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PURPOSE. Hypo-reflective clumps (HRCs) are structures associated with age-related macu-
lar degeneration (AMD) that were identified using flood-illumination adaptive optics
ophthalmoscopy (FIAO) and hypothesized to be either macrophages that have accu-
mulated melanin through the phagocytosis of retinal pigmented epithelial (RPE) cell
organelles or transdifferentiated RPE cells. HRCs may be autofluorescent (AF) in the near
infrared (NIR) but clinical NIR autofluorescence imaging lacks the resolution to answer
this question definitively. Here, we used near infrared autofluorescence (NIRAF) imaging
in fluorescence adaptive optics scanning laser ophthalmoscopy (AOSLO) to determine
whether HRCs are AF.

METHODS. Patients with AMD and HRCs underwent imaging with FIAO, optical coherence
tomography (OCT), and multi-modal AOSLO (confocal, NIRAF, and non-confocal multi-
offset detection using a fiber bundle). HRCs were segmented on FIAO and images, co-
registered across modalities, and HRC morphometry and AF were quantified.

RESULTS. Eight patients participated (mean age = 79 years, standard deviation [SD] =
5.7, range = 69–89 years, and 5 female patients). Most HRCs (86%, n = 153/178) were
autofluorescent on AOSLO. HRC AF signal varied but most uniformly dark HRCs on FIAO
showed corresponding AF on AOSLO, whereas heterogeneous HRCs showed a smaller
AF area or no AF.

CONCLUSIONS. These findings are consistent with the hypothesis that HRCs contain AF RPE
organelles. A small proportion of HRCs were not AF; these may represent macrophages
that have not yet accumulated enough organelles to become AF. HRCs may have clinical
significance but further study is needed to understand the interplay among HRCs, RPE
cells, and macrophages, and their relationship to geographic atrophy (GA) progression
in AMD.

Keywords: age-related macular degeneration (AMD), autofluorescence (AF), adap-
tive optics scanning light ophthalmoscopy (AOSLO), hypo-reflective clumps (HRCs),
geographic atrophy (GA)

Age-related macular degeneration (AMD) is a major cause
of blindness worldwide. Late-stage non-neovascular

AMD is characterized by geographic atrophy (GA). GA repre-
sents complete outer retinal and retinal pigment epithe-
lium (RPE) atrophy1; once GA is present, it usually relent-
lessly increases in size over time, although the rate of
progression can vary substantially between patients. Adap-
tive optics ophthalmoscopy (AOO) allows for imaging of
the living human retina with cellular level resolution. Flood-
illumination adaptive optics ophthalmoscopy (FIAO) has
shown microscopic dynamic structures that accompany the

emergence and growth of GA. Longitudinal study has shown
these hyporeflective clumps (HRCs),2 as they have been
termed in the literature, can dynamically change in number
and size, and may disappear over time. HRCs are morpho-
logically consistent with cells and have been hypothesized to
be macrophages that have accumulated melanin through the
phagocytosis of RPE organelles.3 The inflammatory compo-
nent of AMD is thought to be mediated in part through
the activity of phagocytes and, if HRCs represent these
cells, they may play an important role in the dynamics
of GA progression. Thus, their morphology, activity, and
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evolution may be useful for understanding disease status,
risk for rapid progression, and possibly for evaluating
response to treatment. Although GA is slowly progressing,
these structures move rapidly,2 potentially representing a
biomarker of progression that can be evaluated over shorter
timescales than the growth of GA lesions.

Melanin is an absorptive pigment that resides in RPE cells
and is autofluorescent (AF) in the near infrared (NIR).4 Previ-
ous work suggests that the near infrared autofluorescence
(NIRAF) signal from the fundus in scanning laser ophthal-
moscopy (SLO) mainly arises from melanin in RPE cells and
that its excitation spectrum matches the absorption spec-
trum of melanin.4 Melanolipofuscin, an aggregate of melanin
and lipofuscin, also exhibits NIRAF; recent work has also
suggested that lipofuscin itself can become AF in the NIR
with aging, possibly through the incorporation of oxidated
melanin species.5 The dark appearance of HRCs in FIAO is
suggestive of them containing an absorptive pigment, such
as melanin. Gocho et al.3 hypothesized that HRCs may be AF
in the NIR, but conventional NIRAF imaging in commercial
SLO could not answer this question definitively. However,
fluorescence adaptive optics scanning light ophthalmoscopy
(AOSLO) can image the microscopic distribution of NIRAF
fluorophores with high precision.6–8 Non confocal AOSLO
imaging has also recently been shown to be capable of
detecting presumed macrophages and microglia, providing
an alternative mechanism to visualize presumed immune
cells in the retina.9 Here, we used high resolution imaging,
including FIAO and multi-modal AOSLO with fluorescence
and phase contrast multi-offset imaging to test the hypothe-
sis that HRCs are AF in the NIR.

