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Abstract: Clinicians are unable to detect glaucoma until substantial loss or dysfunction of
retinal ganglion cells occurs. To this end, novel measures are needed. We have developed an
optical imaging solution based on adaptive optics optical coherence tomography (AO-OCT) to
discern key clinical features of glaucoma and other neurodegenerative diseases at the cellular
scale in the living eye. Here, we test the feasibility of measuring AO-OCT-based reflectance,
retardance, optic axis orientation, and angiogram at specifically targeted locations in the living
human retina and optic nerve head. Multifunctional imaging, combined with focus stacking and
global image registration algorithms, allows us to visualize cellular details of retinal nerve fiber
bundles, ganglion cell layer somas, glial septa, capillaries, and connective tissues. These are
key histologic features of neurodegenerative diseases, including glaucoma, that are now able
to examine in vivo with excellent repeatability and reproducibility. Incorporating this
noninvasive cellular-scale imaging with objective measurements will significantly enhance
existing clinical assessments, which is pivotal in facilitating the early detection of eye disease
and understanding the mechanisms of neurodegeneration.

1. Introduction

Neurodegenerative diseases, including glaucoma, often have profound impacts on the well-
being of affected individuals, their families, and communities. The prevalence of these diseases
will increase because of population aging and growth [1]. Strategic actions are needed to
prevent, treat, and manage care at all levels [2—4]. One area that has shown significant progress
is biomarker research and development (e.g., blood testing [5]). Still, current standard clinical
diagnostic measurements lack the ability to detect early signs of these diseases and their
progressions. For example, common clinical measures for glaucoma, such as visual field loss
and retinal nerve fiber layer/ganglion cell layer (RNFL/GCL) thinning, are unable to detect a
single cell loss/damage. Substantial retinal ganglion cell losses (RGCs) or their dysfunctions
could have already occurred when clinically diagnosed. Thus, clinical management is mainly
based on findings that represent moderate, irreversible damage. Besides early detection,
therapeutic interventions in neuroprotection and restoration require novel outcome measures to
determine efficacy. We need novel biomarkers that may represent reversible aspects of disease
pathophysiology and neurodegeneration.

High-resolution retinal imaging offers a unique opportunity to tackle some of the
major obstacles in diagnosing and predicting progression of glaucoma and other
neurodegenerative diseases and to understand disease pathophysiology [6—10]. Particularly,
adaptive optics optical coherence tomography (AO-OCT) imaging technology is a rapidly
evolving, state-of-the-art, noninvasive, and label-free imaging modality [11,12] that enables
direct assessment of the health of individual cells, including RGCs, their axons, the glial cells
integral to the maintenance of retinal health, as well as microvasculature, in a repeatable manner
over time, all in the living human eye [11,13,14]. Notably, investigators have been able to



directly measure the rate of GCL soma loss in thousands of GCL somas over years in the living
human eye [15—17]. This direct approach has the potential to differentiate normal aging from
glaucomatous progression in less time than clinical instruments.

AO-OCT also offers the capability of visualizing histologic details of pathophysiology
and cellular damage in vivo, such as (1) the detailed cross-sectional view of individual retinal
nerve fiber bundles (RNFBs) [18-21] and individual axons in the macula [17,21]; (2) the
detailed characterization of laminar cribrosa (LC) microarchitecture in 3D (such as pores and
beams) where it is thought that RGC axons are being primarily injured [22,23]; (3) the
quantification of tissue intrinsic optical properties, such as birefringence (a property of
ultrastructure) of RGC axons (or nerve fibers) and of collagenous tissue such as LC beams, by
employing the principle of polarimetry [24]; (4) the detection of the blood flow and where it is
deficient based on the motion contrast technique [25-28]; (5) the detailed characterization of
macrophage-like cells [17,29]. More recently, phase-sensitive AO-OCT permits the detailed
analysis of nanometer-scale change in optical path length differences (AOPL) in response to
visible stimuli. As such, there is great potential for AO-OCT to improve both the study of
disease pathophysiology and its translation to clinical care.

