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Photoreceptor disc shedding in the living
human eye

OMER P. KocaoGLu,' ZHUOLIN Liu,' FURU ZHANG,' KAZUHIRO
KUROKAWA,! RAVI S. JONNAL,2 AND DONALD T. MiLLER"

School of Optometry, Indiana University, Bloomington, IN 47405, USA
iDepartment of Ophthalmology & Vision Science, University of California, Davis, CA 95616, USA
dtmiller@indiana.edu

Abstract: Cone photoreceptors undergo a daily cycle of renewal and shedding of
membranous discs in their outer segments (OS), the portion responsible for light capture.
These physiological processes are fundamental to maintaining photoreceptor health, and their
dysfunction is associated with numerous retinal disease. While both processes have been
extensively studied in animal models and postmortem eyes, little is known about them in the
living eye, in particular human. In this study, we report discovery of the optical signature
associated with disc shedding using a method based on adaptive optics optical coherence
tomography (AO-OCT) in conjunction with post-processing methods to track and monitor
individual cone cells in 4D. The optical signature of disc shedding is characterized by an
abrupt transient loss in the cone outer segment tip (COST) reflection followed by its return
that is axially displaced anteriorly. Using this signature, we measured the temporal and spatial
properties of shedding events in three normal subjects. Average duration of the shedding
event was 8.8 + 13.4 minutes, and average length loss of the OS was 2.1 pm (7.0% of OS
length). Prevalence of cone shedding was highest in the morning (14.3%) followed by the
afternoon (5.7%) and evening (4.0%), with load distributed across the imaged patch. To the
best of our knowledge these are the first images of photoreceptor disc shedding in the living
retina.

©2016 Optical Society of America

OCIS codes: (170.4500) Optical coherence tomography; (110.1080) Active or adaptive optics; (330.5310) Vision -
photoreceptors; (330.4300) Vision system - noninvasive assessment; (330.7331) Visual optics, receptor optics;
(170.4470) Ophthalmology.
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1. Introduction

Photoreceptors undergo daily renewal and shedding of outer segment (OS) discs. These
physiological mechanisms enable the OS to maintain a constant length while replacing
components that have accumulated toxic photo-oxidative compounds. Renewal is the
continual assembly of new membranous discs at the proximal end of the OS, which elongates
the OS by a couple of microns each day. This new growth is offset by shedding, a discrete,
diurnal event in which small packets of discs are pruned from the distal end of the OS. The
disc packets are subsequently eliminated by phagocytosis by the underlying retinal pigment
epithelium (RPE). Collectively, these mechanisms of renewal and shedding maintain health
of the outer retina. Dysfunction at any stage or loss in synchronization (e.g., loss of diurnal
rhythm) can lead to photoreceptor and RPE dystrophy, and ultimately blindness. Anomalies
in these mechanisms have been implicated in numerous retinal diseases [1, 2], including
retinitis pigmentosa (RP) [3-5] and age related macular degeneration (AMD) [6-10], and are
thus of significant clinical interest.

OS renewal and shedding were first discovered in rods by Young in the late 1960s using
radioactive amino acids [11, 12] and then later in cones [13-16], and have since been
extensively studied in animal models in postmortem eyes. Today, much is known about the
diurnal rhythm and circadian control of renewal and shedding. In addition, the complex
molecular and signaling pathways that underpin these processes are beginning to be
elucidated in detail. But all of these advancements have occurred almost exclusively in animal
models using postmortem eyes. How these translate to the living retina and to humans, where
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this knowledge can make its largest impact for improved diagnostics and therapeutics, remain
major obstacles.

Only recently has renewal been measured in the living eye [17] and confirmed in
subsequent imaging studies [18, 19]. These observations were all made in humans using high-
resolution adaptive optics (AO) imaging systems that corrected aberrations of the eye and
permitted visualization of individual cone photoreceptors. However even with AO-assisted
systems, photoreceptor shedding has proven elusive [17-21].

In this study, we present what is to the best of our knowledge the first images of
photoreceptor disc shedding in the living retina of any species. This was achieved in the
human eye using a research-grade optical coherence tomography system equipped with
adaptive optics (AO-OCT) and enabled us to characterize the optical signature of cone
shedding. Critical to our method were custom post-processing algorithms to track and
monitor over hours the 3D reflectance profile of individual cones. We substantiated our
observations with quantitative analyses of the spatial and temporal properties of cone
shedding dynamics in three normal subjects. These first experiments establish a clear path for
further investigation of photoreceptor shedding, which are now underway in our laboratory.

2. Materials and methods

The methods section is divided in three parts. Section 2.1 presents the high-resolution AO-
OCT system used to image cone photoreceptors. The experimental procedures and subject
information are described in Section 2.2, and the post-processing steps used to extract
photoreceptor disc shedding information from AO-OCT volume images are described in
Section 2.3.