METHODS

Eight patients with AMD with HRCs were recruited for imag-
ing (mean age = 79 years, standard deviation [SD] = 5.7,
range = 69–89, 5 female patients). Participants were patients
with AMD that had previously shown HRCs on FIAO. We
identified 11 eligible candidates with HRCs from a prior
study (3–4 years earlier) that were contacted by phone and
email. Of these, six agreed to be imaged, one declined partic-
ipation, one had moved out of state, and three did not
respond. Following imaging of these first six participants,
two additional patients with AMD (cases 7 and 8) were
recruited prospectively to increase the number of partici-
pants. Participants provided written informed consent prior
to initiating study procedures. All aspects of the study were
approved by the Institutional Review Board of the University
of Pittsburgh prior to participant enrollment.

Each patient was imaged with infrared SLO (IR SLO),
spectral domain optical coherence tomography (SD-OCT;
Spectralis, Heidelberg Engineering), and FIAO (rtx1-e, Imag-
ine Eyes, France) to determine AMD and HRC status followed
by multi-modal AOSLO at preselected regions of interest
(ROI) where HRCs were visible or where HRCs had been
detected previously. FIAO montages were generated for all
participants (images were registered using i2kRetina x64 Pro
(DualAlign LLC, Clifton Park, NY, USA) using the following
settings: (1) layout = quadratic; (2) blend = stack; and (3)
aggressive registration = 10. These settings were used to
generate a Photoshop document (PSD file) where the regis-
tered FIAO images were each on a separate layer without any
automatic blending applied between overlapping images.
This was done because the large differences in contrast and
brightness that can be seen in patients with GA between

adjacent imaging fields can often cause artifacts when using
automatic blending. The hard edges at margins of overlap
between adjacent images were then blended manually using
the eraser tool in Adobe Photoshop (Adobe Systems Inc., San
Jose, CA, USA). Finally, the brightness and contrast of some
individual images were adjusted in Photoshop to provide
relatively equal brightness and contrast across the final FIAO
montages.

The AOSLO system used here is described in detail else-
where.6,10 In brief, it acquires 8 channels simultaneously
at 30 frames per second. A 1-to-7 fan out custom opti-
cal fiber bundle with a small central fiber plus 6 radially
arrayed offset fibers enabled simultaneous confocal and
offset detection; airy disc diameters (ADDs) were 0.9 and
7.4, for the confocal and offset fibers, respectively. Illumina-
tion for confocal imaging and AF excitation was provided
by a superluminescent diode (SLD) centered at 795 nm (full
width at half maximum = 15 nm) for the first 6 cases. For
cases 7 and 8, illumination was provided by a supercon-
tinuum light source (SuperK Fianium FIR-20; NKT Photon-
ics, Birkerød, Denmark) with attached tunable filter (VARIA)
that allowed for selection of wavelength and bandwidth,
center wavelength was 720 nm with 20 nm bandwidth.
NIRAF emission for 795 nm excitation was collected from
814 to 850 nm and for 720 nm excitation was collected from
760 to 824 nm. Both configurations used the same confo-
cal aperture (approximately 2.5 ADD) attached to a photo-
multiplier tube (PMT) mounted on a motorized translation
stage for precise alignment, as described previously.11 Confo-
cal image sequences were registered using REMMIDE12 and
the computed motion offsets were applied to each of the
other seven channels for co-registration. Images from each
channel were then averaged to produce images for each
of the confocal, AF, and six offset aperture channels. The
orientation of each fiber was determined in a calibration
phase and offset aperture images were fused using our previ-
ously published SMART13 approach to generate fused phase
contrast multi-offset images.