However, ophthalmoscopic manifestations of glaucoma and other neurodegenerative
diseases are heterogeneous and interdependent within the retina and optic nerve head (ONH),
often complicating their implications and, thus, treatment and care. We need safe, accurate, and
efficient biomarkers to capture and unravel critical aspects of the disease and its progression,
including neuronal loss, axonopathy, dendric atrophy, retinal gliosis, and vascular dysfunction
over time [4,8]. To address these complexities, we have developed a new high-resolution
multifunctional AO-OCT imaging instrument, specifically committed to in-depth
investigations into various aspects of the neurodegeneration in the living human eye at the
cellular scale, such as normal aging, glaucoma, and other neurodegenerative diseases, including
diabetes, Alzheimer's Disease, Parkinson's Disease, and multiple sclerosis. We have realized
such a versatile solution by integrating well-established optical imaging techniques, including
quantitative three-dimensional morphometry [21,22,30,31], elastography [32-35],
polarimetry [24,36-39], reflectometry [17], angiography [17,25-27,40], and
optoretinography [41—44]. More specifically, we have incorporated a polarization channel and
a fluorescent/visual stimulation channel into a conventional AO-OCT with diligent optical
system design, implementation, and extensive processing software, such as volume
reconstruction, registration, and composition algorithms.

Here, we describe our multifunctional AO-OCT-based methods toward quantitative
reflectometry, polarimetry, and angiography (Fig. 1), a subset of its functions, as a proof of
concept. The imaging performance is tested in a model eye and then three healthy subjects by
systematically and longitudinally surveying selected fundus locations, including ONH,
peripapillary, and arcuate (Bjerrum) regions. Multifunctional imaging, consolidated with
anatomical and optical comprehension, exposes cellular details of RNFBs, GCL somas, glial
cells, capillaries, and connective tissues in the living human retina and ONH, key clinical
features of neurodegeneration. Going forward, we discuss the feasibility and translational
aspects of the multifunctional AO-OCT-based approach.
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Fig. 1. Cellular-scale multifunctional imaging of retinal nerve fiber layer using AO-OCT.
Measuring AO-OCT reflectance, angiogram, retardance, and optic axis orientation reveals
cellular and subcellular features (e.g., individual retinal nerve fiber bundles and glial septa),
polarization properties (e.g., well-being of nerve fiber parallel structure, density, and orientation
), and their dynamics (e.g., capillary blood flow), all of which are key clinical features in
glaucoma and other neurodegenerative diseases.

2. Methods

We describe methods in two sections: Section 2.1 describes the DIS/DEI AO-OCT imaging
system hardware used in this study. Section 2.2 describes the real-time control and offline
processing software to compute AO-OCT reflectance, retardance, and angiogram.

2.1 AO-OCT imaging system

We developed a new multifunctional high-resolution retinal imaging system at Discoveries in
Sight Research Laboratories / Devers Eye Institute, based on AO-OCT that combines a point-
scanning spectral-domain OCT (SD-OCT) with a hardware-based AO [45,46,11,47]. We
realized the multifunctionality by incorporating polarization and fluorescence/stimulation
channels, as shown in Fig. 2. Further details are described in Supplemental Section S1,
whereas Table 1 summarizes the key parameters of the imaging device. Optical power
delivered to the eye was below 420 pW for the AO-OCT imaging beam, which was well below
the maximum permissible beam power allowed by the American National Standards Institute
guidelines for the safe use of laser for human retinal imaging [48,49]. Of note, we shared the
same system design to build a duplicated machine for non-human primates (NHP), which is not
the scope of this study.
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Fig. 2. Schematic diagram of multifunctional AO-OCT system. (left) OCT engine and (right)
AO sample arm with a fluorescence/stimulation channel.

Table 1. Key system parameters

Imaging beam wavelength 790 nm +/- 22 nm
Imaging beam power incident on the eye ~400 pW
Imaging beam size on the eye 7.1 mm
Lateral resolution 2.3 um
Axial resolution 4.5 pm in tissue (n=1.38)
Field of view Up to 2.8° (H) x 2.8° (V)
AO-OCT video acquisition time ~4 seconds/video

2.2 Software

We developed 1) real-time control software to operate the multifunctional AO-OCT imaging
system and 2) offline postprocessing software to register and average hundreds of AO-OCT
volumes images to compute reflectance, retardance, optic axis orientation, and angiogram.

