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Abstract

PURPOSE: Hyperreflective foci (HRF) are optical coherence tomography (OCT) biomarkers for
progression of non-neovascular age-related macular degeneration (AMD) attributed to anteriorly
migrated retinal pigment epithelial (RPE) cells. We examined associations between rod- and
cone-mediated vision and HRF plus smaller hyperreflective specks (HRS); we sought a histologic
candidate for HRS.

DESIGN: cross-sectional study; histologic survey

PARTICIPANTS: Patients with normal maculas (n=34), early AMD (N=26), and intermediate
AMD (N=41)

METHODS: AMD severity was determined via the 9-step Age-Related Eye Disease Study scale.
In OCT scans HRF and HRS were manually counted. Vision tests probed cones (best corrected
visual acuity (VA), contrast sensitivity), mixed cones and rods (low luminance VA, low luminance
deficit, mesopic light sensitivity), or rods (scotopic light sensitivity, rod-mediated dark adaptation
(RMDA)). An online AMD histopathology resource was reviewed.
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MAIN OUTCOME MEASURES: Vision in eyes assessed for HRF and HRS; candidate
histology for HRS.

RESULTS: In 101 eyes of 101 patients, HRF and HRS were identified in 25 and 95 eyes,
respectively, with good intra- and inter-rater reliability. HRF were present but sparse in normal
eyes, infrequent in early AMD eyes, and frequent but highly variable among intermediate AMD
eyes (number per eye, 0.1+0.2, 0.2+0.5, 1.9 + 3.4; normal, early, intermediate, respectively). HRS
outnumbered HRF in all groups (4.5 + 3.2; 6.3+5.8; 19.4 + 22.4). Delayed RMDA was strongly
associated with more HRF and HRS (both p<0.0001). HRF were also associated with worse

low luminance VA (p=0.0117). HRS were associated with worse contrast sensitivity (p=0.0278),
low luminance VA (p=0.0010), low luminance deficit (p=0.0031), and mesopic (p=0.0018) and
scotopic sensitivity (p<0.0001). By histology, cone lipofuscin was found in inner segments, and
the outer nuclear and Henle fiber layers of 25% of normal aged eyes.

CONCLUSIONS: HRF and HRS are markers of cellular activity associated with visual
dysfunction, especially delayed RMDA, an AMD risk indicator assessing efficiency of retinoid re-
supply. HRS may represent lipofuscin granules translocating inwardly within cone photoreceptors.
Visible and quantifiable on SD-OCT, HRF and HRS may serve as structural endpoints in clinical
trials targeting AMD stages earlier than atrophy expansion. These results should be confirmed in a
larger sample.

Précis
In patients with age-related macular degeneration (intermediate, n=41; early, n=26) and in normal
controls (n=34), the number of hyperreflective foci and specks were associated with delayed rod-
mediated dark adaptation, a functional test of the capacity for retinoid transfer and replenishment.

Keywords

Optical coherence tomography; hyperreflective foci; retinal pigment epithelium; rod-mediated
dark adaptation; cone-mediated vision; age-related macular degeneration; fundus grading;
lipofuscin; subretinal drusenoid deposits

Introduction

Age-related macular degeneration (AMD) is the fourth largest cause of vision loss globally.
1 Neovascular complications are managed with anti-vascular endothelial growth factor
therapy, 2 and some patients with intermediate AMD benefit from dietary antioxidant
supplementation. 3 Recent clinical trials of new drugs for AMD failed to meet primary
endpoints of slowing the expansion of geographic atrophy (GA), 4 ® the only anatomic
endpoint currently approved by regulatory agencies. GA involves intense photoreceptor
depletion and reactive gliosis that may be irreversible. & Thus, therapies and appropriate
endpoints for earlier AMD stages are needed. Because the subcellular-level detail routinely
available in optical coherence tomography (OCT) has impacted all aspects of retinal disease
diagnosis and management, an international consensus group recommended OCT as a