All putative HRCs were segmented manually and inde-
pendently on the original individual FIAO images at each
ROI by three graders (authors Y.B., N.D., and E.A.R.), that
had no previous experience segmenting HRCs, using the
pencil tool in Photoshop. These outlines were filled to create
a binary image mask where the HRCs were shown in white
and the background was black (see Supplementary Fig. S1,
images in the left column). The three segmentation masks
from each ROI were merged by summing them in Matlab
(The MathWorks, Natick, MA, USA). The HRCs marked by
at least two graders (portions in the sum map greater than
or equal to 2) were then retained (see Supplementary Fig.
S1, Merged) and a few small artifacts consisting of a few
clusters of overlapping pixels were removed. The segmen-
tation mask was then binarized (see Supplementary Fig. S1,
Consensus) and the morphometric properties of each HRC
were computed from it using the function “regionprops”
in Matlab, including area, major axis, minor axis, diame-
ter (mean of major and minor axis), and Feret’s aspect ratio
(major axis divided by minor axis). Results were expressed
by mean and standard deviation (SD) and were graphi-
cally depicted by box and whisker plots or histograms.
The ANOVA test was used to compare morphometric values
between each case and multiple t-test was used if needed.
Statistical analyses were performed using GraphPad Prism
version 9. HRCs were determined to be AF if the AF level
within the segmented HRC was over an arbitrary conserva-
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tive threshold of 1.5 times the AF signal of the background;
background signal for each ROI was defined by a user-
selected ROI on each image. Pseudo-colored images were
generated in Photoshop by assigning the AF image to the
red and blue channels of an RGB image with the FIAO image
assigned to the green channel.

RESULTS

Of the eight patients imaged for this study (summarized
in Table 1), six had definitive GA with visible HRCs (cases
1–5 and case 7), one had no visible HRCs (case 6), and one
showed a few HRCs in an area that appeared to be transi-
tioning to GA (case 8). FIAO montages of all 8 participants
are provided as Supplementary Figures S2 to S9. Of the six
cases with definitive GA, one had only a single HRC visible
at the ROI imaged (case 4) and another had poor image qual-
ity on NIRAF AOSLO (case 5) so these were excluded from
the morphometric analyses. This left five participants with
multiple HRCs and sufficient image quality across all modal-
ities for evaluation, four with GA and one transitioning to
GA. The four patients with definitive GA had HRCs visible

in areas of GA and in the transition zone around the GA
(cases 1–3 and case 7; Figs. 1–3). HRCs in these participants
were evaluated at five ROIs (including 2 ROIs from case 1;
referred to as 1.1 and 1.2; see Figs. 1–3). HRCs had variable
appearance across the AOO modalities (see Figs. 2C, 3). In
FIAO (see Figs. 2C, 3A) and offset aperture AOSLO (see Fig.
3D), most HRCs appeared high contrast and were dark rela-
tive to the background. In confocal AOSLO (see Fig. 3B),
HRCs had variable contrast and could appear either dark or
bright, sometimes with an appearance suggestive of internal
granularity (e.g. see Fig. 3.B.3). HRCs appeared relatively
low contrast in non-confocal phase contrast AOSLO images
(i.e. multi-offset modality images generated using SMART13;
see Fig. 3E), with only the cell borders appearing visible on
careful inspection. Interestingly, most HRCs that appeared
dark on FIAO were co-localized with a hyper-AF signal on
NIRAF AOSLO (highlighted as magenta on pseudo-colored
images merging AF and FIAO in Fig. 3F).

HRCs were seen in an area appearing to be transition-
ing to GA in case 8 (Fig. 4). This participant showed signs
on OCT suggesting disruption of the RPE layer on the
margins of the area where HRCs were seen (see Figs. 4B–D).

TABLE 1. Demographic and Summary of ROI Data for All Participants Imaged

Case Age, Y Sex Eye Lens ROIs (n) ROI Structure
HRCs on
FIAO?

Quantifiable
NIRAF on
AOSLO?

Included in
Morphometric

Analysis?

