Although several environmental risk factors
have been identified, including flu-like illness and the use of oral con-
traceptives or vasoactive substances and more recently COVID-19
infection or vaccination, systemic and laboratory work-up are largely
unremarkable (Bhavsar et al., 2016; David and Fivgas, 2021; Ng et al.,
2021; Preti et al., 2022). AMN is a self-limited disorder often with
spontaneous recovery of visual acuity. However, persistent visual field
deficits have been reported in more than 50% of patients (Bhavsar et al.,
2016). There is no specific treatment and no consensus regarding the
discontinuation of risk factors such as hormonal contraceptives after
AMN (Bhavsar et al., 2016; Fawzi et al., 2012; Turbeville et al., 2003).

4.1.1. Pathogenesis

The nature of the primary insult in AMN remains uncertain and both
ischemic and inflammatory disruption have been suggested. Recent
studies using OCT-angiography (OCTA) provide new insights into the
pathophysiology of AMN. Projection-resolved OCTA demonstrates
reduced DCP flow signal co-localizing with ASHH on OCT (Chu et al.,
2018). Recently, using non-linear transformation to correct the projec-
tion of AMN lesions in the DCP for HFL length and orientation, we
observed a high prevalence of either capillary vortices or complete flow
defects within the centroid of AMN lesions, supporting a distal ischemic
insult at the level of the capillary vortex in AMN (Fig. 10) (Cabral et al.
under review). Notably, shadowing artifacts on OCTA induced by the
hyperreflectivity of the early AMN lesions may account for discrepancies
in prior OCTA studies with early reports indicating choriocapillaris flow
deficits (Ashraf et al., 2017; Thanos et al., 2016).

Analysis of the chronological sequence of ASHH on OCT may also
provide insights into AMN pathogenesis (Fawzi et al., 2012). Prior OCT
reports of early AMN presentation indicated primary hyperreflective
lesion of the OPL/HFL which subsequently extends downward to affect
the ONL, EZ and IZ (Baumiiller and Holz, 2012; Fawzi et al., 2012;
Ramtohul et al., 2020b). This well-documented temporal sequence in
AMN may support an early alteration of the proximal division of
photoreceptor cells, possibly the synaptic terminal and photoreceptor
axons of the HFL, that originates due to impairment of the most distal
aspect of the DCP. Subsequent involvement of the ONL, EZ, and IZ
suggests a retrograde diffusion to the more distal component of
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photoreceptor cells, including photoreceptor nuclei and inner and outer
segments (retrograde pathway of photoreceptor disruption) (Fig. 11).

It is interesting that several other disorders including dengue mac-
ulopathy, whiplash maculopathy, and contusion maculopathy have
been associated with ASHH and AMN-like features on OCT. It may be
more accurate to describe these disorders as ones associated with ASHH,
and not AMN, as the etiology of the HFL abnormalities may be different
from classical AMN.

4.2. Dengue maculopathy

Ocular manifestations of dengue fever are not entirely rare, with a
prevalence of dengue maculopathy among patients hospitalized with
dengue infection estimated to be 10% (Su et al., 2007). The reported
manifestations of dengue maculopathy include foveolitis, macular
hemorrhage and edema, vascular occlusions and vasculitis, cotton wool
spots, perifoveal telangiectasia and microaneurysms (Ng and Teoh,
2015). Several reports describe the occurrence of ASHH on OCT,
attributed to AMN, in patients with dengue fever (Aggarwal et al., 2017;
Akanda et al., 2018; Guardiola et al., 2022; Li et al., 2015; Munk et al.,
2016; Ooi et al., 2016). Outer retinal alterations including OPL/ONL
thinning and EZ/IZ disruption, typical of resolved ASHH, can also
complicate this disease and co-localize with a persistent scotoma
(Akanda et al., 2018; Fang et al., 2017). Further, OCTA investigations
demonstrate DCP flow signal deficits in patients with ASHH and dengue
infection, suggesting HFL ischemia (Agarwal et al., 2019; Aggarwal
et al., 2017). Additional multimodal images show hyporeflective
wedge-shaped lesions on NIR, and largely unremarkable FAF, FA, and
ICGA (Aggarwal et al., 2017; Akanda et al., 2018; Guardiola et al., 2022;
Li et al., 2015; Munk et al., 2016). There is no effective treatment for
dengue maculopathy and there are no randomized controlled trials to
date (Ng and Teoh, 2015). Although systemic steroid therapy can be
prescribed, it is still unclear as to whether this is of any real benefit to the
patient (Agarwal et al., 2019; Li et al., 2015; Ng and Teoh, 2015).

4.2.1. Pathogenesis

Pathophysiology of dengue maculopathy is unknown but both
immune-mediated and ischemic processes are suspected (Carr et al.,
2017; Chanthick et al., 2018; Ng and Teoh, 2015; Soe et al., 2017; Su
et al., 2007). Capillary endothelial dysfunction or occlusion of pre-
capillary arterioles due to immune complex deposition may explain
retinal capillary ischemia in dengue maculopathy (Chanthick et al.,
2018). Recent OCTA studies reported flow signal deficits at the level of
the superficial and deep capillary plexuses (Agarwal et al., 2019).
Persistent visual scotomas may be related to ischemic damage (Agarwal
et al., 2019). DCP ischemia, at the most distal aspect, leading to retro-
grade disruption of the photoreceptor synapses and axons, as with
classical AMN, may be a possible explanation for ASHH in dengue
maculopathy.

4.3. Whiplash maculopathy

Whiplash maculopathy refers to acute macular changes due to rapid
acceleration/deceleration movements of the head and neck typically
during a car accident and resulting in mild reduction of visual acuity
(Kelley et al., 1978). A single histopathologic study reported serous RPE
detachments and retinoschisis between the photoreceptor nuclei and
their inner segments, possibly related to shear stress forces (Parsons
et al., 2005). Ophthalmoscopy may show retinal hemorrhages (Patel
et al., 2016; Pham et al., 2007). Acute OCT findings include intraretinal
and subretinal fluid, and ASHH attributed to AMN (Cappello et al., 2021;
Chronopoulos et al., 2014; Nentwich et al., 2013; Patel et al., 2016;
Sigona et al., 2015; Villard et al., 2019). On NIR, parafoveal hypore-
flective lesions co-localize with ASHH and EZ loss noted on OCT (Cap-
pello et al., 2021; Patel et al., 2016). Follow-up OCT of resolved ASHH
may show a legacy of EZ/IZ disruption corresponding to persistent
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Diagnosis

Paraneoplastic AIR
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Whiplash
maculopathy
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Dengue maculopathy
Vascular occlusion

Angular Sign of
HFL Hyperreflectivity
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axons or Miiller cells

Presumed
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- Cross-reaction of auto-antibodies with retinal

- Photoreceptor cell apoptosis

- Possible targets: photoreceptor synapses or

- Anteroposterior forces

to the retina via the vitreous
or transient vascular insult
or cytokines-mediated
inflammation