base modality for AMD clinical trials.” Accordingly, OCT indicators of progression and
progression risk are of interest.
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Hyperreflective foci (HRF) in AMD are well-circumscribed lesions within the neurosensory
retina with a reflectivity similar to the retinal pigment epithelium (RPE). 8 HRF were

linked to migrating RPE in proliferative vitreoretinopathy 2 and in AMD, correlated to
hyperpigmentation on color fundus photography (CFP). 10 In longitudinal studies HRF

at baseline confer risk for progression to advanced AMD (odds ratio, OR, and 95%
confidence interval), OR =11 (2.5-50.0), 4.7 (2.4-9.8), 6.5 (2.8-14.7), at last follow-up, two
years, and five years, respectively 19-12). Sadda and coworkers proposed a four-biomarker
composite risk score 8 that includes presence of HRF, subretinal drusenoid deposits, and
heterogeneous internal druse reflectivity (calcific nodules), 13 plus drusen volume. Among
these biomarkers, the risk for GA onset in eyes fellow to neovascular AMD in a prospective
trial imaging dataset was largest for HRF (OR, 5.21 (3.29-8.26) at 24 months).1# In high-
resolution histology paired with longitudinal OCT imaging 1° HRF in non-neovascular
AMD were directly correlated to nucleated and fully pigmented RPE that either singly or

in groups left the RPE layer following a local disturbance and migrated into the retina.

16 Hypoxia may drive anterior migration of RPE. 1° As reviewed, 15 oxygenation is
theoretically reduced atop drusen, and once in the retina, RPE contact retinal capillaries

and express vascular endothelial growth factor. In neovascular AMD, HRF also include
lipid-filled cells of possible immune origin. 7

Rod-mediated dark adaptometry (RMDA) is a psychophysical technique that assesses
integrity of retinoid re-supply to rod photoreceptors in the macula, from plasma through
choriocapillaris endothelium, Bruch’s membrane (BrM), and RPE. For the recovery of

rod sensitivity after a bright light flash, re-supply is rate-limiting. 18 RMDA is a suitable
outcome measure for aging and AMD, because it assesses the same pathology 1° that may
also drive individual RPE cells to migrate anteriorly. Unlike rods, cones have a second
delivery route via Miiller glia, which are additionally sustained by the retinal circulation.20
Thus at early stages of AMD, cone-mediated vision will be less impaired than rod-mediated
vision. Indeed, delayed RMDA at baseline in eyes considered normal confers risk for AMD
onset three years later; 21 deficits in cone-mediated vision do not. 22 In intermediate AMD,
RMDA tracks progression at two 23 and four years’ 24 follow-up.

Stabilizing or reducing the number of HRF has potential as an outcome for trials targeting
early and intermediate AMD. Validating an anatomic biomarker includes demonstrating its
relationship to visual function. Vision is important to patients and to regulatory agencies.
Herein we assess in an initial study the impact of HRF on cone- and rod-mediated visual
function in the macula. We also explore small and numerous features, called hyperreflective
specks (HRS), that appear in the Henle fiber and outer nuclear layers (HFL, ONL; Figure

1) of normal aged as well as AMD eyes. We demonstrate that functionally relevant cellular
activity is observable by high-quality OCT. The relative merits of HRF and HRS as outcome
measures for AMD trials are discussed.

The study followed the tenets of the Declaration of Helsinki and was approved by the
Institutional Review Board at the University of Alabama at Birmingham (UAB; protocol
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170324006). Study participants provided written informed consent after the nature and
purpose of the study were described.