2.1. Description of the Indiana AO-OCT system

The AO-OCT system used for this study was previously described by Liu et al., 2013 [22]
and Kocaoglu et al., 2014 [23]. In short, the AO-OCT system is composed of four optical
channels (source, sample, reference, and detection) that are connected by a 2x2 780HP fiber
coupler with 90/10 splitting ratio. The source arm contains a superluminescent diode laser
(SLD, Superlum, Ireland) with central wavelength at /. = 785 nm and bandwidth of 41 = 47
nm, which provides a theoretical axial resolution of 4.2 pm in retinal tissue (n = 1.38). The
sample arm consists of active elements (X and Y galvanometer scanners, a custom Shack-
Hartman wave front sensor, a deformable mirror (DM97, ALPAO, France)), and passive
elements (numerous mirror-based telescopes to conjugate the active components to the eye
pupil). Astigmatism generated at both retinal and pupil conjugate planes due to the off-axis
use of spherical mirrors was corrected with three customized toroidal mirrors. This solution
preserves the global XY coordinate system [22]. The AO system dynamically measured and
corrected ocular aberrations, and its performance was assessed in terms of the residual
wavefront root-mean-square (RMS) error as well as the quality of the real-time en face retinal
AO-OCT images [24]. The detection channel contains a custom quad-spectrometer consisting
of four high speed spectrometers based on CMOS line-scan cameras that operate at 2 ps
exposures at their fastest setting. A 1x4 fiber-based optical switch assembly directs the light
to the four spectrometers. The system is scalable enabling one-camera (62.5% duty cycle),
two-camera (100% duty cycle), and four-camera (100% duty cycle) modes that acquire A-
scans at 250 KHz, 500 KHz, and 1MHz speeds, respectively.

2.2. Experimental protocol

Subjects: Three healthy subjects free of ocular disease were recruited for the cone shedding
experiment. Subjects had best corrected visual acuity of 20/20 or better. Table 1 summarizes
subject information relevant for the study. Eye lengths were measured with IOLMaster (Zeiss,
Oberkochen, Germany). The AO-OCT light power incident on the subject’s cornea was at or
below 400 uW and within safe limits defined by ANSI [25] for the experimental protocol
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described here. All procedures on the subjects adhered to the tenets of the Declaration of
Helsinki and were approved by the Institutional Review Board of Indiana University. Written
informed consent was obtained after the nature and possible risks of the study were explained.

Table 1. Subject information.

Subject  Age  Gender Spherical equiv. Axial length Imaged Retinal
# (y) refractive error (D) (mm) Eccentricity (from fovea)
1 36 M -3 26.1 2° Temporal
2 48 M -25 254 3° Temporal
3 32 F 0 23.7 3° Temporal

Subject entrainment: Subjects maintained a 16/8 hour awake/sleep (light/dark) cycle for
several days preceding the imaging experiments, in this way establishing light entrainment
[26, 27]. Subjects were instructed to maintain daily routines of work, school, and additional
activities within the 16 hour awake period. Likewise during the sleep cycle, subjects were
instructed to avoid light exposure, in particular that above 100 lux [28, 29]. Start of the sleep
period was self-selected.

Image acquisition protocol: Prior to each imaging session, the right eye was cyclopleged
and dilated with one drop of Tropicamide 0.5% and maintained with an additional drop one
hour later. The eye and head were aligned and stabilized using a bite bar mounted to a
motorized XYZ translation stage. Table 2 summarizes the image acquisition parameters.
Settings of a few acquisition parameters were refined between subjects in order to improve
the efficiency of the experiment, e.g., by increasing imaging speed. These refinements were
deemed unlikely to impact the experiment's independent and dependent variables (namely,
time of day and the disappearance of cone outer segment tips (COST), respectively) and had
no effect on subsequent analytical methods. At the highest A-line acquisition rate (500 KHz),
the cone inner-outer segment junction (IS/OS) and COST were clearly visible and
quantifiable, while intra-frame eye motion was minimized.

Table 2. Image acquisition parameters.