2.2.1 Real-time control software

The in-house control software manages OCT and AO subsystems independently and
concurrently. The OCT control software continuously acquires the AO-OCT volume images
by scanning the sample tissue. In parallel, the AO control software dynamically corrects for
measured monochromatic aberrations to improve image quality. Their respective graphic user
interfaces (GUIs) allow for real-time monitoring, recording, and on-the-fly parameter change,
all with minimum delay, allowing seamless and flexible operation during imaging experiments.
Further details are described in Supplemental Section S2. Of note, the foundation of our code
was laid by Miller's Lab at Indiana University School of Optometry; however, our software
rapidly evolved to meet our unique needs.

2.2.2 Offline processing software

More than a hundred AO-OCT volume images were reconstructed, registered, and averaged
after each experiment to improve the contrast. We used the previously developed
algorithms [50-53] but with significant modifications in order to incorporate two orthogonal,
complex-numbered, A-line scans Ap(z) (H channel) and Ay(z) (V channel) acquired by the
polarization diversity detection channel. We computed the temporally-averaged reflectance A
(2), retardance 6(z), optic axis orientation 8(z), and angiogram D(z) for a given A-line scan
registered to a global coordinate [53] using the following equations:
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where A(z) is the averaged normalized amplitude reflectance, 6(z) is the average retardance, 0
(2) is the average optic axis orientation, D(z) is the average amplitude difference, i is the
registered volume index, and N is the total number of registered A-line scans. Note that the
phase offset, 8, is arbitrary in our system (see Supplemental Subsection 1.1), but we forcibly
set 8. = 0 to test the measurement accuracy and repeatability unless otherwise specified.

3. Results

We describe results in two sections: Section 3.1 describes the experimental results of
characterizing and assessing the imaging performance of newly developed multifunctional AO-
OCT tested in a model eye. Section 3.2 describes the AO-OCT imaging results tested in three
healthy subjects from our ongoing feasibility study that aimed to establish a range of parameter
variability in the normative database.

3.1 Optical system performance

We tested the AO-OCT imaging performance using a model eye consisting of a sample object,
iris, and achromatic lens with a focal length of either 30mm or 75mm. We first assessed the
AO-OCT imaging resolution (see Figs. 3 (a) and (b)). Then, we characterized the AO-OCT
reflectance, retardance, and optic axis orientation measurements using a Scotch transparent tape
as a sample (see Figs. 3 (c)-(e)).

The lateral resolution was assessed using the USAF 1951 test target printed on heavy white
paper (RES-2; Newport) as the sample object. The highly scattering sample objects eased the
focusing control with AO to maximize image sharpness. However, due to strong specular
surface reflections detected by the H channel, the printed pattern did not appear in the image.
We, therefore, used the image detected by the V channel, containing mostly randomly polarized
diffuse components of the light from the highly scattering media. Figure 3 (a) shows the test
target pattern imaged by the V-channel over 1° x 1° FOV with the A-line spatial sampling of
256 x 256. The pattern was clearly visible with minimum distortion toward the edge. Using
Gaussian fit, we found a 1/e?> beam waist spot radius of 2.8 um as shown in Fig. 3 (b),
approximately 30% larger than expected, presumably due to the multiply scattering effect. We
also assessed the axial resolution (FWHM) in the intensity scale using a specular reflection
from the mirror surface with protective silver coating, which was 5.8 um in tissue (refractive
index = 1.38), 30% larger than expected but within the range of the previously reported number
with the same light source [54].

Next, we measured the AO-OCT reflectance, retardance, and optic axis orientation of
Scotch transparent tape (600 series; 3M) by repeatedly scanning the same location over 1° FOV
with 256 A-lines. We shifted the beam focus toward the lens to avoid a strong specular
reflection from the glossy surface and transmit more light into the roll tape (-1.7D). Figure 3
(c) shows temporally averaged cross-sectional B-scan images of the normalized amplitude
reflectance, the retardance, and the optic axis orientation. The axial profile of normalized
amplitude reflectance is shown in Fig. 3 (d). The measured reflectance from the adhesive-film
interface was approximately 0.17%, uniform across the depths down to 2.0mm (refractive index
of 1.5) after the normalization and the correction for the sensitivity roll-off. The axial profiles
of retardance and optic axis orientation in Fig. 3 (e) show a triangular and binary pattern,
respectively, demonstrating the feasibility of depth-resolved polarimetry. However, they also
show the consequence of inevitable phase ambiguity in measuring single-pass sample
retardance larger than a quarter wave.