Participants were recruited from the comprehensive eye care and retina clinics in the
Callahan Eye Hospital at UAB. One eye of each participant was required to meet criteria
for normal macular health, early AMD, or intermediate AMD. Three-field digital stereo-
CFP (Carl Zeiss Meditec 450+, Dublin, CA) were evaluated by an experienced grader
(MEC) masked to other study variables (intra-observer agreement x =0.88, inter-observer
agreement x =0.75). Eyes receiving a step of 1 in the AREDS 9-step classification

system (Table 8 of 25) were defined as normal. Exclusion criteria included central or
non-central GA, neovascularization, previous diagnoses of glaucoma, retina and optic nerve
conditions, corneal disease, brain injury, diabetes, or neurological or psychiatric conditions
as revealed by the medical record or self-report. Suspects for non-symptomatic type 1
neovascularization were excluded by a consultant experienced with OCT angiography and
the double-layer sign in structural OCT. 26 Demographic characteristics (age, sex, race/
ethnicity) were obtained through participant interview.

We acquired spectral-domain OCT volumes of all maculas (Spectralis HRA + OCT,
Heidelberg Engineering, Heidelberg, Germany; A = 870 nm; scan depth, 1.9 mm; axial
resolution, 3.5 um per pixel in tissue; lateral resolution, 14 um per pixel in tissue). B-scans
(n=73) were horizontally oriented and centered over the fovea in a 20° x 15° (5.7 x 4.2
mm) area. Automatic Real-Time averaging was 8-18, and quality (signal-to-noise) was
20-47 dB. A retina fellow (DK) under supervision of a fellowship-trained retina specialist
(JNC), masked to all participant characteristics except OCT, evaluated OCT volumes. Each
B-scan for each eye was assessed for specific pathologies commonly encountered in a
retina practice, which were then annotated in the database. Specific items on the review
checklist are summarized in our previous publication in which we evaluated normal eyes, as
determined by CFP, for pathology on OCT. 27 OCT graders looked for each disorder in every
OCT volume.

OCT analysis

Reflectivity of HRF is similar to or more intense than the RPE-BrM band. While reviewing
B-scans for HRF, we identified reflective features that were smaller, less reflective, and
more uniform in size than HRF and called these HRS. In preliminary studies, we checked
HRF and HRS reflectivity at high magnification, enforcing a 3-pixel minimum for HRF, as
recommended. 8 HRS were too small to measure reliably. If a candidate lesion was large
and dim, then it was scored as HRF, because it is known that inwardly migrating cells could
change shape and lose granules 8 and thus reflectivity. If a group of candidate HRF/ HRS
was not internally separated by hyporeflectivity when viewed at Auto magnification, then
the lesion was scored as one HRF. Included with HRF were reflective features that were
detached internally from an intact RPE layer but still external to the ELM. These were
believed to represent Sloughed RPE of histology. 28 Figure 1 shows how HRF and HRS
were identified in AMD and normal eyes. HRF and HRS could be found overlying uniform
RPE (B,D) as well as over drusen (A,C) in AMD eyes. HRF and HRS were also found over
uniform RPE in normal eyes (Figure 1E,F).
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The reviewer (MEC) began by reviewing all B-scans at Auto magnification (113%) to
identify major features. Then, again at this magnification, the reviewer started at the left
edge of each scan and checked the overall disposition of the EZ, attending especially to RPE
elevations. Candidate lesions were reviewed at higher magnification (up to 200%) and on
one scan on either side of the index scan, using the orientation line to maintain position. The
identity of reflective features could be verified by context on the index scan and presence/
absence on an adjacent scan.

Subretinal drusenoid deposits (SDD) are independently associated with delayed RMDA.
29,30 To determine if associations of visual performance with HRF and HRS was affected by
SDD, we determined SDD presence using SD-OCT-anchored multimodal imaging, assisted
by reference to a stack of near-infrared and autofluorescence images co-registered to the
SD-OCT volume (author KRS; ImageJ v1.52; NIH, Bethesda, MD, USA) 31 SDD presence
was defined as at least 5 definite drusenoid lesions in the subretinal space, using published
criteria for stages 1-3 32 (Supplementary Figure 1). B-scans were reviewed by author DK
at 100% magnification for EZ non-uniformity and inspected at 125% magnification for
SDD. If the area of suspected SDD extended outside the SD-OCT volume, SDD had to

be visible as either solid or annular hyporeflective lesions in a distinct punctate pattern on
near-infrared reflectance imaging 32 or multiple hypoautofluorescent lesions in a pattern on
fundus autofluorescence 33