1 69 M OS 1+ NS 2 GA Yes Yes Yes
2 89 F OS IOL 1 GA Yes Yes Yes
3 79 F OD IOL 1 GA Yes Yes Yes
4 77 M OD 2+ NS 2+ CS 1 GA Yes Yes No
5 79 F OS IOL 1 GA Yes No No
6 78 F OD 2+ NS 1 Cicatricial lesion No Yes No
7 79 F OD 1+ NS 1+ CS 1 GA Yes Yes Yes
8 84 M OD IOL 1 Thickened RPE

transitioning to GA
Yes Yes Yes

CS, phakic with cortical spoking cataract; IOL, pseudophakic; n, number; NS, phakic with nuclear sclerotic cataract; ROI, region of
interest.

FIGURE 1. Clinical images for case 1. Squares on the infrared reflectance SLO (A) and flood-illumination adaptive optics images (F) denote
the location of the ROIs shown in Figure 3. ROI 1.1 is denoted by the dark blue square and ROI 1.2 is denoted by the light blue square.
White lines in (A) denote the position of the OCT b-scans shown in panels B to E. Colored arrowheads in B to E denote the margins of the
ROI where it intersects the b-scans. Note that the multiple OCT sections for ROI 1.1 highlight different RPE layer aspects within the same
ROI (GA in (B), disrupted RPE layer in (C), and thickened RPE in (C) and (D).
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FIGURE 2. Clinical and FIAO images for cases 2 (yellow), 3 (red), and 7 (pink). Colored squares on the infrared reflectance SLO (A) and
flood-illumination adaptive optics images (C) denote the location of the ROIs shown in Figure 3. White lines in (A) denote the positions of
the OCT b-scans shown in (B). Colored arrowheads in (B) denote the margins of the ROIs where they intersect the b-scans.

However, in the central region the OCT showed thickening
of the outer retinal bands (see Fig. 4C). Across the corre-
sponding area on FIAO and AOSLO, this participant showed
several structures that were morphologically consistent with
HRCs but only a few of them were actually hyporeflective in
FIAO (see Fig. 4E). Nearly all of them had a granular appear-
ance on confocal AOSLO (see Fig. 4F) and all were AF on
AOSLO (see Fig. 4G). Consistent with the definitive GA cases,
the offset aperture images were similar to FIAO (see Fig.
4H). Nonconfocal phase contrast images could more clearly
delineate the boundaries between adjacent structures (see
Fig. 4I).

Across all 6 ROIs examined in the patients with HRCs,
86% of the segmented HRCs (153/178) were AF (see Table 2).
Figures 5A and 5B show box-and-whiskers plots of HRC
diameter and Feret’s aspect ratio for the different ROIs. The
distribution of HRC area across all HRCs is plotted in the
histogram in Figure 5C. Table 1 lists the values for the addi-
tional summary statistics for each morphometric parameter
assessed, as well as the P values from the statistical tests
performed; differences between the means of the various
morphological characteristics computed across the different
ROIs were not statistically significant, aside from HRC diam-
eter (see Table 2). Additional multiple pairwise t-tests exhib-
ited a difference among case 2 and cases 1.2, 3, and 7 (see

Table 2). The mean Feret’s aspect ratio of all the HRCs was
1.4 (SD = 0.4) and ranged from 0.9 to 1.6 between the differ-
ent ROIs.