Given that the roll tape consisted of multilayered birefringent films, each having the same
optic axis, the measured retardance should increase linearly, whereas the optic axis orientation
remains constant. However, the phase ambiguity caused the retardance's negative slope and
abrupt 90° rotation of the optic axis systematically and periodically, as shown in Fig. 3 (e). To
account for this inevitable phase ambiguity, we adopted a simple theoretical model in which
the retardance takes the form of a triangular waveform while the optic axis orientation exhibits



a square waveform. As predicted, the measured retardances were nicely fitted to the theoretical
triangular waveform with the RMS error of 10°. The measured optic axis orientations were
fitted to the theoretical square waveform with the RMS error of 29° (after removing unreliable
data points where the retardance < 20° or the retardance > 70°). This poor performance was
primarily due to the presence of “frozen” speckles. Indeed, in another experiment that used a
Berek compensator and a reflective mirror, we achieved substantially better performance; the
RMS error was 3° for both retardance and optic axis orientation measurements. These results
indicate the vital need for a speckle reduction technique in most stationary biological tissues.
The spatial averaging of neighboring speckles was commonly applied in PS-OCT
measurements at the expense of resolution.

Finally, we estimated the film birefringence by accounting for the proportion of backing
material (65.5%) to the whole layer thickness. The estimated birefringence was 0.0012, within
the literature value range (0.0007-0.0022)[55,56], while it can vary significantly by
environmental factors such as stress and temperature.
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Fig. 3. Characterizing the imaging resolution (a), (b), and the reflectance, retardance, and optic
axis orientation measurements (c) of the multifunctional AO-OCT. (a) En-face images of a
USAF 1951 test target with a lens focal length of 75mm (left) and 30mm (right), respectively.
The red lines, labeled with "X" and "Y," denote the positions of the amplitude profiles shown in
(b). We found a 1/e? beam waist spot radius of 2.8 pm using Gaussian fitting. (c) Cross-sectional
images of Scotch tape corresponding to AO-OCT reflectance (left), retardance (middle), and
optic axis orientation (right). (d) shows the normalized amplitude reflectance up to 2.0mm
(refractive index of 1.5) along the axial scan position denoted by the red arrow in ¢ (left) as a
function of scan depth. (¢) shows the single-pass cumulative phase retardation and optic axis
orientation up to 2.0mm along the axial scan position denoted by the red arrow in ¢ (middle and
right). The white bar denotes 200 um.

3.2 In vivo human imaging performance

We characterized the AO-OCT imaging performance in three healthy human subjects by
systematically and longitudinally surveying select fundus locations, including ONH, arcuate
(Bjerrum) regions, and macula. Table 2 summarizes the subject information.

Table 2. Subject information

Age Male/Female Refraction
HO001 37ylo M -7D
HO002 36 y/o F -2D




HO003 57 ylo M +2D

The imaging protocol is described as follows. We first instilled an eye drop (Tropicamide
0.5%) for pupil dilation to allow higher-quality imaging. We waited 20 minutes to fully dilate
the pupil and start the AO-OCT imaging session. During an imaging experiment, the subject
sat and looked into the imaging instrument, like the standard clinical instrument. The
technicians controlled the subject's head position via the motorized stage and hand controller
(Suplemental Subsection 1.4) by monitoring the pupil position and retinal depth displayed on
the GUIs (Suplemental Subsection 2.2). Then, the subject was asked to keep the eye open and
look steadily at a fixation target while holding a steady head position on the chin rest during
each 4-second video. We repeated this live video acquisition ten times for each location or
focus. The imaging session took about 1 hour, with enough time for breaks to mitigate fatigue
and discomfort. We conducted the imaging experiment for the specially targeted locations in
the eye: the central and peripheral ONH, the peripapillary RFNL, and the Bjerrum region along
an arcuate RNFB path. All procedures adhered to the tenets of the Declaration of Helsinki and
were approved by the Legacy Health Institutional Review Board. Written informed consent
was obtained from all subjects before the experiment.