Intra and inter-rater reliability was determined independently for HRF, HRS, and SDD. Prior
to reviewing all eyes, 20 eyes were randomly selected for assessment of the OCT B-scans
by primary and secondary reviewers using the same methods. The primary reviewer then
completed the assessment on the same 20 eyes again. Intra and inter-rater reliability for the
number of HRF and HRS per eye were calculated as the intraclass correlation coefficient
using the Shrout-Fleiss reliability method (fixed set). Intra and inter-reliability for SDD
presence were assessed using the kappa statistic. Once the intra and inter-rater reliability
were established, the primary reviewer completed the OCT assessment of all eyes.

Visual function testing

Rod-mediated dark adaptation (RMDA) was measured psychophysically (AdaptDx,
MacuLogix, Harrisburg, PA) 21 34in one eye after dilation, i.e., the eye with better best-
corrected visual acuity, because of time constraints in the study visit. The procedure began
with a photo-bleach exposure to a flash (0.25 ms duration, 58,000 scotopic cd/m? s intensity;
equivalent ~83% bleach) while the participant focused on the fixation light. The photo-
bleach flash was a 6° square centered at 5° on the inferior vertical meridian (i.e. superior to
the fovea on the retina). This was also the position of the test target. Threshold measurement
for a 2° diameter circular target of 500 nm wavelength (green) light began 15 seconds after
bleach offset, with participants pressing a button when a flashing target first became visible.
Log thresholds were expressed as sensitivity in decibel (dB) units as a function of time after
bleach offset. Dark adaptation speed is defined by the rod intercept time (RIT), the duration
in minutes required for sensitivity to recover to a criterion value of 5.0 x 103 scotopic
cd/m2, in the latter half of the second component of RMDA.18. 34
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The eye tested for RMDA underwent additional vision tests, as follows. Best-corrected
visual acuity was assessed via the Electronic Visual Acuity tester (EVA; JAEB Center,
Tampa FL) under photopic conditions (expressed as logarithm of the minimum angle of
resolution, logMAR). Low luminance visual acuity was also assessed using the EVA with
participants viewing letters through a 2.0 log unit neutral density filter to reduce luminance
to 1 cd/m2. Low luminance deficit was defined by the increase in logMAR under mesopic
conditions as compared to photopic conditions. Contrast sensitivity was estimated by the
Pelli-Robson chart (Precision Vision, La Salle, IL) under photopic conditions and scored by
the letter-by-letter method. Mesopic and scotopic sensitivity was measured using the MP1-S
microperimeter (Nidek Technologies, Padova, Italy), modified to increase the dynamic range
of target light intensity to 30 dB. Using a Goldmann 111 target (0.43° degrees diameter),
sensitivity was measured at the fovea and 4 targets on each side of the fovea on the
horizontal and vertical meridians, out to 12° eccentricity (17 total targets). Sensitivity

was expressed as average sensitivity among all 17 test targets. Not all participants had
microperimetry testing, because the instrument was not available.

Statistical analysis

Data on sample demographics, AMD severity, visual function tests, retinal pathologies,
HRF, and HRS were reported at the eye level. AMD severity was categorized as normal
(AREDS 1), early (AREDS 2-4), and intermediate (AREDS 5-8). Linear regression
models were used to associate the continuous visual function tests (dependent variables)
and AMD disease severity category (independent variable), adjusted for age. Counts of
HRF and HRS per eye were modeled as dependent variables with relation to AMD

disease severity category, adjusted for age, using Poisson regression. The association of
the number of foci and specks with visual function tests were assessed using Pearson partial
correlations, accounting for age. In addition to age, SDD were added to models to examine
how associations were attenuated. The level of significance was 0.05. All analyses were
completed using SAS version 9.4 (SAS Institute, Cary, NC).