- Possible targets:
photoreceptor synapses or

axons or Miiller cells

- Retrograde alteration

- Deep capillary plexus
$scherais ord
“photoreceptoritis”

diated

- Possible targets: photoreceptor
synapses or axons or Miiller cells

- Retrograde alteration

- No evidence of RPE or
choriocapillaris involvement

ARPE

Diagnosis

Acute fovealitis
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HLIM

Contusion maculopathy
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HFL Hyperreflectivity

- Immune reaction
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Presumed
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- Possible targets: RPE or
photoreceptor axons or

- Retrograde or anterograde

- Inflammatory process and inner choroidal
ischemia
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- Anterograde alteration

- Thermal injury and choroidal
ischemia (HLIM)

- Intracellular edema of photoreceptor

axons and Miiller cells (contusion)

- Retrograde and anterograde
alteration

Abbreviations: AAOR: acute annular outer retinopathy; AIR: auto-immune retinopathy; AMN: acute macular neuroretinopathy;
APMPPE: acute posterior multifocal placoid pigment epitheliopathy; ARPE: acute retinal pigment epitheliitis;
HFL: Henle fiber layer; HLIM: handheld laser-induced maculopathy; RPE: retinal pigment epithelium.

Figure legend:

Deep capillary plexu:

| Photoreceptor and outer Miiller cell
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Fig. 8. Schematic representation of the patho-
genesis of the Angular Sign of Henle Fiber Layer
Hyperreflectivity (ASHH) in macular disease.

In paraneoplastic autoimmune retinopathy, tumor-
derived or systemic mediated auto-antibodies cross-
reacting with retinal antigens and leading to cell
apoptosis is the current accepted theory (Adamus
et al., 2004). In acute annular outer retinopathy
(AAOR) viral infection of the photoreceptors fol-
lowed by a host immune response has been suggested
response (retrograde pathway of photoreceptor
disruption) (Gass and Stern, 1995).

In whiplash maculopathy, transmission of the ante-
roposterior forces to the retina via the vitreous,
transient vascular insult, and cytokine mediated
inflammation have been proposed (Cappello et al.,
2021; Parsons et al., 2005). Due to the similarities of
the imaging features with classical acute macular
neuroretinopathy (AMN), a retrograde pathway of
photoreceptor disruption is plausible.

In AMN, both ischemic insult targeting the deep
capillary plexus (DCP) and inflammatory disruption
of photoreceptor synapses and axons with retrograde
alteration of inner and outer segments have been
suggested (Ramtohul and Freund, 2020).

In dengue maculopathy, both immune-mediated and
ischemic processes are suspected (Carr et al., 2017;
Chanthick et al., 2018; Ng and Teoh, 2015; Soe et al.,
2017; Su et al., 2007). Capillary endothelial
dysfunction or occlusion of precapillary arterioles
due to immune complex deposition has been sug-
gested as the underlying mechanisms of retinal
capillary ischemia in dengue maculopathy (Chan-
thick et al., 2018). DCP ischemia, at the most distal
aspect, leading to retrograde disruption of the
photoreceptor synapse and axons, as with classical
AMN, may be a possible explanation for ASHH in
dengue maculopathy.

In retinal vascular disorders associated with ASHH,
disruption of the DCP on optical coherence tomog-
raphy angiography (OCTA) has been reported (Car-
roll et al., 2020; Iovino et al., 2021; Ong et al., 2021).
Moreover, recent description of AMN-like lesions and
retinal venulitis in patients treated with checkpoint
inhibitors further suggests that disruption of the
venous side of the retinal plexuses, at the most distal
aspect of the DCP, may trigger ASHH (retrograde
pathway of photoreceptor disruption) (Ramtohul and
Freund, 2020).

In acute retinal pigment epitheliitis (ARPE), immune
reaction targeting the retinal pigment epithelium
(RPE) has been proposed (Krill and Deutman, 1972).
Recent investigations using optical coherence to-
mography (OCT) demonstrate hyperreflective lesions
affecting the outer neurosensory retina, suggesting
that the latter, and not the RPE, may be the primary
site of inflammation (Baillif et al., 2011; Cho et al.,
2011; De Bats et al.,, 2013; Hall et al., 2012; Hsu
et al., 2007; Iu et al., 2017; Krill and Deutman, 1972;
Merkoudis and Granstam, 2013). In acute fovealitis,
transient inflammation affecting the foveolar cellular
components (cones and/or Miiller cell cones) has
been postulated (Ledesma-Gil and Spaide, 2022).
Anterograde and retrograde pathways of photore-
ceptor disruption are pathophysiologic candidates.
In acute posterior multifocal placoid pigment epi-
theliopathy (APMPPE), a primary inflammatory
process targeting the RPE (Gass, 1968) or the cho-
riocapillaris has been suggested (Bird and Hamilton,
1972; Deutman et al., 1972; Van Buskirk et al.,
1971). On OCT, ASHH may result from primary
choroidal ischemia and inflammation with
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subsequent alteration of the proximal part of the
photoreceptor cells, including the Henle fiber layer
(HFL) components (Mrejen et al., 2016). As opposed
to typical retrograde diffusion of the lesion in AMN,
this hypothesis in APMPPE may also suggest an

anterograde pathway of alteration of the whole photoreceptor length starting distally. Although this chronological sequence has not been thoroughly reported in
APMPPE, the occurrence of ASHH in areas of prior choroidal ischemia as assessed by indocyanine green angiography (ICGA) and OCTA may support this concept
(Burke et al., 2017; Klufas et al., 2017). Alternatively, Steptoe et al. proposed that ASHH may represent retrograde axonal flow disruption of the photoreceptor axons

triggered by a viral infection (Steptoe et al., 2022).

In handheld laser-induced maculopathy (HLIM), thermal injury of the HFL components and choroidal ischemia may contribute to the ASHH genesis (Bhavsar et al.,
2020; Tran et al., 2020). Anterograde and retrograde pathways of photoreceptor disruption are pathophysiologic candidates.

In contusion maculopathy, direct transmission of the forces to the outer retina has been suggested. In fact, histologic studies of primate and human eyes note the
presence of damaged photoreceptor outer segments and RPE cells and intracellular edema of photoreceptor axons and glial elements (Hart and Blight, 1979; Kohno
et al., 1983; Mansour et al., 1992; Sipperley et al., 1978). Anterograde and retrograde pathways of photoreceptor disruption are pathophysiologic candidates.
Abbreviations: AAOR: acute annular outer retinopathy; AIR: auto-immune retinopathy; AMN: acute macular neuroretinopathy; APMPPE: acute posterior multifocal

placoid pigment epitheliopathy; ARPE: acute retinal pigment epitheliitis; HLIM: handheld laser-induced maculopathy; RPE: retinal pigment epithelium.

scotoma on visual field testing (Cappello et al., 2021; Chronopoulos
et al., 2014; Patel et al., 2016). No treatment is required as spontaneous
functional and anatomical resolution occurs within few weeks (Villard
et al., 2019).

4.3.1. Pathogenesis

Pathophysiologic mechanisms of retinal damage in whiplash mac-
ulopathy are not completely understood and include transmission of the
anteroposterior forces to the retina via the vitreous, transient vascular
insult, and cytokine mediated inflammation (Cappello et al., 2021;
Parsons et al., 2005). Due to the similarities of the imaging features with
classical AMN, a retrograde pathway of photoreceptor disruption is
plausible.