Parameters Subject #1 Subject #2 Subject #3

A-line acquisition rate 500 KHz 250 KHz 500 KHz

A-line sampling 1 pm/px 1 pm/px 1 pm/px

# of A-lines per B-scan 450 270 300

# of B-scans per volume 450 220 300

B-scan acquisition rate 1.1 KHz 0.93 KHz 1.7 KHz

# of volumes per video 10 10 15

Volume video duration 445 26s 31s

AO-OCT image FOV 15°x15° 0.9°x0.7° 1°x1°

Imaging frequency and Every 3 min for 90 min  Every 3 min for 90 min  Every 3 min for 90 min

duration

# of sessions Morning Morning, afternoon, Morning, afternoon,
evening evening

Each imaging session lasted 90 minutes with volume videos acquired every three minutes.
For subject #1, one 90-minute session was conducted in the morning starting one hour after
the subject’s light/awake cycle began (~8-9:30 AM). For subject #2, the 90-minute imaging
session was repeated at three different times of day, first in the morning starting one hour
after the beginning of subject's light/awake cycle (~9-10:30 AM), second in the afternoon (3-
4:30 PM), and last in the evening (9-10:30 PM), which occurred after dark onset. The three
sessions were imaged on different days to avoid possible disruption of the subject’s daily
rhythm by preceding sessions. Subject #2 was entrained for each session. Subject #3 repeated
the imaging protocol of subject #2, but with the three sessions on the same day.

Empirically we found a 3-minute imaging interval sufficiently narrow for catching the
transient changes in the cones’ reflectance associated with disc shedding. Because all cones
are expected to shed regardless of location, we chose to image retinal eccentricities of 2° and
3° based on other criteria. Cones are readily distinguishable at these eccentricities with our
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AO-OCT system and exhibit single mode waveguide properties [30], which simplifies post
processing. In addition, the relatively small diameter of the cones enabled hundreds of cones
to fit even within the smallest AO-OCT volume size used (0.9°x0.7°, or approximately
270x220 pum? using a conversion of 300 um/°). At each time point, an AO-OCT volume video
was recorded and consisted of at least 10 volumes. From each video, a single volume was
selected for analysis, on the basis of minimal eye motion artifacts and maximum en face
overlap with volumes selected for other time points. Subsequent analysis was limited to these
selected volumes.

2.3. Post processing: registration of time-lapse images

In order to follow single cones over the course of the experiment, the selected volumes were
co-registered in three dimensions using modified versions of previously described algorithms
[19, 31, 32]. Features of interest (IS/OS and COST) were labeled in each A-line using cross-
correlation with a gross model of retinal reflectance, and these labels were used to produce
high-contrast en face projections of those layers (see, e.g., Fig. 1(a)). These projections
permitted lateral registration of volumes using a strip-wise algorithm [19]. Cones were
automatically detected, and those present in all volumes (i.e., never missing from the FOV
due to eye movements) were used for analysis.

In order to detect and quantify shedding events, several visualization steps were used.
First, the cones were marked in an en face projection (see Fig. 1(a)). Next, cones were
segmented from the volume and their 3D profile (composed of 20 to 25 A-scans) was
projected in one lateral dimension, giving cross-sectional (B-scan) images of their reflective
surfaces, namely IS/OS and COST (see Fig. 1(b)). Further compression of each cone into a
single column of pixels produced an A-scan time trace image (see Fig. 1(c)) — an image in
which the vertical dimension represents depth and the horizontal dimension represents time.
Both cross-sectional and A-scan time-lapse traces were examined manually for shedding
events. For quantitative analysis, the axial positions and intensities of the IS/OS and COST
reflections were monitored over time with the 1S/OS assigned a nominal position of 0 and the
COST position defined in reference to it.

For every cone with a detected disc shedding event, the cone OS length was measured as
follows. First, a Gaussian was fit to the intensity profile of the IS/OS and COST reflections of
each averaged A-scan following that of Jonnal et al. [33]. Axial separation of the peaks of the
two Gaussians were measured and defined as the cone OS length. This procedure resulted in
31 OS length measurements per shed cone per 90-minute session. Next, the three contiguous
OS length measurements immediately before a gap in COST (manually determined shedding
event) were averaged to improve signal-to-noise ratio and likewise the three immediately
after. The difference between the two averages was taken as the cone OS length change that
resulted from a shedding event.

Finally, the precision to which our method measured changes in the cone OS length was
quantified. Twenty-six cones without a detected shedding event were randomly selected from
the morning session of Subject #3, and mean and standard deviation of their measured OS
length difference were computed across a systematically varied time gap that represented a
virtual shedding event. The gap size was increased from 3 to 72 minutes and rolled across the
entire session, from which precision was computed.

3. Results

Cone photoreceptors were successfully imaged and tracked in three subjects covering seven
90-minute sessions. 380 cones were analyzed in one session for subject #1, on average 487
cones in each of the three sessions (different days) for subject #2, and 745 cones common to
all three sessions (same day) for subject #3.