Histology study

Because HRS were found in normal as well as AMD eyes, we sought candidate reflectors
by reviewing histology of normal aged eyes. The Project MACULA online resource displays
high-resolution epoxy resin histology of 55 normal aged eyes (31 female, 24 males, mean
age 79.7+9.8 years), as described. 3° Eyes are represented by 0.8-um-thick sections, one
through the rod-free fovea and another 2 mm superior to the fovea, on the inner slope

of the perifoveal ring of high rod density. Our initial hypothesis based on observations in
advanced AMD® was that HRS represent RPE organelles dispersed from degenerating RPE
in its layer, taken up by Mdller glia, and translocated within glia to the HFL. Guided by

our published images of intracellular 18 and extracellular ® RPE organelles in normal and
AMD eyes, sections were reviewed online by author BSE to identify features in the bacillary
layer, ONL, and HFL with reflective potential. Of the identified candidates, many were
intracellular inclusions in cone photoreceptors, i.e., a known age-related lipofuscin unique
to cones. 36: 37 All candidates were verified, imaged, and enumerated on the original glass
slides by author LC using a 60X oil objective (numerical aperture, 1.42; Olympus VSI 120,
CellSens; Olympus, Center Valley PA).
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Table 1 shows person-level characteristics of the cohort, which was comprised of 101
individuals, 56.4% women, and 98% white of European descent. Of the tested eyes, 34
(33.7%) were normal, 26 (25.7%) were early AMD, and 41 (40.6%) were intermediate
AMD, according to the CFP-based 9-step AREDS scale. As we previously showed, 27

a small proportion of eyes considered normal by CFP exhibit pathology when examined
by OCT (Supplementary Table 2). Two eyes met OCT criteria for complete RPE and
outer retinal atrophy (CRORA) 38 but were retained in the analysis, because they met the
original CFP-based grading criteria. Nine eyes exhibited various other pathologies that were
considered non-contributory. Inter-rater reliability for count of HRF and HRS per eye was
0.9697 and 0.9548, respectively. Intra-rater reliability was 0.8424 and 0.9566 for count of
HRF and HRS at the eye level.

Table 2 shows the results of visual function tests and the distribution of HRF and HRS,
stratified by AMD presence and severity. Except for BCVA, all visual functions, whether
mediated by cones, cones and rods together, or rods only, worsened with increasing AMD
severity. Table 2 also shows that both HRF and HRS were found more frequently in eyes

at higher levels of AMD severity. HRF were present but averaged near O in normal eyes;
they were infrequent in early AMD eyes, and more frequent although highly variable in
intermediate AMD eyes. Interestingly, HRS were regularly found in normal eyes (Figure
1E), much more so than HRF (4.5 + 3.2 vs 0.1 + 0.2). They were also found often in
intermediate AMD eyes, much more than HRF (19.4 + 22.4 vs 1.9 * 3.4), although both
were variable at all AMD severities. In normal eyes, HRS were numerous (23 to >100) in
19% of the eyes. The majority of eyes (81%) had fewer than 20 HRS per eye. The number of
HRF and HRS per eye were highly correlated (r=0.60, p=<0.0001). It should be emphasized
that HRF and HRS counts underestimate the true total, because it was not possible to sample
the 60-um-wide-space between scans in the OCT volumes.