4.4. Contusion maculopathy

Morphologic OCT changes associated with closed-globe injuries vary
from increased EZ/1Z reflectivity to more severe disruption of the OPL,
ONL, EZ/1Z and RPE layers (Ahn et al., 2013; Oh et al., 2011; Souza--
Santos et al., 2012). On OCT, ASHH can be observed early in the course
of contusion maculopathy in association with disruption of the EZ/IZ
and RPE layers (Fig. 12) (Ahn et al., 2013; Boss et al., 2017; Li et al.,
2018a; Mishra et al., 2019; Oh et al., 2011; Souza-Santos et al., 2012).
These lesions have been attributed to AMN (Chinskey et al., 2015).
Resolution may be associated with severe outer retinal atrophy and even
full-thickness macular hole (Ahn et al., 2013; Li et al., 2018a; Souza--
Santos et al., 2012).

4.4.1. Pathogenesis

The pathophysiology of ASHH in contusion maculopathy is specu-
lative and may include direct transmission of the forces to the outer
retina. In fact, histologic studies of primate and human eyes note the
presence of damaged photoreceptor outer segments and RPE cells and
intracellular edema of photoreceptor axons and glial elements (Hart and
Blight, 1979; Kohno et al., 1983; Mansour et al., 1992; Sipperley et al.,
1978). Anterograde and retrograde pathways of photoreceptor disrup-
tion are pathophysiologic candidates.

4.5. Retinal vascular diseases

Recently, Iovino et al. reported a case series of patients presenting
with coincidental paracentral acute middle maculopathy (PAMM) and
ASHH (attributed to AMN) in association with retinal vascular disorders,
including central retinal vein and artery occlusions, idiopathic retinal
vasculitis, and Purtscher’s retinopathy (Fig. 13) (lovino et al., 2021).
ASHH has also been reported in patients with sickle cell disease (Ong
et al., 2021). All these cases demonstrate flow signal deficit at the level
of the DCP on OCTA, suggesting HFL ischemia (lovino et al., 2021; Ong
et al., 2021). Chronic cocaine use can also be associated with DCP flow
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signal deficit on OCTA and ASHH on OCT (Carroll et al., 2020).

4.5.1. Pathogenesis

The pathophysiology of ASHH in retinal vascular disorders is unclear
but recent reports using OCTA provide further insights into the plausible
mechanisms resulting in ASHH genesis. In fact, disruption of the DCP on
OCTA is a common finding in patients with ASHH secondary to retinal
vascular diseases (Carroll et al., 2020; Iovino et al., 2021; Ong et al.,
2021). Moreover, recent description of AMN-like lesions and retinal
venulitis in patients treated with checkpoint inhibitors further suggests
that disruption of the venous side of the retinal plexuses, at the most
distal aspect of the DCP, may trigger ASHH (retrograde pathway of
photoreceptor disruption) (Ramtohul and Freund, 2020).

4.6. Acute posterior multifocal placoid pigment epitheliopathy

Acute posterior multifocal placoid pigment epitheliopathy
(APMPPE), first described by Gass in 1968, is a rare, idiopathic, self-
limited, inflammatory condition typically affecting healthy adults who
present with transient acute central or paracentral vision loss related to
multiple creamy white or yellow placoid outer retinal and RPE lesions
(Gass, 1968). One third of the patients report a preceding viral or flu-like
illness prior to symptom onset (Gass, 1968; Holt et al., 1976). With more
advanced retinal imaging, including ICGA and more recently OCT and
OCTA, it is clear that this disease is primarily the result of inner
choroidal or choriocapillaris ischemia likely originating from an in-
flammatory etiology (Burke et al., 2017; Dhaliwal et al., 1993; Dolz--
Marco et al., 2017; Howe et al., 1995; Klufas et al., 2017; Mrejen et al.,
2016; Yuzawa et al., 1994). Cross-sectional and en face OCT can also
capture the classic pattern of morphologic alterations affecting the RPE,
photoreceptors, and outer retina (Goldenberg et al., 2012; Klufas et al.,
2017). An SD-OCT classification scheme of APMPPE was devised in
2012 and includes 4 stages: (1) early dome-shaped elevation of the
EZ/1Z, now known as bacillary layer detachment or BALAD (Ramtohul
et al., 2021a, 2021b), (2) separation between the EZ/IZ and the RPE
with mild subretinal fluid, (3) disruption of the EZ/IZ and RPE thick-
ening, and (4) progressive restoration of the EZ/IZ and RPE reflectivity
with possible permanent alterations (Goldenberg et al., 2012). Hyper-
reflective outer retinal lesions mirroring the angulation of the HFL,
representing the characteristic ASHH, were first described by Mrejen et
al. and subsequently reported by others and represents an acute sign of
disease (Fig. 14) (Bigaut et al., 2019; Burke et al., 2017; Mrejen et al.,
2016; Steptoe et al., 2022).

There are various infectious conditions that can be associated with
placoid disorders such as APMPPE, including tuberculosis, group A
Streptococcus, syphilis, Borrelia, dengue fever, mumps, coxsackie B,
adenovirus, and COVID-19. Additional associations include post vacci-
nation (varicella, hepatitis A and B, meningococcal C, yellow fever,
typhoid, influenza, COVID-19), and inflammatory disorders such as
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Fig. 9. Longitudinal multimodal imaging of acute macular neuroretinopathy in a 28-year-old patient.

A. Pseudocolor fundus photography (Optos PLC, Dunfermline, UK) of the right eye shows dark-reddish, petaloid-shaped lesions in the macula (white arrowhead).
B. Near-infrared reflectance image shows hyporeflective petaloid lesions in the macula with sharp borders (white arrowhead). The green line indicates the location of
the spectral domain optical coherence tomography (SD-OCT) B-scan in (C).

C. SD-OCT B-scan (Spectralis, Heidelberg Engineering, Heidelberg, Germany) shows the angular sign of Henle fiber layer (HFL) hyperreflectivity (ASHH) (orange
arrowhead). Note that the typical angular pattern is barely apparent likely due to the OCT B-scan position and direction through the lesion.

D. At 4-month follow up, the pseudocolor fundus photograph shows increased visibility of the dark-reddish macula lesions (white arrowhead).

E. At 4-month follow up, the near-infrared reflectance image shows enlargement of the hyporeflective lesions with blurred margins (white arrowhead). The green line
indicates the location of the SD-OCT B-scan in (F).

F. At 4-month follow up, SD-OCT B-scan shows decreased hyperreflectivity of the HFL with thinning of the outer nuclear layer (ONL). Note the persistent focal
attenuation of the ellipsoid and interdigitation zone (EZ/IZ) bands (red arrowheads).

G. At 10-month follow up, the pseudocolor fundus photograph shows the dark-reddish macula lesions that remain stable (white arrowhead).

H. At 10-month follow up, the near-infrared reflectance image shows reduction of the hyporeflective lesions with blurred margins (white arrowhead). The green line
indicates the location of the SD-OCT B-scan in (I).