Figure 1 and Visualization 1 show AO-OCT time-lapse traces of two representative cones
in one of the 90-minute imaging sessions for subject #2. Locations of the cones are indicated
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by the red and cyan boxes in the Fig. 1(a) image, an en face view of the cone mosaic,
constructed by registering, averaging, and axial projecting the 31 selected AO-OCT volumes
in the session. The en face image reveals the lateral extent of the overlap across the 31
volumes. High cone clarity evident in the averaged image confirms the sub-cellular accuracy
of our lateral registration method. Time-lapse traces of the reflectance profile of the two
cones are shown in Fig. 1(b) cross-sectional and Fig. 1(c) averaged A-scan form as defined in
methods. Both views were used to monitor reflectance dynamics of each cone in the 90-
minute session. Of relevance here are the bright IS/OS and COST reflections. For the red-
labeled cone, IS/OS and COST reflections are evident at all time points and appear axially
stable, separated by the same distance (cone OS length) regardless of time point. Average
separation was 25.18 pm with a standard deviation of 0.42 um. These two attributes (stable
reflectance and stable axial separation) are the expected appearance of the cone reflection
profile based on similar observations in previous AO-OCT cone imaging studies as well as
the smooth hyper-reflective banding in the outer retina with conventional OCT [34].The
cyan-labeled cone also shows a stable 1S/OS reflection, present at all time points, but in
contrast shows an abrupt loss of the COST reflection for 18 minutes followed by its abrupt
return that is axially displaced anteriorly. Figures 1(d) and 1(e) quantify the OS length
change, the difference in length before and after loss of the COST reflection. For this example
cone, the OS length decreased from 25.1 pm to 22.7 pum, a difference of 2.4 pm or
equivalently a 9.6% loss. For simplicity, we refer to this temporal (loss and return of COST
reflection) and spatial (OS length decrease) behavior as a ‘COST event,” which we interpret
as the optical signature of disc shedding (see Discussion).

The time duration of the loss and return of COST reflection was found to vary
considerably, as illustrated by the seven representative cone traces shown in Fig. 2 (top).
Duration ranged from less than three minutes (sampling interval of the experiment) up to an
extreme case of almost 60 minutes. Frequency of the duration is plotted in Fig. 2 (bottom)
histograms for the three morning sessions, one for each subject. Average duration was 8.8 +
13.4 minutes. Note that abrupt axial displacements of COST reflection without a visible dark
gap were counted as disc shedding events. We interpret these as COST events whose duration
was rapid (< 3 minutes) and occurred between two successive image acquisitions (3 minutes
interval). This scenario is exemplified by the leftmost cone trace in Fig. 2 (top) and
contributes to the first bin of the histograms. In some cases, the disappearance of the COST
reflection preceded the start of the 90-minute experiment or continued beyond the end of it,
e.g., traces denoted with a “*’ in Fig. 2 (top). In such cases, we counted the duration to be as
long as the portion captured by the experiment, although the actual duration may have been
longer and therefore our measurement underestimated the duration. For the cones that fit this
scenario, we were unable to measure the OS length change since the beginning or end of the
gap was missing in our measurements.
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Fig. 1. AO-OCT volume time-lapse traces reveal the optical signature of cone shedding, taken
from one 90-minute session on subject #2 (see Visualization 1). (a) Retinal location of the two
representative cones are highlighted in red and cyan in the cone mosaic en face projection at 3°
temporal. The en face image is a registered and averaged stack of 31 cone image projections
from which the representative cone time traces were extracted. (b) Cross-sectional and (c)
averaged A-scan time traces are shown for the two representative cones over 90 minutes. Cross
sections are 7 um wide. The red-labeled trace shows the reflectance profile in which both
IS/OS and COST reflections remain visible over the session duration. In contrast the cyan-
labeled trace shows an abrupt loss of the COST reflection for 18 minutes (minutes 33 to 51)
followed by its return, but axially displaced anteriorly. (d) and (e) quantify the OS shortening
of the cyan-labeled cone after the 18 minutes loss of the COST reflection. (d) A-scan time
trace is shown on a 3D perspective plot. The black and blue bars highlighted in (b) are the
three contiguous time points that immediately precede and follow the temporary loss of the
COST reflection, respectively. The average of these contiguous time points are plotted in (e).
For this disc shedding event, the OS length decreased from 25.1 pm to 22.7 pm.
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Fig. 2. Temporary loss of the COST reflection varied in duration depending on cone. (top)
Averaged A-scan traces of seven cones in the same 90-minute session depict the extent of the
variation: < 3, 6, 12, 15, >18, >42, and 57 minutes. For the two cones labeled with asterisks,
the loss of the COST reflection initiated or terminated outside the 90 minute duration of the
session. (bottom) Histograms summarize the duration frequency of the loss in the COST
reflection for cones in the three morning sessions. For loss durations that extended outside the
90-minute session, we counted the duration to be as long as the portion captured by the
experiment, although the actual duration may be longer.