In case 6, prior timelapse FIAO (Fig. 6A) and SD-OCT
(Fig. 6B) showed that this ROI began as a drusen devoid of
RPE but covered with several HRCs (see Fig. 6A). However,
no HRCs were visible at the most recent follow-up with
multi-modal AOO imaging (T = 39 months; see Figs. 6A–C).
Instead, we observed collapse of the drusen and an aspect
of cicatricial lesion with multiple cell-like structures in the
vicinity of where HRCs had been seen previously which did
not resemble HRCs and were not visible on FIAO but only
detected on multi-modal AOSLO (see Fig. 6C). These struc-
tures did not resemble those seen in the other patients in
this study. Due to their small size and limited number, we
did not attempt to segment these structures and systemati-
cally quantify them.On multi-modal AOSLO, these structures
exhibited variable contrast on confocal imaging (see Fig.
6C1), relatively high contrast on offset (see Fig. 6C3) and
nonconfocal phase contrast AOSLO (see Fig. 6C4) and a low
AF signal (see Fig. 6C2), which made it difficult to discern
whether any of the individual structures exhibited NIRAF.
Manual measurements on a few of the largest and smallest
ones made using the measurement tool in Adobe Photoshop
showed that most were in the range from 5 to 10 μm in diam-
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FIGURE 3. Corresponding FIAO and AOSLO images for case 1 ROIs 1.1 (light blue) and 1.2 (dark blue), case 2 (yellow), case 3 (red), and
case 7 (pink). (A) FIAO and (B) confocal. (C) NIRAF. (D) Offset aperture. (E) Nonconfocal multi-offset phase contrast (SMART) AOSLO.
(F) Merge images showing FIAO (pseudo colored in green) and NIRAF AOSLO (pseudo colored in magenta), highlighting autofluorescent
HRCs in saturated magenta.

eter (e.g. see Fig. 6C, lower dark green arrow), with only
one larger circular structure that was approximately 15 μm
in diameter (see Fig. 6C, upper light green arrow).

DISCUSSION

The finding that most HRCs exhibit NIRAF on AOSLO
is consistent with the hypothesis that they contain AF
organelles, most likely melanin and melanolipofuscin and
possibly also oxidized melanin incorporated into lipofus-
cin.5 Healthy RPE shows a decrease in melanin with age,
possibly by photooxidation with aging.14 A few studies have
reported that melanin in young eyes may not be NIRAF but
that the effect of photooxidation may render it NIRAF. This is
of particular interest as NIRAF increases with age15 and also
particularly on the border of GA in AMD.16 However, recent
work from histology suggests that the source of NIRAF may
not be as clear-cut as previously thought and that both
melanin and lipofuscin may be AF in the NIR in older eyes.5

Thus, the content of HRCs may be a mix of melanin, melano-

lipofuscin, and/or oxidized melanin incorporated into lipo-
fuscin and linked to aging and oxidative stress.5 Whether
NIRAF signal could arise frommolecules other than melanin-
derived fluorophores would require chemical analysis of the
content of the HRCs, something that should be pursued in a
future study. NIRAF is being utilized more frequently in the
evaluation of AMD, and is at least as, if not more, informa-
tive than blue autofluorescence (BAF),17–20 therefore under-
standing its microscopic underpinnings is becoming increas-
ingly important. It has been recently shown that pigment
(melanin) dynamics on the margin of GA lesions could paral-
lel GA progression,21 so studying HRCs, containing melanin,
could help to better understand GA dynamics.

The primary limitation of the present study is the small
number of participants. GA has historically been difficult
to image with AOSLO and the few previous reports in
the literature also have small numbers of participants.22–24

Older eyes have smaller pupils,25–27 reducing the improve-
ments that may be afforded by adaptive optic (AO) correc-
tion compared to larger pupils. Many also have cataracts
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FIGURE 4. Case 8 showing an ROI that appears to be transitioning to GA. Square on the infrared reflectance SLO image (A) denotes the
location of the ROI shown in (E–I).White lines in (A) denote location of OCT b-scans shown in (B, C, D) that show thickened outer retinal
layers and disrupted RPE layer. Purple arrowheads in (B, C, D) denote the margins of the ROI where it intersects the b-scan. FIAO (E)
and confocal (F), AF (G), offset aperture (H), and nonconfocal phase contrast SMART AOSLO (I), reveal structures consistent with HRCs.
However, most were not hyporeflective on FIAO (E) and all appeared to be autofluorescent in NIR (G).