Figure 4 shows representative AO-OCT imaging results at the specifically targeted
locations in a 37-year-old subject with high myopia (Sph: -7D) as follows: the peripapillary
RNFL at locations (1-5) denoted by the green circled numbers, the ONH at location (0) denoted
by the red circled number, and the arcuate RNFBs at the locations (4, 6-8) denoted by the blue
circled numbers. At each location, we reconstructed three-dimensional volumetric images of
AO-OCT reflectance, retardance, optic axis orientation, and angiogram by averaging more than
a hundred volume images registered to a global coordinate system. In the following subsections,
we separately describe our observations, respectively.
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Fig. 4. Collage of en-face image pairs, each showing multifunctional AO-OCT reflectance (left)
and angiogram (right), captured from a right eye of 37 y/o subject with high myopia (Sph: -7D)
at circled numbered positions in the Spectralis SLO image. (0) Central ONH (see Section 3.2.2).
(1-5) Radial striation patterns of Miiller septa are visible with a width as narrow as a couple of



micrometers, well aligned with peripapillary radial capillaries in the corresponding angiogram
(see Section 3.2.1). (6-8) The RNFBs continue to extend toward the temporal retina along the
arcuate as predicted by Jansonius et al.'s model [57] (see Section 3.2.3). At location (8), the
individual GCL somas are visible by adjusting the image brightness. The white bars denote 100
pm.

3.2.1 Peripapillary RNFL

Peripapillary RNFL thickness is a prominent structural measure for glaucoma [28,29] and other
neurodegenerative diseases [3]. Similarly, recent attention focuses on the peripapillary
vasculature (peripapillary radial capillaries; PRCs) [58] as well as peripapillary RNFL
birefringence [59]. Here, we measured the RNFL reflectance, angiogram, retardance, and optic
axis orientation at the selected locations (1-5) in Fig. 4, the temporal side of the peripapillary
region with the 3.5mm circle around the ONH.
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Fig. 5 Representative AO-OCT imaging results of RNFL reflectance, angiogram, retardance,
and optic axis orientation in the right eye of 37 y/o subject with high myopia (Sph: -7D) at the
location 1 (see Fig. 4). (a) En face image pair of reflectance (left) and angiogram (right). (b)
Cross-sectional images of reflectance, angiogram, retardance, and optic axis orientation along
the red line as denoted in (a). Twenty cross-sectional images (25 um) were averaged along the
direction perpendicular to the RNF orientation to reduce speckle noise while maintaining its
parallel structure. The yellow and red arrowheads denote the positions of individual Miiller septa
and PRCs, respectively. The blue dashed curved lines denote the automatically segmented
anterior and posterior surface of the RNFL. (¢) The impact of involuntary eye motions on the
RNFL imaging for five consecutive weeks. The image on the left merges the five AO-OCT en
face images, each color-coded by the week, i.e., baseline (red), week 1 (green), week 2 (blue);
week 3 (cyan), and week 4 (magenta), respectively. The corresponding spatial distributions of
the eye positions tracked by our software are shown on the right. The color-coded stars denote
the mean positions of the eye motion trace. The color-coded isoline contours encompass 3SDs
of the eye motion trace. (d) The repeatability test results of the reflectance, retardance, and optic
axis orientation measurements on the anterior surface of the RNFL within the overlap area. The
means and SDs of each measure are shown on the left. Their volume correlation coefficients are
shown on the right.

Figure 5 shows the representative imaging results of the RNFL at the location 1 (see Fig.
4)). The AO-OCT reflectance volume image revealed stunning details of individual RNFBs
surrounded by Miiller cell processes that form radially oriented sheet-like columns as indicated