We also examined variation of the OS length before and after COST reflectance loss. For
this, we compared the Gaussian-fitted 1S/OS and COST reflections in the three A-scans that
immediately preceded the COST event to the three that followed it using the procedure
described in Section 2.3 of Methods. Average peak-to-peak distance between 1S/OS and
COST in the Gaussian-fitted A-scans was the OS length, and the difference between the two
(before and after the COST event) was defined as the OS length change. Results are shown in
the Fig. 3 histograms for the three morning sessions. In all cases observed, the OS length
decreased. Note though that when the length change was too small to be resolved by our
system (empirically determined to be <0.4 um, see Discussion), we included it in the first bin
in the histograms. For subjects #1, #2, and #3, the average decrease of OS length (computed
for each cone, then averaged) was 2.5 + 1.0 um, 1.6 £ 1.2 um, and 2.2 + 1.0 pm, respectively.
The corresponding percent decrease (computed relative to each cone’s own length, then
averaged) was 7.9 £ 3.1%, 6.0 + 4.4%, and 7.1 £+ 3.2%. For reference, the average OS length
before loss in the COST reflection was 31.6 + 1.5 um, 25.5 + 1.7 pm, and 30.9 + 1.8 pum for
subjects #1, #2, and #3, respectively.

We assessed two additional properties of the COST events: their spatial arrangement in
the cone mosaic and their frequency as a function of time of day (morning, afternoon, and
evening). Figure 4 images and plots capture both parameters using the three imaging sessions
for subjects #2 and #3. Yellow, green and magenta dots mark the spatial locations of cones
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that exhibited a COST event in their respective imaging sessions. For subject #2, these events
correspond to 14.5%, 6.4%, and 4.0% of the total cones (386, 451, and 623) that were
registered and tracked in each session. For subject #3, these events correspond to 14.1%,
5.0%, and 4.0% of the total 745 cones that were registered and tracked across the three
sessions. To better assess spatial arrangement of the COST events across the day and the low
percentage of cells that showed more than one COST event on the same day, Fig. 5
superimposes the color coded COST events in Fig. 4 for subject #3 on one background.
Different markers were used for cones with more than one COST event. The figure contains
an additional panel that marks all tracked cones and facilitates assessment of the impact of
untracked cones on the distribution appearance of COST events, as for example in the shadow
of a blood vessel where cones could not be tracked.
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Fig. 3. Temporary loss of the COST reflection was accompanied by a small decrease in the OS
length. Histograms show the frequency of the length change for the three subjects in their
morning sessions. For comparison, histologic cross section obtained on human depicts a shed
disc packet at the OS posterior tip of a cone photoreceptor [13].
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Fig. 4. Spatial pattern of COST events during each 90-minute imaging session (morning,
afternoon, and evening) for two subjects. The en face AO-OCT images are registered and
averaged stacks of 31 cone images, one at each time point in the imaging session. Clarity of
the cone mosaic substantiates the sub-cellular registration. Detected COST events are color
coded and superimposed above the corresponding cone in the en face AO-OCT images: yellow
(morning), green (afternoon) and magenta (evening). Note difference in scale bars for the two
subjects. The bar plots show the percentage of tracked cones that were identified as undergoing
a COST event during one of the three imaging sessions: morning, afternoon, and evening.
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Fig. 5. Spatial pattern of the 745 tracked cones and 175 detected COST events for the three 90-
minute imaging sessions of Subject #3. (left) Tracked cones, common to all three sessions, are
superimposed with yellow ¢ + * markers in the en face AO-OCT image. Cones that exhibited a
single COST event are superimposed with solid circles color coded as yellow (morning), green
(afternoon), and magenta (evening). The five cones that exhibited two COST events are
superimposed with ¢ x > markers color coded as cyan (morning & afternoon), orange (morning
& evening), and white (afternoon & evening).

4. Discussion

In this study we took advantage of the sub-cellular 3D resolution of AO-OCT and sub-cellular
3D registration, both developed in our laboratory, to investigate local dynamics in the
reflection of individual cones. We successfully isolated and tracked over hours the 1S/OS and
COST reflections of thousands of cones in three subjects, yielding time-lapse images sampled
every three minutes. What we observed — much to our surprise — was that a small but notable
fraction of the cones underwent an abrupt, transient loss in their COST reflection followed by
a slight decrease in the cone OS length. We know of no previous report of such change even
though cone photoreceptors generate some of the brightest reflections in the retina and are the
most studied retinal cell using high-resolution retinal imaging systems, including OCT and
other modalities assisted with AO. In addition, clinical OCT is routinely used to assess health
of cone photoreceptors by analyzing the outer retinal bands in the OCT images. Despite this
plethora of imaging, we found that to detect these isolated, sub-cellular occurrences required
additional imaging capability as used here.