I. At 10-month follow up, SD-OCT B-scan shows ONL thinning and progressive restoration of the EZ/1Z reflectivity (red arrowheads).

sarcoidosis, ulcerative colitis, juvenile rheumatoid arthritis, anti- Patients with APMPPE or other placoid variant diseases (e.g.,
neutrophil cytoplasmic antibody (ANCA)-associated vasculitis, gran- persistent placoid maculopathy, relentless placoid chorioretinitis,
ulomatosis with polyangiitis, polyarteritis nodosa, thyroiditis, acute serpiginous chorioretinopathy) should be questioned for neurological
nephritis, erythema nodosum, familial Mediterranean fever (Al Mousa symptoms and urgently referred for evaluation if positive. Various
and Koch, 2016; Anderson et al., 1996; Atas et al., 2021; Azar et al., neurological complications can occur during the course of APMPPE,
1975; Borruat et al., 1998; Bridges et al., 1995; Chiquet et al., 1999; including aseptic meningitis, meningoencephalitis, cerebral vasculitis,
Darugar et al., 2011; Di Crecchio et al., 2001; Georgakopoulos et al., cerebral and spinal cord infarction, recurrent strokes, cerebral nerve IIT

2016; Goldhardt et al., 2016; Hsu et al., 2003; Jacklin, 1977; Kraemer and VI palsy, and cerebral venous sinus thrombosis (Berger et al., 2019;
et al., 2022; Laatikainen and Immonen, 1988; Lowder et al., 1996; Bigaut et al., 2019; Case et al., 2015; Castro et al., 2016; Gibelalde et al.,
Matsuo et al., 2002; Olguin-Manriquez et al., 2021; Wolf et al., 1992). 2009; Jaramillo et al., 2009; Kersten et al., 1987; Kline et al., 2007;
Association with human leukocyte antigen (HLA)-DR2 and HLA-B7 Knox, 2021; Luneau et al., 2009; Matamala et al., 2013; O’Halloran
suggests an immunogenetic susceptibility (Wolf et al., 1990). et al., 2001; Pillar et al., 2021; Weinstein et al., 1988; Yunker et al.,
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Fig. 10. Multimodal imaging of acute macular neuroretinopathy in a 27-year-old patient.
A. Multicolor image (Spectralis, Heidelberg Engineering, Heidelberg, Germany) of the left eye shows multiple dark-reddish tear-drop lesions with the apices pointing

toward the fovea.

B. Near-infrared reflectance image shows hyporeflective lesions. The blue, green, and red lines indicate the position of the OCT B-scans in (D), (E), and (F),

respectively.

C. En face OCT-angiography (Plex Elite 9000, Carl Zeiss Meditec, Inc, Dublin, CA) segmented at the level of the deep capillary plexus shows flow signal deficits

(asterisks) suggestive of ischemia.

D-F. Cross-sectional High-Resolution OCT scans (Spectralis, Heidelberg Engineering, Heidelberg, Germany) show multiple angular signs of Henle fiber layer
hyperreflectivity (ASHH) (orange arrowheads). Note the vertically oriented ASHH in the fovea in (D). The blue, green, and red dashed boxes correspond to the scan

locations illustrated in (B).

2008). Fatal cerebral complications associated with APMPPE can very
rarely occur (El Sanhouri et al., 2012; Hammer et al., 1989; Maamari
et al., 2019; Wilson et al., 1988).

There is no current consensus on the treatment, although favorable
outcomes are reported after steroid therapy (Oliveira et al., 2020).
Immunosuppressive therapy should be considered in severe, persistent
or recurrent cases, or in patients with central nervous system involve-
ment (El-Markaby et al., 2012). Systemic work-up and treatment of
underlying systemic conditions should also be considered (O’Halloran
et al., 2001). Choroidal neovascularization is not an uncommon
complication of placoid retinopathies, especially persistent placoid
maculopathy and careful surveillance with OCT and OCTA is necessary
so that prompt anti-vascular endothelial growth factor (VEGF) therapy
can be initiated if necessary (Fogel Levin et al., 2022).

4.6.1. Pathogenesis

The exact pathophysiology of APMPPE was initially proposed to be a
primary inflammatory process targeting the RPE (Gass, 1968) or the
choriocapillaris (Bird and Hamilton, 1972; Deutman et al., 1972; Van
Buskirk et al., 1971). ICGA and OCTA studies have confirmed that inner
choroidal ischemia is the primary etiology (Burke et al., 2017; Howe
et al., 1995; Klufas et al., 2017).

In APMPPE, ASHH may result from primary choroidal ischemia and
inflammation with subsequent alteration of the proximal part of the
photoreceptor cells, including the HFL components (Mrejen et al.,
2016). As opposed to typical retrograde extension of the lesion as in
classical AMN, an anterograde pathway in APMPPE may be relevant due
to choriocapillaris ischemia causing alteration of the photoreceptor
inner and outer segments with extension through the HFL towards the
OPL. Although this chronological sequence has not been thoroughly
reported in APMPPE, the occurrence of ASHH in areas of prior choroidal
ischemia as assessed by ICGA and OCTA may support this concept
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(Burke et al., 2017; Klufas et al., 2017). Alternatively, Steptoe et al.
proposed that ASHH may represent retrograde axonal flow disruption of
the photoreceptor axons triggered by a viral infection (Steptoe et al.,
2022).

4.7. Acute retinal pigment epitheliitis and acute fovealitis

Acute retinal pigment epitheliitis (ARPE) is a rare, idiopathic, self-
limited, inflammatory maculopathy, first described by Krill and Deut-
man in 1972, and affecting young healthy adults (Krill and Deutman,
1972). ARPE is characterized by acute vision loss with central scotoma
and characteristic funduscopic perifoveal findings of fine pigment stip-
pling surrounded by hypopigmented halos (Krill and Deutman, 1972).
Approximately, 20% of patients present with prodromal flu-like symp-
toms prior to disease onset (Cho et al., 2014). Acutely, the characteristic
OCT feature is a dome-shaped hyperreflective haze at the level of EZ/1Z
(lu et al, 2017). Subsequently, ARPE patients may display
fovea-centered ASHH on OCT associated with varying degrees of EZ/IZ
alterations, hyporeflective gap at the IZ, and RPE disruption (Aydogan
et al., 2015; Cho et al., 2014; De Bats et al., 2013; Hall et al., 2012; Li
et al., 2019; Roy et al., 2021). Resolution of the acute findings can by
followed by persistent defects of the EZ/IZ with RPE alterations (Cho
et al., 2014; Tu et al., 2017). Typically, FAF is either normal or shows
discrete hyperautofluorescent spots in the macula (Aydogan et al., 2015;
De Bats et al., 2013; Roy et al., 2021). FA shows hyperfluorescence at the
fovea due to transmission defect without any leakage, and ICGA is either
unremarkable or shows subtle hyperfluorescent patches in the fovea
(Aydogan et al., 2015; Baillif et al., 2011; Cho et al., 2014; De Bats et al.,
2013;Tuetal., 2017; Lietal., 2019; Roy et al., 2021). ARPE is associated
with a favorable visual prognosis, and treatment is usually not required
(Cho et al., 2014; Iu et al., 2017). More rarely, acute coxsackie A virus
infection can cause ARPE (Colucciello, 2022) and masqueraders of ARPE
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Fig. 11. Hyperacute features of acute macular neuroretinopathy (AMN) and schematic representation of the retrograde evolution of the Angular Sign of
Henle Fiber Layer Hyperreflectivity (ASHH). Adapted from (Ramtohul et al., 2020b).