Table 3 shows the age-adjusted association for HRF and HRS with visual function. HRF
counts were strongly associated with RMDA (Pearson partial correlation, r=0.38; p<0.0001)
as well as low luminance acuity, but more modestly (r=0.25, p=0.0117). HRS counts were
significantly associated with many aspects of cone- and rod-mediated function including
contrast sensitivity, low luminance acuity, low luminance deficit, and mesopic sensitivity,
but not with visual acuity. HRS’s strongest relationships with visual functions were those
with major or exclusive rod contribution, i.e., RMDA, scotopic sensitivity, and mesopic
sensitivity (r=0.57, —0.46, and —0.36, respectively). The strongest association across all
measures for both HRF and HRS was RMDA. In this cohort 58% of eyes were found to have
SDD, which have been previously associated with delayed RMDA. 29 30 |ntra- and inter-
grader reliability (both 0.6939) were considered moderate for SDD. Associations between
visual function and HRF and HRS were similar when adjusting for SDD. For example, the
association between RIT and HRF decreased from r=0.38 (P<0.0001) to r=0.34 (p=0.0005);
between RIT and HRS, associations decreased from r=0.57 (p<0.0001) to r=0.52 (p<0.0001)
when accounting for age and SDD.
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Figure 2 shows examples of cone lipofuscin in normal aged eyes, offered as a possible
histologic correlate of HRS. These deeply stained ovoid structures 1-2 um in diameter
may be single or clustered. They are classically found in the myoid portion of cone inner
segments (IS, Figure 2B). They were also observed crossing the ELM (Figure 2C), within
photoreceptor cell bodies in the ONL (Figure 2D), and within fibers of the HFL (Figure
2E). Figure 2E shows in one section the similar morphology of organelles in the IS, near
the ELM, and the HFL. These inclusions were confirmed in 16 sections of 14 eyes (25.5%
of total eyes reviewed): IS (13 sections), ONL (10 sections), HFL (5 sections), and OPL (1
section).

Discussion

In a sample of intermediate AMD, early AMD, and normal eyes, we find that HRF are
associated with delayed RMDA and less strongly to cone-mediated or mixed cone- and
rod-mediation. We also documented that small reflective features called HRS are present

in normal as well as AMD eyes. Relative to HRF, HRS are more numerous, and are

more strongly associated with delayed RMDA. Here we consider the neurophysiologic
underpinnings and implications of our test outcomes, HRF and HRS identity, the potential of
HRF as a functionally validated endpoint for clinical trials in early disease, and the potential
of HRF to inform care of older patients with and without AMD.

HRF and HRS are most strongly associated with delayed RMDA, as compared to other
aspects of cone and combined cone-rod function tests, whose associations with HRF and
HRS are either weaker or non-existent. HRF confer increased risk for AMD progression.
10-12, 14 \\fe also know that delayed RMDA increases risk for incident AMD, 2! whereas
cone dysfunction does not. RMDA also becomes more accentuated as AMD progresses.

23 By finding a HRF and RMDA association, we have functionally validated a structural
characteristic known to increase risk for advanced AMD. HRF have been proposed as

a potentially useful structural endpoint for studies on preventing intermediate AMD’s
transition to advanced disease. 39 Preserving the structural integrity of the macula is key

in claiming treatment success in AMD trials, yet patients gauge treatment success by

the quality of their vision. By selecting structural endpoints in AMD trials that have

been functionally validated, both benchmarks are more likely to be met -- arresting
anatomical disease progression and preventing further vision loss. Further, delays in RMDA
are associated with difficulty and emotional distress experienced by older adults when
performing visual activities under dim illumination and at night (driving, reading, detecting
objects, ambulatory mobility). 4° Problems with low luminance tasks are predictive of
progression. 41

Our functional data lend support for quantifying HRF as outcome measures for trials
targeting processes early in AMD progression, i.e., before possibly irreversible damage.
Recently Schaal and Rosenfeld 42 elaborated a rationale for an anatomic endpoint composed
of growth of drusen volume, formation of GA, and formation of neovascularization. They
further proposed that modulating an intermediate AMD feature, such as drusen volume,
already associated with high risk of progression would be an attractive outcome. HRF are
known to also confer high risk for progression, even more than drusen in some populations;
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strong evidence supports that they are anteriorly migrating RPE. A measure of RPE health
atop drusen, such as stability of HRF with concomitant lack of neovascularization or
atrophy, thus has merit as a readout of treatment efficacy. This approach is valuable for
therapies expected to de-toxify drusen, 43 i.e., by removing or neutralizing one component
without necessarily reducing overall drusen volume. This scenario requires careful selection
of trial patients to include those with pre-existing HRF to indicate an appropriate level of
overall disease activity.