Three points warrant discussion: (1) the ability of our method to track individual cones
with sufficient spatial and temporal resolution to detect cone shedding events; (2) properties
of disc shedding, specifically optical signature, time of occurrence, and load distribution; and
(3) the origin of the COST reflection.

4.1. Tracking individual cones in 4D

Fundamental to our method is the ability to track in all three dimensions the 1S/OS and COST
reflections of individual cones over hours. Clear individuation of cones in the averaged en
face images, as for example Figs. 1(a), 4, and 5, provide qualitative evidence that the volumes
acquired over the imaging sessions were registered in XY with an accuracy much better than
the row-to-row spacing of cone photoreceptors (~6.3 um). To confirm tracking, we visually
inspected the time trace of individual cones that exhibited COST events to assure cones were
correctly located at each time point and not mislabeled by registration. Furthermore, the
central core of the strip-based registration method used here was validated for cone imaging
in several of our prior AO-OCT publications [19, 31, 32], although for different imaging
protocols and study objectives.
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Fig. 6. Measurement precision of cone OS length changes as a function of time interval
between measurements. Measurements were obtained on 26 non-shedding cones in the
morning session of Subject #3. (left) Representative histogram of OS length change shows a
Gaussian-like distribution centered about zero and with a standard deviation of 0.37 pm.
Histogram is for a time interval of 9 minutes, selected because it approximates the average
duration of the COST event (8.8 + 13.4 minutes). (right) Standard deviation of OS length
differences is plotted for all time intervals considered (0 to 72 minutes).

More critical is axial registration and the measurement of cone OS length. For the three
subjects of this study, our measurements showed an average OS length decrease of 2.1 um
following a COST event, which is a factor two smaller than the 4.2 pm nominal axial
resolution of our AO-OCT system. While resolution is important, it does not define the limit
to which an axial motion can be measured, which one may describe as a problem of
localization rather than resolution. In our case OS length changes were based on averages
across 20-25 A-scans per cone, three contiguous time points before and after the COST event,
and Gaussian fits of the 1S/OS and COST intensity profile. Using this method, we quantified
the precision to which changes in OS length could be measured as a function of the COST
event duration (see Fig. 6). As shown, standard deviation of the change is ~0.4 pum and
insensitive to the time interval (0 to 72 minutes) between OS length measurements. This
precision is almost 6x better than the average OS length change of 2.1 um, confirming we
indeed achieved the necessary precision to detect individual disc shedding events.

4.2. Optical signature of cone disc shedding

Imaging cone photoreceptors in three normal subjects, we observed two key optical
signatures of the COST event: time duration of the event (loss and return of the COST
reflection) and reduction in cone OS length. We attribute these changes to OS disc shedding
on several grounds articulated below and in addition that we know of no other physiological
phenomena in the photoreceptor terminal that could cause such a marked, transient change in
both reflectance and length of the OS and that occurs so rarely for any given cone.

As examined in Fig. 2, average duration of the COST event was 8.8 minutes, but varied
considerably between cones (standard deviation = + 13.4 minutes) with the most frequent
duration being < 3 minutes. We were surprised how dramatic the loss in the COST reflection
was for most cones, resulting in what appeared to be a complete loss of COST reflection in
the AO-OCT cone cross sections. We had originally thought that the optical signature of disc
shedding might include multiple axial reflections or an axially extended reflection at the OS
posterior tip due to possible refractive index mismatches at opposing ends of the detached
disc packet with the surrounding cytoplasm of the RPE apical processes. While some COST
events showed suggestive evidence of multiple reflections, example Fig. 2 (top row, 2" from
left cross section), the vast majority did not and we did not find evidence of reflections that
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descend the RPE apical processes, which would follow the expected route of the disc packet
as it is phagocytized by the RPE cell. One possible explanation for the lack of additional
reflections is that disc packets have been reported to rotate 90° as they descend [13]. This
rotation coupled with evidence that the COST reflection is specular [30] could redirect the
packet reflection out of the cone OS, causing the packet to appear invisible to AO-OCT.

Rotation, however, cannot explain the initial lack of reflection at the new terminal end of
the OS, which forms when the packet separates from the OS. The first stage of disc shedding
involves cleavage of terminal discs by the RPE membrane, a physiological process that must
disrupt the OS terminal interface as discs that define the original interface are discarded and
replaced with new ones. But whatever anatomical changes occur during the cleaving, our AO-
OCT measurements indicate these changes have a profound effect on the reflective properties
of this interface, at least temporarily. Perhaps cleaving initially leaves the terminal end
optically rough causing the reflected light to scatter over a broad range of angles and little re-
captured by the overlying cone. Alternatively, cleaving may form a temporary gradation in
index of refraction that lets most of the light propagate deeper without scatter. Regardless of
what the mechanism is, the effect is temporary with a new COST reflection eventually
emerging and signifying the end of the COST event. Another puzzle is why the recovery
takes almost 10 minutes on average and varies so much between cones, from <3 minutes to
hours. Clearly more work is needed to identify the underlying anatomical and physiological
mechanisms that account for these aspects of the COST event.