A. Spectral domain optical coherence tomography (OCT) horizontal B-scan through the fovea shows hyperreflective lesions (orange arrowheads) confined to the outer
plexiform layer (OPL) and Henle fiber layer (HFL). Subretinal fluid is noted. There is no extension of the hyperreflective changes to the outer nuclear layer (ONL),
ellipsoid (EZ), and interdigitation zones (IZ). The OCT image was acquired few hours after visual symptoms’ onset.

B. Magnified view of the hyperreflective lesions confined to the OPL and HFL (orange arrowhead).

C. Schematic representation of the presumed hyperacute damages in AMN, including deep capillary plexus (DCP) disruption and photoreceptor synapse and axon
insults. The same color-code and annotations as in Fig. 8 are used.

D. Tracked OCT B-scan shows retrograde extension of the hyperreflective lesions to the ONL, EZ, and IZ (orange arrowheads). The angular configuration of the
hyperreflective lesions is apparent especially in the temporal side of the fovea. The OCT image was acquired the day after visual symptoms’ onset.

E. Magnified view of ASHH (orange arrowhead).

F. Schematic representation of ASHH in AMN characterized by retrograde extension of the insult to the whole photoreceptor length. The same color-code and
annotations as in Fig. 8 are used. Persistent DCP alteration can be observed.

G. Tracked OCT B-scan shows resolution of ASHH and persistent OPL, HFL, and ONL thinning with EZ/IZ attenuation (red arrowheads). The OCT image was acquired
6 months after symptoms’ onset.

H. Magnified view of resolved ASHH. Note the thinning of the OPL, HFL, and ONL and attenuation of the EZ/IZ reflectivity (red arrowhead).

I. Schematic representation of resolved ASHH in AMN. Long-term DCP disruption can be detected but are usually more subtle on OCT-angiography and attenuation of
the photoreceptor inner and outer segments is displayed. The same color-code and annotations as in Fig. 8 are used.

can include pachychoroid pigment epitheliopathy (Pang and Freund, outer retinal hyperreflectivity were previously described by Dolz-Marco
2014). et al in patients with idiopathic multifocal choroiditis (Dolz-Marco

Acute fovealitis is a presumed inflammatory condition recently etal., 2021). An additional case series of three patients with multimodal
described by Ledesma-Gil and Spaide in a patient with acute foveal le- imaging findings compatible with acute fovealitis is described, although
sions involving the outer neurosensory retina (Ledesma-Gil and Spaide, no established diagnostic criteria exist (Moraes et al., 2020). Acute
2022). Although acute fovealitis shares ophthalmoscopic and OCT fea- fovealitis may also develop during COVID-19 infection (Munoz-Solano
tures with ARPE, including foveal-centered ASHH, the absence of RPE et al., 2022). Due to the paucity of reports, it remains unclear if acute
involvement on OCT led the authors to suggest the name acute fovealitis fovealitis is a distinct entity or a variant of ARPE.

(Ledesma-Gil and Spaide, 2022). Similar OCT features termed foveal
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Fig. 12. Multimodal imaging of contusion maculopathy after blunt ocular trauma.

A. Pseudocolor fundus photography (Optos PLC, Dunfermline, UK) of the right eye shows areas of macular whitening consistent with commotio retinae. The green
line indicates the position of the spectral domain OCT B-scan in (B).

B. Spectral domain OCT B-scan (Spectralis, Heidelberg Engineering, Heidelberg, Germany) shows multiple angular signs of Henle fiber layer hyperreflectivity (ASHH)
(orange arrowhead and between orange dashed lines) associated with disruption of the ellipsoid zone, interdigitation zone, and retinal pigment epithelium band.

Fig. 13. Multimodal imaging of central retinal vein occlusion in a 42-year-old patient. Adapted from Iovino et al. (2021).

A. Confocal color fundus photography of the left eye shows optic disk edema, diffuse retinal hemorrhages, cotton wool spots, and venous dilation and tortuosity
consistent with central retinal vein occlusion. Note the perivenular macular whitening.

B. High-Resolution OCT B-scan shows paracentral acute middle maculopathy lesions and one angular sign of Henle fiber layer hyperreflectivity (ASHH) (orange
arrowhead). The inset is the near-infrared reflectance image with the green line indicating the position of the OCT-B scan.

C. Magnified view of ASHH on high-resolution OCT B-scan (orange arrowhead and between orange dashed lines).

D. High-Resolution OCT B-scan (Spectralis, Heidelberg Engineering, Heidelberg, Germany) shows paracentral acute middle maculopathy lesions and multiple thin
ASHH (orange arrowheads). Note the vertically oriented ASHH centrally. The inset is the near-infrared reflectance image with the green line indicating the position of
the OCT-B scan.

E. Magnified view of ASHH on High-Resolution OCT B-scan (orange arrowheads and between orange dashed lines).

4.7.1. Pathogenesis 4.8. Acute annular outer retinopathy
Although the pathophysiology is unknown, ARPE is postulated to be

caused by immune reaction targeting the RPE (Krill and Deutman, Acute annular outer retinopathy (AAOR), first described by Gass and
1972). However, recent investigations using OCT demonstrate hyper- Stern in 1995, is supposed to be very rare variant of acute zonal occult
reflective lesions affecting the outer neurosensory retina, suggesting that outer retinopathy (AZOOR) (Gass and Stern, 1995). (Monson and Smith,
the latter, and not the RPE, may be the primary site of inflammation 2011). The most prominent complaints include acute visual field de-
(Baillif et al., 2011; Cho et al., 2011; De Bats et al., 2013; Hall et al., fects, central vision loss, and photopsia (Monson and Smith, 2011). The
2012; Hsu et al., 2007; Iu et al., 2017; Krill and Deutman, 1972; Mer- characteristic ophthalmoscopic finding includes a progressively
koudis and Granstam, 2013). Similarly, acute fovealitis may result from enlarging, gray-white outer retinal ring similar to the Wessely immune

transient inflammation affecting the foveolar cellular components ring in herpetic corneal infection (Fekrat et al., 2000; Gass and Stern,
(cones and/or Miiller cell cones) (Ledesma-Gil and Spaide, 2022). 1995; Luckie et al.,, 1994). FA shows a hypofluorescent ring with a
Anterograde and retrograde pathways of photoreceptor disruption are hyperfluorescent border, and ICGA demonstrates late hypofluorescence
pathophysiologic candidates. related to decreased RPE uptake (Fekrat et al., 2000; Harino et al.,

2004), but both studies can be normal (Seetharam et al., 2015). OCT can
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Fig. 14. Multimodal imaging of acute posterior multifocal placoid pigment epitheliopathy in a 31-year-old patient. Adapted from Mrejen et al. (2016).
A. Color fundus photography of the left eye shows multiple, yellowish, outer retinal lesions of the macula.
B. Blue-light fundus autofluorescence (HRA, Heidelberg Engineering, Heidelberg, Germany) shows hyperautofluorescent lesions surrounded by a thin hypoauto-

fluorescent edge.