TABLE 2. Summary Statistics of HRC Morphometry for Each ROI

Case ROI
HRCs
(n)

AF HRCs
(n) (%)

Area-Mean
(SD) (μm2)

Area-Median
(μm2)

Diameter-Mean
(SD) (μm)

Major Axis-Mean
(SD) (μm)

Minor Axis-Mean
(SD) (μm)

Feret’s Aspect
Ratio (SD)

Case 1.1 17 17 (100) 645.1 (425.8) 474.6 28.8 (9.8) 34.2 (11.8) 23.3 (8.5) 1.6 (0.5)
Case 1.2 12 10 (83) 358.3 (183) 361.9 21.6 (5.7) 26.4 (6.6) 16.8 (5.0) 1.6 (0.3)
Case 2 63 46 (73) 743.5 (846.9) 477.5 27.1 (13.3) 34.8 (20.4) 22.9 (12.4) 0.9 (0.5)
Case 3 30 27 (90) 589.3 (737.9) 391.7 27.8 (15.0) 30.6 (15.7) 21.9 (9.7) 1.3 (0.3)
Case 7 37 35 (95) 621.9 (407.3) 499.1 28.2 (9.4) 33.5 (12.7) 22.8 (7.3) 1.5 (0.3)
Case 8 19 19 (100) 765.1 (577.8) 494.0 31.1 (12.9) 37.4 (18.9) 24.7 (9.5) 1.5 (0.6)
P value — — 0.44 — 0.0003 0.48 0.40 0.29
All HRCs 178 154 (86.5) 514.3 (529.7) 476.05 27.4 (11.0) 32.8 (14.4) 22.1 (8.7) 1.4 (0.4)

n, number; ROI, region of interest; SD, standard deviation.

or intraocular lenses (IOLs); cataracts increase ocular scat-
ter and decrease light throughput, whereas IOLs can limit
the clear aperture for imaging and AO correction. Half of
the patients in the present study had IOLs (including the
one case who did not give quantifiable images on NIRAF
AOSLO), whereas the other half had some level of cataract
present (see Table 1). Many patients with GA also have poor

fixation, especially when the GA involves the fovea, and this
can present challenges for obtaining a sufficient number
of frames for averaging, especially when considering that
AF imaging requires hundreds of frames to be averaged to
generate a high signal to noise ratio image.6,7,11,28 All partic-
ipants included here had GA with foveal sparing to ensure
stable fixation, however, it has been reported recently that
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FIGURE 5. HRCs AF and morphological characteristics for each participant ROI. Boxplots show HRCs diameter (A), Feret’s aspect ratio
(B), and HRC area (D). On each box, the central mark indicates the median, and the bottom and top edges the 25th and 75th percentiles,
respectively; whiskers extend to the most extreme data points not considered outliers, and the outliers are plotted using individual symbols.
(C) Histogram of HRCs area. We hypothesize that the relatively normal distribution seen for HRCs with areas less than 750 μm2 correspond
to single HRCs, whereas those greater than 750 μm2 represent clusters of 2 or more HRCs that were segmented as one.

even small foveolar drusen can decrease fixation stability.29

GA tends to be challenging to image in AOSLO even when
fixation is normal, particularly at its margins, because there
is usually a large difference in thickness and retinal reflec-
tivity between areas of GA and the transition zone around
the GA. Even normal fixational eye motion can make the
AO correction unstable at the margin of GA as the closed-
loop AO correction can be driven to different focal planes
depending on the light reaching the wavefront sensor as
the eye moves between these large differences in reflectivity
and retinal thickness. Another challenge is that GA presents
differently in all patients, making it difficult to standardize
the imaging protocol to, for example, image all participants
in the same region or at the same retinal eccentricity. Future
studies should evaluate the AF and evolution of HRCs in

a larger cohort and in a longitudinal study. These inves-
tigations could be facilitated through multi-centric studies,
improved eye tracking, and by increasing the detection effi-
ciency of NIRAF AOSLO.

Additional limitations of the present study include the
use of manual segmentation of the HRCs for quantita-
tive analysis and the use of an arbitrary relative AF level
selected manually for determining the AF status of the HRCs.
Improvements required for future study should include
the development of automatic, objective methods for HRC
segmentation and AF quantification. An automated back-
ground AF quantification would be valuable for objectively
determining AF status. Quantitative NIRAF measurements
could also provide a more objective method for determin-
ing the AF status of HRCs and their evolution in a longi-
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FIGURE 6. Case 6. Disappearance of HRCs across time in one patient. (A) HRCs were seen on FIAO imaging at T0, then FIAO imaging
took place at time points of 6 weeks, 10 months and 39 months later. (B) Corresponding available SLO and SD-OCT for time points of 6
weeks (drusenoid deposit), 10 months (disappearance of the drusenoid deposit and what we hypothesized to be the beginning of GA), and
39 months (aspect of cicatricial RPE/ellipsoid zone). For T0, no corresponding OCT was taken at that time, however, we hypothesized it
to be over a drusen, based on the OCT from 6 weeks. (C) AOSLO at the 39-month time point revealed multiple objects on confocal (1),
offset (3), and multi-offsets images (4), denoted by green arrowheads that were not NIRAF (2). Upper light green arrow denotes the largest
structure detected (approximately 15 μm in diameter). Lower dark green arrow shows an example of one of the several smaller objects seen
on AOSLO.
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tudinal study. A future longitudinal study will allow us to
better understand the origin, composition, and evolution of
HRCs as well as their relationship to GA progression in
AMD.