The second key optical signature of the COST event is shortening of the cone OS length
as examined in Fig. 3. Across the three subjects imaged, the COST event resulted in an
average OS length decrease of 2.1 £ 1.1 um. While it has not previously been possible to
measure disc shedding in living animals, let alone humans, numerous ex vivo studies based on
electron microscopy have been conducted to study the size of phagosomes in the RPE cells
underlying the cone OS in mammals. Reported sizes include 1.6 um in the squirrel [16], 1.15
pm in the domestic cat [35], and 1 to 3.23 um in the Rhesus monkey [13, 36]. Another metric
for comparison is daily renewal rate, the continuous assembly of new membranous discs at
the proximal end of the OS, a slow process that increases OS length. In order to maintain a
constant OS length, daily renewal rate must equal the size of the disc packet shed, assuming
each cone sheds once daily. Renewal in the living human retina has been reported to add 2.2-
2.7 um [17], 3.6 um [19], and 2.6 pm [18] to the OS length over a day. Furthermore, in ex
vivo studies of mammalian rods, daily renewal rates have been reported to be 1.8 to 2.2
pm/day in mice [12, 37, 38], 1.8 to 2 um/day in dogs [39, 40], and 2.6 to 2.8 um/day in
rhesus monkeys [41]. Our report of cone OS length shortening (2.1 £ 1.1 um) falls within the
range of both estimates, daily disc shedding and renewal rates, further evidence that our
method is measuring disc shedding.

4.3. Time of occurrence

We counted the number of COST events in each of three 90-minute sessions (morning,
afternoon, and evening) in two subjects to determine if occurrence was influenced by time of
day. Figure 4 summarizes our findings and shows similar trends of occurrence for both
subjects. COST events were observed in all 90-minute sessions, but with frequency notably
elevated in the morning and decreasing monotonically with each subsequent session.
Averaged across the two subjects, percent of total tracked cones that exhibited a COST event
was 14.3% (morning), 5.7% (afternoon), and 4.0% (evening). The relatively low percentage
of tracked cones that experienced a COST event during the three imaging sessions was just
24% (= 14.3% + 5.7% + 4.0%), raising the question as to why so many (76%) did not. It is
likely that these other cones may have, but went undetected as our three 90-minute sessions
sampled only a small fraction (~19%) of an entire day (24 hr), leaving considerable time for
COST events to occur at times we did not monitor. As a hypothetical example, if COST
events occurred over the entire day at the average rate we measured (5.4%/hr for the three 90-
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minute sessions), all cones would experience a COST event in 18.5 hr, 5.5 hr less than a 24-
hour day and fulfilling the generally held requirement that cones should shed daily.

Both the elevated COST events in the morning (14.3%) and reduced, but nonzero, COST
events in the afternoon (5.7%) and evening (4.0%) sessions present an intriguing view of
when human cones shed during the day, a longstanding unknown. To put in perspective,
photoreceptor renewal and shedding have been extensively studied in animal models in
postmortem eyes since first discovered in rods by Young in the late 1960s using radioactive
amino acids [11, 12] and then later in cones [13-16]. Rod photoreceptors have been
demonstrated to have a highly conserved diurnal rhythm of shedding [42—46] when under
cyclic lighting conditions, a process found to be regulated by circadian influence [47-49].
Numerous species have been examined for rod shedding (goldfish [44], frog [50], rat [49],
mouse, chicken [43], cat [42], and rhesus monkey [36]) and all have demonstrated shedding
that occurs in a diurnal burst shortly after light onset and regulated by light changes and
circadian effects. Cone shedding — while studied much less extensively than rods — has
proven similar to rod shedding, a diurnal rhythm in all instances studied. However unlike rod
shedding, the timing for cones varies widely among species. Peak cone shedding was found to
occur after light onset for the Nrl knockout mouse [51], Nile rat [52], tree shrew [53], and cat
[42], and after dark onset for goldfish [44, 54], lizards [45], chicken [43], tree squirrel [55],
ground squirrel [56], and rhesus monkey [36]. Clearly missing from these two lists are
humans, which our results begin to elucidate. Interestingly, unlike that of the rhesus monkey
(the closest species to human examined [36]), our results point to a peak after light onset (not
dark onset), with the additional surprise of low-level shedding throughout the period of light.
Clearly more experiments are needed to validate these early findings and to examine the
influence of light changes and circadian effects. This work is in progress.