C. Late phase fluorescein angiography (HRA, Heidelberg Engineering, Heidelberg, Germany) shows hypofluorescent lesions with staining.

D. Late phase indocyanine green angiography (HRA, Heidelberg Engineering, Heidelberg, Germany) shows more numerous hypofluorescent lesions.

E. Near-infrared reflectance image shows discrete hyporeflective lesions. The green line indicates the location of the OCT B-scan in (F).

F. Spectral domain OCT B-scan (Spectralis, Heidelberg Engineering, Heidelberg, Germany) through the fovea shows bacillary layer detachment (BALAD) and multiple
angular signs of Henle fiber layer hyperreflectivity (ASHH) (orange arrowheads and between orange dashed lines) typical of early acute disease. Note the choroidal

thickening and loss of the normal choroidal architecture under the fovea.

illustrate paracentral ASHH correlating with the annular ring (Bemme
et al., 2016; Seetharam et al., 2015). ASHH precede outer retinal atro-
phy, which suggests that early HFL damage may occur during the course
of AAOR (Seetharam et al., 2015). No proven treatment of AAOR exists,
although systemic antivirals, antibacterials, steroids, and immunosup-
pressive therapy have been studied with no consensus on efficacy
(Fekrat et al., 2000; Monson and Smith, 2011; Seetharam et al., 2015).
Spontaneous improvement may also occur (Fekrat et al., 2000).

4.8.1. Pathogenesis

The pathophysiology of AAOR is unknown but the characteristic
enlarging, gray-white outer retinal ring similar to the Wessely immune
ring noted in herpetic corneal infection led Gass and Stern to postulate
that AAOR may be due to viral infection of the photoreceptor synapses
and axons followed by a host immune response (retrograde pathway of
photoreceptor disruption) (Gass and Stern, 1995).

4.9. Paraneoplastic autoimmune retinopathy

Cancer-associated retinopathy (CAR) is a paraneoplastic syndrome
first described by Sawyer et al. in three cancer patients that developed
blindness due to diffuse retinal degeneration (Sawyer et al., 1976).
Symptoms classically include acute/subacute vision loss, photopsia, and
visual field defects (Rahimy and Sarraf, 2013). For detailed information,
we refer the reader to prior reviews (Rahimy and Sarraf, 2013; Touhami
et al., 2019). Several OCT reports describe ASHH in eyes with CAR and
paraneoplastic retinopathy (Chen et al., 2017; J. J. Lee et al., 2015;
Russell et al., 2020). ASHH associated with retinal phlebitis can also
develop in patients treated with programmed death 1 (PD-1) and death
ligand 1 (PD-L1) inhibitors (Chen et al., 2022; Emens et al., 2019;
Ramtohul and Freund, 2020). Patients with ASHH associated with
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paraneoplastic retinopathy typically develop extensive outer retinal
atrophy (Chen et al., 2017, 2022; J. J. Lee et al., 2015). FAF may reveal
zonal areas of hyperautofluorescence (Fig. 15) (Chen et al., 2017; Rus-
sell et al., 2020). Collaborative management with oncologic teams is
required and additional steroid, immunosuppressive therapy or plas-
mapheresis can be considered (Chen et al., 2017, 2022; J. J. Lee et al.,
2015).

4.9.1. Pathogenesis

The pathophysiology of paraneoplastic autoimmune retinopathy is
unclear. Tumor-derived or systemic mediated auto-antibodies cross-
reacting with retinal antigens and leading to cell apoptosis is the current
accepted theory (Adamus et al., 2004). Disruption of the photoreceptor
inner and outer segments and axons presumably cause HFL abnormal-
ities as illustrated with ASHH on OCT. By contrast, PD-1 and PD-L1
inhibitors may incite a retinal phlebitis causing impairment of the
most distal aspect of the DCP leading to disruption of the photoreceptor
synapses and axons and extension of injury through the HFL to the
photoreceptor inner and outer segments (retrograde pathway of
photoreceptor disruption) (Ramtohul and Freund, 2020).

4.10. Handheld laser induced maculopathy

There are many reports of handheld laser induced maculopathy
(HLIM) since the original publication by Zamir et al. (1999). For detailed
information regarding laser characteristics, we refer the reader to recent
reviews (Bhavsar et al., 2020; Tran et al., 2020). Symptoms of retinal
phototoxicity include vision impairment within hours of exposure,
central or paracentral scotomas, and metamorphopsia (Rusu et al.,
2013). Eye pain due to anterior segment inflammation and iris atrophy
can be additional clues for the diagnosis (Agarwal et al., 2022; Al-Amry
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Fig. 15. Multimodal imaging of paraneoplastic retinopathy in an 86-year-old patient with a history of metastatic bladder cancer and neovascular age-
related macular degeneration. Adapted from Russell et al. (2020).

A. Ultra-widefield pseudocolor fundus photography (Optos PLC, Dunfermline, UK) of the left eye shows multiple, yellowish, placoid lesions in the vicinity of the
retinal vessels.

B. Green-light ultra-widefield fundus autofluorescence shows paravascular hyperautofluorescent lesions.

C. Late phase ultra-widefield fluorescein angiography shows mild leakage of the lesions.

D and E. Near-infrared reflectance images with corresponding spectral domain OCT B-scans (Spectralis, Heidelberg Engineering, Heidelberg, Germany) show
multiple angular signs of Henle fiber layer hyperreflectivity (ASHH) (orange arrowheads and between orange dashed lines). Note that the angulation of the ASHH varies
with eccentricities. The green lines in the near-infrared reflectance image indicate the location of the corresponding OCT B-scan.

etal., 2018; Bhavsar et al., 2020). On OCT, ASHH are very characteristic photoreceptor disruption are pathophysiologic candidates.
of HLIM and develop in approximately 13% of cases (Bhavsar et al.,
2020), typically as a more acute sign of injury. Similar OCT lesions can
be observed in photic maculopathy from arc welding (Park et al., 2021).
Associated findings on OCT include focal EZ/IZ disruption, hypore-
flective cavities in the outer retina, subretinal and intraretinal fluid, and
RPE alterations (Bhavsar et al., 2015, 2020; Chen et al., 2021; Rusu
et al., 2013). On NIR, hyperreflective lesions with dendritic-like radia-
tions are characteristic findings, and FAF imaging typically shows ver-
tical streak-like hyperautofluorescent lesions indicative of RPE injury
(Fig. 16) (Bhavsar et al., 2015, 2020; Dhrami-Gavazi et al., 2015; Rusu
et al., 2013). Distinctive signs on FA include early hyperfluorescence
with late staining of the linear RPE streaks (Bhavsar et al., 2015, 2020).
Focal staining of retinal vessels injured by laser can be misinterpreted as
retinal vasculitis (Bhavsar et al., 2020). ICGA and OCTA can demon-
strate choroidal ischemia which can explain the development of sec-
ondary CNV and may indicate the need for anti-VEGF therapy (Tran
et al., 2020).