HRCs on confocal AOSLO appeared relatively hyporeflec-
tive but were not as uniformly dark or as high contrast as
they appear in FIAO, often showing some granularity. This
may in part be due to the image processing applied to FIAO
images from the internal software of the machine, which
tends to saturate at the highest and lowest intensity levels;
FIAO also has poorer lateral resolution than AOSLO. HRCs
were usually hyporeflective and high contrast on offset aper-
ture AOSLO, similar to their appearance in FIAO. This is not
surprising considering that the lack of confocal gating in
FIAO allows it to collect the multiply scattered light that is
detected in the offset aperture modality of AOSLO. When
offset aperture images were combined to minimize absorp-
tive contrast and enhance phase contrast using our SMART
image combination approach,13 most HRCs appeared to be
low contrast. Taken together, these properties suggest that
most HRCs contain absorptive material, consistent with the
hypothesis that they contain melanin.

Morphological analyses revealed that HRCs were similar
in diameter across patients, on average, with a mean diam-
eter of 27.4 μm (range = 21.6−31.1 μm). This is consistent
with a previous report on HRCs,3 the size of microglia,30

mononuclear phagocytes,31 and also the “transdifferentiated
RPE cells”32 that have been observed in histological samples
of GA. Interestingly, the average sizes we observed for the
HRCs are near what previous publications have deemed to
be a cut-off point for the hyper-reflective foci (HRF) that have
been detected previously in inflammatory conditions, such
as AMD and diabetic retinopathy, on SD-OCT.33 Future study
is required to better understand the differences between
HRCs and HRF and any potential overlap between these
entities. Feret’s aspect ratio analysis revealed HRCs to be
elliptical in shape, on average (see Fig. 5B). The distribu-
tion of measured HRC areas (see Fig. 5C) follows a rela-
tively normal distribution for HRCs less than about 750 μm2,
peaking between 400 and 500 μm2; we hypothesize that
this most likely corresponds to the distribution of areas
for individual HRCs. The small number of HRCs detected
with larger areas likely represent multiple HRCs that were
segmented as one due to them overlapping and not appear-
ing distinct as individual structures. This is not surprising,
due to the relatively poor axial resolution of FIAO and
AOSLO and the possibility that HRCs can aggregate together
into larger clusters. We suspect that these clusters of over-
lapping HRCs are what resulted in statistical testing suggest-
ing a difference in the diameter of HRCs across participants
despite the mean diameters being quite similar across eyes.
However, this potential for these structures to appear as
clustered aggregates does present some challenges for accu-
rate segmentation and morphometric analyses of individual
HRCs. Recently, transscleral illumination in FIAO has been
demonstrated and it appears to delineate the RPE cells due
to their pigmented content,34 so may allow for more accu-
rate segmentation and quantification of HRC aggregates and
clusters in future study. Overall, the morphometric analysis
of the HRCs we segmented here was consistent with cell
morphologies and characteristics found in histology of GA
of human eyes. However, many hypotheses are still ongoing
regarding the nature of those cells, all of them implicating
RPE cells because of the presence of melanin in them; among
them macrophages phagocytosing RPE debris,35 detached

RPE cells,36 other cell types, such as microglia,37 or RPE cells
undergoing epithelial mesenchymal transition (“transdiffer-
entiating cells”).32

Although most HRCs were AF, there were some HRCs
that did not exhibit NIRAF. However, careful inspection of
these HRCs shows that the majority of them did not appear
to be uniformly hyporeflective in FIAO and offset aperture
AOSLO. This suggests that these structures may be distinct
from the HRCs, either in their content or in their stage of
development, which may be linked. It is possible that these
structures represent macrophages that have not yet accu-
mulated enough RPE organelles to become NIRAF. A longi-
tudinal study that observed these structures becoming AF
over time could bolster the hypothesis that HRCs represent
phagocytes or macrophages rather than transdifferentiated
RPE cells that should presumably be consistently NIRAF
throughout their lifecycle.