To our knowledge, our study of HRF is the first to include normal eyes, thus allowing

us assess limits to feature visibility in OCT. Consensus OCT nomenclature recognizes a
wide hyporeflective band that includes both HFL and ONL, 44 the separate contributions of
which are visualizable by varying the entry angle of light. > Against the background of this
optically pristine tissue, imaged under high signal-to-noise conditions, it may be possible to
detect features smaller than the instrumental resolution limits. Our previous histology studies
identified in the HFL-ONL of advanced AMD eyes groups of RPE, individual RPE, clusters
of RPE organelles, and individual melanosomes. & 16. 28 We previously confirmed that cells
are detectable by OCT but whether grouped or isolated organelles are detectable is currently
unknown. Indeed, we determined that the relationships with different visual functions hold
even if HRF and HRS are combined, on the grounds that they both indicate cellular activity.

We hypothesize from the current data that lipofuscin translocating from cone IS is reflective
and visible. The similar proportions of older eyes with cone lipofuscin visible by histology
(25%) and those with abundant HRS by OCT (19%) suggests that this notion is plausible.
Inclusion bodies in cone photoreceptor IS of adult human retina were first described thirty
years ago. 3637 Cone lipofuscin granules are solitary, refractile, 46 autofluorescent, 37 and
distinct from other organelles in cones 47 and from RPE lipofuscin. 48 In outer retinal
tubulation, cone lipofuscin n enlarges, acquires different staining properties, and translocates
inwardly. 49 We found that HRS were positively associated with RIT, i.e., more were visible
as rod sensitivity recovery slowed. Why would cone lipofuscin translocate if RMDA is
slowed? Although rods are reliably impaired earlier and more severely than cones in aging
and AMD, cones are not unaffected. 22 50. 51 Qur histology findings, representing a snapshot
in time, may signify that translocation of cone lipofuscin from IS to HFL inner fibers is

a marker of cellular response to stress. Some degree of cone stress is expected, because
cones depend on the failing choriocapillaris-Bruch’s membrane-RPE complex even while
being sustained by Miller glia. HRS may be more useful as biomarkers than HRF, because
they are numerous. On the other hand, reliable detection of HRS in B-scans may require a
higher-than-typical signal-to-noise ratio (quality metric).

In addition to application in clinical trials, HRF are readily identifiable and potentially
quantifiable in the clinic setting, offering the potential for risk stratification of older patients
with and without AMD. In this initial study we used 73 B-scans, more than is typical in
clinical usage (e.g., 19 scans). It might be possible to detect the same associations using
fewer scans. We cannot address this question in this cohort, because the associations with
RIT were driven by a small number of participants. To support using fewer scans, a study
with more eyes overall, more eyes with HRF and HRS, and comprehensive measures of
total HRF and HRS is needed; our ongoing prospective study will address these points. If
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applied to B-scans of sufficient quality to capture fine structural detail like HRS, machine-
learning methods may prove useful for screening and diagnosis. Further, efficient detection
and quantification of HRF via en face OCT has recently been demonstrated. 3° Another
structural OCT measure of RPE health, hypertransmission stripes attributed to mild RPE
degeneration, 52 also has merit as a trial outcome measure.