4.11. Differential diagnosis

In this section, we briefly review alternative disorders associated
with hyperreflective lesions migrating through or accumulating in the
HFL, and provide key features to differentiate these findings from the
typical ASHH on OCT. These hyperreflective lesions on OCT typically
exhibit a trajectory following the direction of the HFL and the presumed
underlying pathogenesis is different. While ASHH indicates an acute
injury of the HFL originating from a retrograde or anterograde insult,
hyperreflective materials within the HFL, including RPE cells, blood, or
exudates, represents an entirely different pathogenesis. Adjunctive
multimodal imaging features and analysis of the temporal sequence are
useful to differentiate ASHH from hyperreflective lesions migrating
through or accumulating in the HFL. Absence of outer retinal alteration
may be observed after resolution of hyperreflective lesions accumulating
or migrating through the HFL.

4.10.1. Pathogenesis

In HLIM, thermal injury of the HFL components and ischemia of the
inner choroid and RPE may contribute to the genesis of ASHH (Bhavsar
etal., 2020; Tran et al., 2020). Anterograde and retrograde pathways of

4.11.1. Retinal pigment epithelium plume

In AMD, the RPE plume is a distinctive reflective signature on OCT
reminiscent of a windswept volcanic plume and representing a cluster of
RPE cell organelles migrating anteriorly into the retina
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Fig. 16. Multimodal imaging of handheld-laser induced maculopathy in a
20-year-old patient. Courtesy of Dr. M. Engelbert.

A. Pseudocolor fundus image (Optos PLC, Dunfermline, UK) of the right eye
shows pigmentary linear streaks and yellowish lesions in the macula.

B. Green-light fundus autofluorescence shows speckle hyperautofluorescent
retinal pigment epithelium (RPE) lesions.

C. Spectral domain OCT B-scan (Spectralis, Heidelberg Engineering, Heidel-
berg, Germany) shows multiple angular signs of Henle fiber layer hyper-
reflectivity (ASHH) (orange arrowheads and between orange dashed lines). Note
that the angulation of ASHH varies with eccentricities. Note the disruption of
the ellipsoid zone, interdigitation zone, and RPE band. The inset is the near-
infrared reflectance image with the green line indicating the location of the
OCT B-scan.

(Balaratnasingam et al., 2017; Cao et al., 2021; Chen et al., 2016). The
RPE plume is comprised of a collection of outer retinal hyperreflective
foci representing RPE disruption and is an OCT biomarker for progres-
sion to RPE atrophy and late AMD (Cao et al., 2021; Christenbury et al.,
2013; Nassisi et al., 2019; Ouyang et al., 2013a; Waldstein et al., 2020).
Plumes develop because of RPE cell transdifferentiation (Cao et al.,
2021). RPE plumes migrate in a pattern geometrically congruent with
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the local trajectory of the HFL (Balaratnasingam et al., 2017; Cao et al.,
2021). The RPE plume is distinct from ASHH as the plume represents
material (in this case pigment) tracking in a normal HFL while ASHH
represents acute retrograde or anterograde injury to the HFL often with
permanent disruption of the associated photoreceptor elements. RPE
plumes originate from the RPE layer typically at the apex of large druse
or drusenoid pigment epithelial detachment, or in association with ac-
quired vitelliform lesions (Balaratnasingam et al., 2017; Cao et al., 2021;
Chen et al., 2016). The apex may indicate the largest separation distance
of the RPE from the underlying choroid resulting in RPE ischemia and
impairment (Hilely et al., 2021). The lifecycle of RPE plume is complex
and evolves considerably (Brinkmann et al., 2022; Cao et al., 2021).
Similar RPE plumes can also develop in eyes with inherited retinal dis-
eases, macular telangiectasia type 2 (MacTel 2), macular dystrophies (e.
g. pattern dystrophy, Stargardt disease), and after macular grid laser,
subthreshold laser, and pan retinal photocoagulation (Fig. 17) (Amoroso
et al., 2021; Baumiiller et al., 2010; Deak et al., 2012; Han et al., 2012;
Sparrow et al., 2015). Outer retinal plumes presumably resulting from
inward dispersion of photoreceptor debris can be noted in multiple
evanescent white dot syndrome (Ramtohul et al., 2020c).

4.11.2. Henle fiber layer hemorrhages

Hemorrhage tracking in the HFL displays a characteristic radial and/
or petaloid pattern of blood with feathery edges (Au et al., 2018, 2022;
Baumal et al., 2021). Several authors postulate that the source of the
blood is the DCP due to its anatomic position adjacent to the HFL (Au
et al., 2018, 2022; Baumal et al., 2021). The OCT appearance of HFL
hemorrhage varies from curvilinear, hyperreflective lesions clustered
along the OPL to diffuse hyperreflective lesions tracking along the HFL
(Fig. 18) (Au et al., 2018, 2022; Baumal et al., 2021). This spectrum of
OCT changes is likely related to the severity and course of the HFL
hemorrhage (Baumal et al., 2021). Underlying etiologies include local
(e.g. retinal vein occlusion) and systemic (Valsalva, Terson’s, intracra-
nial hemorrhage) venous disorders, lacquers cracks associated with
pathological myopia, non-proliferative MacTel 2, and type 1 aneurysmal
macular neovascularization (i.e. polypoidal choroidal vasculopathy)
(Asai et al., 2014; Au et al., 2018, 2022; Baumal et al., 2021; Lane et al.,
2004).

4.11.3. Vertical hyperreflective lesions in vitreoretinal lymphoma
Deak et al. were the first to describe with OCT vertical hyper-
reflective lesions extending from the inner retina to the RPE in patients

Fig. 17. Multimodal imaging of retinal pigment epithelium plumes in ABCA4-associated retinopathy (compound heterozygous mutations: [c.6215G > A

(p.Ser2072Asn) and ¢.6499G > A (p.Val2167Ile)]).

A. Confocal color fundus photography of the left eye shows yellowish retinal flecks and paracentral macular atrophy. The green line indicates the position of the

High-Resolution OCT B-scan in (B).

B. High-Resolution OCT B-scan (Spectralis, Heidelberg Engineering, Heidelberg, Germany) through the retinal flecks shows curvilinear, hyperreflective lesions
migrating anteriorly in the Henle fiber layer above areas of focal retinal pigment epithelium thickening (orange arrowhead).
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Fig. 18. Multimodal imaging of Henle fiber layer (HFL) hemorrhage associated with lacquers cracks in a 40-year-old female with myopic degeneration.
A. Confocal color fundus photography of the right eye shows a petaloid HFL hemorrhage pointing toward the fovea.

B. Vertical high-resolution OCT B-scan (Spectralis, Heidelberg Engineering, Heidelberg, Germany) shows hyperreflective HFL hemorrhage (orange arrowhead)
radiating in the HFL. The inset is the near infrared reflectance image with the green line indicating the position of the OCT-B scan.