Case 8 may provide some insight into the early evolution
of HRCs in the time course of GA, as we hypothesize that
the ROI examined is either an area of incomplete outer reti-
nal atrophy (iRORA)38 that is undergoing transition to GA or
an area of thickened RPE (tRPE).39 The confluent AF struc-
tures seen in this case on AOSLO were similar to those seen
on ROI 1.1 (compare Fig. 4G to Fig. 3C1.1). Interestingly,
in that example, none of those AF structures were hypore-
flective, whereas only a few were in case 8. It is possible
that this shared morphology between these two ROIs may
reflect a similar stage of the degenerative process. The struc-
tures seen in this area are similar between the two ROIs.
Measurements of several of the smallest and largest ones in
case 8 (see Figs. 4E–I) show that they range in diameter from
approximately 18 to 60 μm; assuming that they are hexag-
onal, this would correspond to an area of 210 to 2300 μm2.
Based on the measurements in the literature for RPE cell
area at this eccentricity (near the foveal center)7,40 we would
expect normal RPE cell area to range from approximately
100 to 200 μm2, meaning that the smallest cells in these
ROIs are close to what would be expected for normal RPE
cells but that the largest ones are much larger than the range
expected for normal RPE cells. The morphological appear-
ance of these structures on confocal and phase contrast
AOSLO in both cases are also similar to those shown in a
recent report from a case of Stargardt’s disease,41 suggest-
ing that these outer retinal degenerations may share simi-
lar mechanistic underpinnings. Interestingly, in that patient
with Stargardt’s disease, the lesion appeared hyper-AF on
short wavelength clinical fundus autofluorescence imaging,
although that study lacked NIRAF and high resolution AF on
AOSLO making it difficult to directly compare the AF find-
ings.41 Follow-up imaging may help us better understand the
role and behavior of the NIRAF structures observed at the
fovea in this patient in the progression from pathologic RPE
(iRORA or tRPE) to GA.

The observation in case 6 of the disappearance of the
HRCs over time (see Fig. 6) demonstrates that future study
must evaluate HRCs in timelapse imaging to study their
evolution and relationship to progression. The small sample
size here prevents us from making any grand conclusions
regarding the patient whose GA did not appear to progress
and whose HRCs disappeared over time. However, the
appearance of the smaller, morphologically distinct, high
phase contrast structures that reside where the HRCs had
been previously is strikingly similar to the structures that we
have observed previously using phase contrast multi-offset
AOSLO in patients with posterior uveitis.9 These structures
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may represent immune cells (microglia or macrophages)
and/or the sequelae of sustained inflammation. Longitudi-
nal imaging in a larger cohort of patients is required to
determine whether this patient represents an extremely rare
outcome or if this pattern of progression, suggestive of
an adaptive wound-healing response, can be seen in other
patients. However, it is interesting to consider the possibil-
ity that some differences between patients in their genet-
ics, environment, and/or immune response could lead to
outcomes where the GA seems to halt in its progression.
Determining the mechanisms underlying this phenomenon
may provide pathways toward future treatments to halt GA
progression.

CONCLUSIONS

Most HRCs are absorptive structures that are AF in the NIR,
most likely due to them containing melanin, melanolipofus-
cin, and/or oxidized melanin. Tracking HRCs across time
may help us to better understand their behavior and the rela-
tions among RPE, macrophages, and GA evolution. Correla-
tion between the characteristics of HRCs and the progression
of GA may help to decipher their role in the progression of
the disease. This study has potential clinical relevance as we
expect to be able to use the characteristics of HRCs to track
the natural history of GA, and, more importantly, monitor
the efficacy of medications designed to treat it.
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