Study strengths are multimodal vision function testing, high-quality OCT scans, reliable
manual counts by a trained observer, and novel observations of HRS in normal older eyes
with a plausible histologic correlate. Limitations addressable in future studies include small
cohort size, the small number of HRF, lack of other anatomic outcomes, and AMD staging
by CFP, which is standardized but limited in sensitivity. In conclusion, HRF and HRS are
markers of cellular activity associated with visual dysfunction, especially delayed RMDA,
an AMD risk indicator that assesses efficiency of retinoid re-supply. HRS may represent
lipofuscin granules translocating inwardly within cone photoreceptors. If confirmed, our
data support the concept that subcellular detail is available to clinical decision making

and theories of outer retinal disease via signal averaged, eye-tracked OCT. Because HRF
and HRS are visible and quantifiable on high-quality OCT, they may serve as structural
endpoints in clinical trials targeting AMD stages earlier than atrophy expansion.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Hyperreflective foci and specksin age-related macular degeneration and aging
Spectral domain optical coherence tomography B-scans of representative cases. NFL, nerve

fiber layer, GCL, ganglion cell layer; IPL, inner plexiform layer; OPL, outer plexiform layer;
HFL/ONL, Henle fiber layer/ outer nuclear layer; ELM, external limiting membrane; EZ,
ellipsoid zone; RPE-BL-BrM, retinal pigment epithelium — basal lamina — Bruch membrane.
A. Foci overlying drusen (81 years, AREDS 7). B. Foci overlying flat RPE (95 years,
AREDS 7). C. Specks over drusen (87 years, AREDS 7). D. Specks overlying flat RPE (82
years old, AREDS 6). E. Foci in a normal aged eye (82 years, AREDS 1). F. Speck ina
normal aged eye (67 years, AREDS 1).

Ophthalmol Retina. Author manuscript; available in PMC 2021 December 25.



1duosnuey Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuey Joyiny

Echols et al.

Figure 2. Lipofuscin granulesin cone photoreceptors, a candidate for hyperreflective specks.
A. Histology shows normal retinal layers. B. Lipofuscin granules are observed in the ISmy

of two cone photoreceptors. C. A cluster of lipofuscin granules are crossing the ELM in a
cone photoreceptor. D. Lipofuscin granules are observed inside the cell body of one cone

in ONL, and also be found in the ISmy of two other cones. Histology in A-D from a
92-year-old man. E. Lipofuscin granule is observed in the HFL (green frame and also green
inset), which looks similar to the one in the 1ISmy of a cone (yellow frame and also yellow
inset). These data are consistent with inward translocation of lipofuscin granules within
individual cones. A 70-year-old man. GCL, ganglion cell layer; IPL, inner plexiform layer;
INL, inner nuclear layer; OPL, outer plexiform layer; HFL, Henle fiber layer; ONL, outer
nuclear layer; 1S, inner segment; OS, outer segment; 1Smy, inner segment myoid; ISel, inner
segment ellipsoid. Purple arrowheads, lipofuscin granules; Green arrowheads, ELM. Scale
bar in D applies to B-D. Scale bar in the green inset also applies to the yellow inset.
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Table 3.

Association of number of foci and specks per eye (n:101)1with visual function in the eye that underwent dark

adaptation testing.z

Number of foci per eye Number of specks per eye

Correlation coefficient  p-value Correlation coefficient  p-value

Best-corrected visual acuity (logMAR) 0.15 0.1264 0.16 0.1082
Contrast sensitivity (log sensitivity) -0.14 0.1786 -0.22 0.0278
Low luminance acuity (logMAR) 0.25 0.0117 0.33 0.0010
Low luminance deficit 0.20 0.0513 0.29 0.0031
Mesopic light sensitivity -0.15 0.1957 -0.36 0.0018
Scotopic light sensitivity -0.16 0.1695 -0.46 <0.0001
Rod-mediated dark adaptation (RIT) 0.38 <0.0001 0.57 <0.0001

RIT=rod intercept time; MAR=minimum angle of resolution
101 participants (eyes) underwent all visual function testing except mesopic and scotopic light sensitivity, which 75 participants (eyes) completed
Association from Pearson partial correlation coefficient, adjusted for age. For positive correlations, increases in the value associated with the

visual function test indicate worse function. For negative correlations, decreases in the value associated with the visual function test indicate worse
function. While not all associations are significant, all correlations show poorer function with increases in the number of foci and specks.
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