As previously noted, the longstanding view is that cone photoreceptors shed only once per
day. Our results provide some insight into this assumption. For the 745 cones tracked and
evaluated in Subject #3 across the morning, afternoon, and evening sessions, only five cones
were found to have two COST events and none showed more. The 0.7% incident of multiply-
shed cones likely lies within our measurement error to detect COST events and supports the
premise that cones shed daily.

4.4. RPE load distribution

RPE cells phagocytose an immense amount of photoreceptor material over their lifetime.
Because these cells are post-mitotic, efficiency in phagocytosis is critical for preventing
accumulation of damaging waste byproducts and the consequence of degenerative eye
disease. RPE load distribution may play a fundamental role in their efficiency as each RPE
cell services multiple cones (and rods), all of which presumably shed each day. That is,
efficiency may dictate that shedding is spatially and temporally distributed to match the grain
of the RPE cell mosaic thereby avoiding the heavy demand of a single RPE cell to
phagocytose all of its connected cones at once.

We know of no reports in the literature that have measured the distribution of shedding
across the retina (regardless of animal model), perhaps because it requires tracking cells over
time, which is not possible with postmortem eyes and requires individuating both cones and
RPE cells. While our results are preliminary, the en face images in Figs. 4 and 5 show little
evidence of clustering of COST events, suggesting shedding is spread across the cone patch, a
necessary requirement if shedding is to match the grain of the RPE mosaic. A correct test of
this hypothesis requires mapping of cones to RPE cells, which we did not do in this study, but
is now possible using further advances we have made with our AO-OCT-based method as
validated by Liu et al. (2016) [32].

That COST events do not appear clustered may also provide insight into the mechanism
that initiates shedding. Recent evidence by Ruggiero, et al. (2012) [57] using a mouse model
points to the exposure of phosphatidylserine (PS) at the posterior end tips of rods as an “eat-
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me” signal that initiates shedding. But loss of either the phagocytosis receptor avf5 integrin,
expressed by the RPE but not by photoreceptors, or its extracellular ligand milk fat globule-
EGF factor 8 (MFG-E8) are necessary for PS exposure to occur. Thus RPE appears to play a
central role in initiating shedding. This result combined with the lack of clustering in our own
data points to the intriguing possibility that RPE cells are able to control shedding on an
individual cone basis.

4.5 Attribution of COST reflection

The COST reflection is central to our investigation of disc shedding; yet there remains some
disagreement in the literature over the attribution of this reflection, an issue recently
summarized by Jonnal, et al. (2014) (see Band 3 subsection in Discussion) [33]. This
disagreement is in part due to the fact that clinical OCT sometimes has difficulty separating
the COST band from the underlying reflections in the RPE layer — especially in the fovea —
and more importantly shows COST with a thickness greater than would be expected from a
reflection at the distal tip of the cone OS. Because of this, the COST reflection was termed
the “interdigitation zone,” with the term “zone” indicating the lack of evidence for a specific
reflective structure, e.g., COST, by the International Nomenclature for Optical Coherence
Tomography Panel [58]. AO-OCT does not share the imaging limitations of clinical OCT and
acquires sharper images in all three dimensions, in this case showing clear separation of the
COST reflection from not only those above and below it, but also those laterally on the scale
of individual cone cells. As a result, individual cones are observed and exhibit a COST
reflection whose axial thickness approaches the axial resolution of our AO-OCT system,
indicative of a highly localized reflection. Consistent with previous AO-OCT reports, this
reflection was attributed to COST here. Our disc shedding results themselves provide further
support of a COST attribution. We know of no other physiological mechanism at this depth in
the retina that could cause such an abrupt, transient, highly localized, and rarely occurring
change in reflectance, other than a shedding event, which is known to occur at COST based
on considerable histologic evidence.

Finally, attribution differences between clinical OCT and AO-OCT studies are becoming
increasingly common and not limited to the COST reflection. For example, our recent AO-
OCT study of the 3D reflectance profile of the “RPE/Bruch’s complex” band (as recognized
by the International Nomenclature for Optical Coherence Tomography Panel [58]) showed
this band to be more complicated, composed of multiple hyper and hyporeflective sublayers.
We observed two hyperreflective sub-layers that we identified as rod outer segment tip
(ROST) and RPE and sometimes a third that we attributed to Bruch’s membrane [32].

5. Conclusion

We report discovery of the optical signature of cone OS disc shedding, measured using a
novel method based on AO-OCT in conjunction with post processing to track and monitor
individual cone cells in 4D. Using this optical signature, we measured the temporal and
spatial properties of shedding events in three normal subjects and established a clear path for
future studies of disc shedding in the living retina. To the best of our knowledge these are the
first images of photoreceptor disc shedding in the living retina.
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