C. Horizontal high-resolution OCT B-scan (Spectralis, Heidelberg Engineering, Heidelberg, Germany) shows a different pattern of the HFL hemorrhage (orange
arrowhead) which radiates vertically in the central HFL. The inset is the near-infrared reflectance image with the green line indicating the position of the OCT-B scan.

with vitreoretinal lymphoma (Dedk et al., 2019). Controversies exist
regarding the etiology of this OCT finding, which may represent early
microinfiltrates of lymphoma cells (Pichi et al., 2021). It is unclear if the
retinal capillary or the choroidal vasculature is the primary origin of
these vertical hyperreflective lesions (Dedk et al., 2019; Pichi et al.,

hyperreflectivity comparable to that of the RPE layer to more subtle
isoreflectivity (Fig. 19) (Dedk et al., 2019). Vertical hyperreflective le-
sions are most commonly located along the vascular arcades and are
rarely detectable in the fovea (Dedk et al., 2019). Co-localization with
sub-RPE deposits is reported (Deak et al., 2019). The natural course of

2021). On OCT, the intensity of these lesions can vary greatly from these lesions is highly dynamic and characterized by spontaneous

A B

Fig. 19. Multimodal imaging of vertical hyperreflective lesions in primary vitreoretinal lymphoma. Adapted from Ramtohul et al. (2022b).

A. Ultra-widefield pseudocolor fundus photography (Optos PLC, Dunfermline, UK) of the right eye shows vitreous cells inferiorly, perivascular sheathing in the
temporal periphery, and diffuse retinal pigment epithelium alterations. The green line indicates the location of the swept-source OCT B-scan in (C).

B. Mid-phase ultra-widefield fluorescein angiogram shows a leopard-spot pattern of hypo- and hyperfluorescence, and perivenular fern-like leakage in the inferior
retina.

C. Swept-source OCT B-scan (Plex Elite 9000, Carl Zeiss Meditec, Inc, Dublin, CA) shows several vertical hyperreflective lesions (orange arrowheads). Note the
presence of sub-retinal and sub-retinal pigment epithelium deposits indicative of lymphoma infiltrates.
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resolution and development elsewhere (Deak et al., 2019).

4.11.4. Cytomegalovirus retinitis

Cytomegalovirus (CMV) can cause necrotizing retinitis in immuno-
compromised patients (Pichi et al., 2020). The virus is capable of
infecting the RPE cells, Miiller cells and inner retinal neurons after
penetrating the eye from the retinal or choroidal vasculature (Pichi
et al., 2020). On OCT, hyperreflective vertical lines connecting the RPE
to the inner retinal layers are reported (Invernizzi et al., 2018; Pichi
et al., 2020). This finding may represent infected Miiller cells (Invernizzi
et al., 2018; Pichi et al., 2020).

4.11.5. Vitreomacular tractions and macular holes

Preceding the development of a full-thickness macular hole, OCT
investigations have identified a vertical, linear, hyperreflective lesion in
the central fovea termed the hyperreflective stress line (J. M. Scharf
et al., 2020) or foveal crack sign (Furashova and Matthé, 2020; Ishibashi
et al., 2020). This lesion extends from the internal limiting membrane to
the EZ and may be a biomarker of evolving vitreomacular traction
(Fig. 20), although it can also be detected with OCT after surgery of
macular hole (Ishibashi et al., 2020; J. M. Scharf et al., 2020). Therefore,
this central vertical hyperreflective lesion may represent a central foveal
seam due to mechanical disruption of the Miiller cell cone but should not
be confused with ASHH (Ishibashi et al., 2020; J. M. Scharf et al., 2020).
Curved hyperreflective structures in the HFL and ONL likely represent-
ing gliosis of the outer Miiller cell processes is reported in patients with
macular holes (Bringmann et al., 2020).

5. Conclusions and perspectives

The HFL may be specifically disrupted in various retinal conditions
and recognition of imaging patterns indicating HFL injury is critical to
further understand the underlying pathophysiology and to guide accu-
rate diagnosis. From a clinical and prognostic standpoint, identification
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of ASHH on OCT may guide diagnostic procedures and therapeutic in-
terventions as ASHH is often observed in the early phases of macular
disease. Resolved ASHH on OCT typically lead to various degrees of
thinning of the OPL, HFL, and ONL with EZ/IZ alteration and this may
account for persistent visual field defects and reduced visual acuity in
some patients.

Introduction of ASHH on OCT as a descriptive term indicative of
acute photoreceptor insult including HFL components may provide the
opportunity to differentiate true AMN from AMN-like disorders such as
dengue, whiplash and contusion maculopathy. Detection of ASHH on
OCT should alert clinicians to the associated etiologies reviewed herein.
Multimodal imaging can be powerful to further focus the diagnosis (e.g.,
APMPPE, HLIM) upon identification of ASHH on OCT. The etiology of
ASHH may be the result of inflammatory, ischemic, thermal or me-
chanical insults involving the HFL components, leading to swelling of
the photoreceptor axons and/or Miiller cell elements thus making the
HFL more prominent and more easily identified with OCT, but this re-
quires further study with morphometric and histopathological analysis.
This OCT sign should however, be differentiated from disorders that
cause tracking of materials in the HFL (e.g., pigment in the RPE plume,
HFL hemorrhage, macular star exudation and petaloid cystoid macular
edema) in which primary injury to the HFL may not be present.

Many gray areas persist regarding the cellular and molecular
mechanisms driving the embryology and functionality of the HFL. Key
aspects of HFL oxygenation and metabolism in human retina remain
unclear. The advent of more sophisticated imaging techniques, such as
high-resolution OCT or visible-light OCT, may improve these crucial
aspects (Pi et al., 2020). Understanding the embryologic steps resulting
in functional photoreceptor axons and synapses are more than relevant
nowadays with the advent of cell-based therapies for retinal diseases.
Reproducing key aspects of human HFL development, integration and
synaptogenesis remains major challenges and are still poorly
understood.

Fig. 20. High-resolution optical coherence tomography of hyperreflective stress line in a 55-year-old female with an impending macular hole.
A. Near-infrared reflectance image of the right eye at presentation. The green line indicates the location of the high-resolution OCT B-scan in (B).
B. High-resolution OCT B-scan (Spectralis, Heidelberg Engineering, Heidelberg, Germany) through the fovea shows an impending macular hole with vitreomacular

traction. The green dashed box indicates the location of the magnified view in (C).

C. Magnified view of the impending macular hole. Note the linear hyperreflectivity at the borders of the macular hole.

D. Near-infrared reflectance image of the right eye at 2 weeks of follow-up. The green line indicates the location of the high-resolution OCT B-scan in (E).

E. High-Resolution OCT B-scan (Spectralis, Heidelberg Engineering, Heidelberg, Germany) through the fovea shows spontaneous resolution of the impeding macular
hole. Note the hyperreflective stress line at the center of the fovea. The blue dashed box indicates the location of the magnified view in (F).

F. Magnified view of the hyperreflective stress line (orange arrowhead). Note the release of the vitreomacular traction.
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