by the yellow arrowheads (see Figs. 5 (a) and (b)). We know that the darker partitions of the
striation pattern seen by ophthalmoscope is likely corresponding to the broadened foot endings
of Miiller cells near the retinal anterior surface [60]. Indeed, the darker partitions of the radial
striation pattern seen by the AO-OCT (see Fig. 5 (a)) continue into the depth, forming sheet-
like columns, and splitting the RNFBs as predicted (see Fig.5 (b) top). We therefore used this
striation pattern to quantify peripapillary Miiller cell spacings. In addition, the AO-OCT
angiogram nicely resolved the individual PRCs within the RNFL despite the low contrast due
to the coarse sampling. The PRCs were otherwise not discernable from the corresponding
reflectance image, as indicated by the red arrowheads (see Figs.5 (a) and (b)). At this location,
the RPCs formed a monolayer plexus, resided within each RNFB, and did not coincide with the
darker partitions. Later, we quantified RPC density and nearest-neighbor spacing by identifying
individual RPC coordinates in each angiogram cross section. The blue dashed curved lines
shown in the reflectance cross-section (Fig. 5(b) top) correspond to the anterior and posterior
surfaces of the RNFL from which we computed the RNFL thickness. Unlike the most common
approach delineating the edges of RNFL surfaces, we used the RNFL reflectance peak positions
to avoid scaling bias (e.g., linear or log scale); therefore, our RNFL thickness measurements
could be more robust against any reflectance change, including a change in the point spread
function, but likely underestimated compared to the normal range established in clinical OCT.
In this study, we have not attempted to make a direct comparison, but measure the peripapillary
RNFL thickness using this approach. Lastly, we measured the AO-OCT retardance and optic
axis of the RNFBs to characterize the well-being of fiber parallel structure, density, and
orientation (Fig. 5 (b) bottom two rows). Their corresponding cross-sections illustrate the
cumulative nature of the OCT-based polarimetry as the beam traverses into the tissue. The
retardance and optic axis orientation elevated at the anterior surface of the retina due to the
combined effect of the corneal birefringence, the SMF-based rotator, and some residual errors.
Later, we used these measurements to quantify the peripapillary RNFL birefringence and optic
axis orientation.

Next, we assessed the repeatability of our AO-OCT measurements in a well-trained, healthy
subject (HOO1). We measured the same selected patches at locations (1-5) in Fig. 4 by letting
the subject fixate on their corresponding LED targets for five consecutive weeks. A major
challenge was involuntary eye movements, as depicted in Fig. 5 (¢). The mean positions of the
eye motion trace varied significantly (One-way ANOVA, p <0.001). The SDs of the mean
horizontal and vertical positions were 121 pm and 90 pm, respectively. Consequently, the
overlap area progressively diminished over the course of the weeks, reducing to 0.6°%0.4°,
about 25% of the initial scan area (1°x1°). Nonetheless, we were able to track and measure the
same patch for five consecutive weeks, where we measured means, standard deviations (SDs),
and autocorrelations of AO-OCT reflectance, retardance, and optic axis orientation,
respectively. The mean and SD of each measure were computed at the anterior surface of the
RNFL (Figs. 5 (d) left). The reflectance, retardance, and optics axis volumes were correlated
with their respective baseline volumes (Figs. 5 (d) right). Overall, the measured reflectance,
retardance, and optic axis orientations were 0.026+0.007%, 29.4+4.8°, and 46+11°,
respectively. The mean values for each measure were similar over the course of measurements,
and their volume images were exceptionally well correlated with the baseline (>0.96). These
results indicate their stable performance. In contrast, their absolute measurements were more
challenging. The converted intensity reflectance in the log scale was -72dB, only a few dB
weaker than the lower limit of the previous estimate based on an OCT literature [11,61]. Both
are significantly weaker than the predicted reflectivity from the Fresnel equation (~ -32dB) as
a consequence of diffuse scattering. The retardance and optic axis at the anterior of the RNFL
were within a normal range of the previous report [62], but note that the measured optic axis
was rotated by a certain amount as described in the following paragraphs. We found the overall
tendency was the same across all the patches we examined (see Fig. S3).



Of note, we found a relatively low reflectance in week 3 due to the subtle misalignment in
the bulk interferometer. After the realignment in week 4, the overall reflectance came back to
the normal range, but there was a systematic rotation of the optic axis. So, we numerically
corrected for the rotation by setting the phase offset in Eq. (3) as 8= 22.5° in week 4.

Figure 6 summarizes the peripapillary RNFL thickness, reflectance, thickness,
birefringence, optic axis orientation, Miiller cell process spacing, and PRC spacing/density
measurements of two healthy subjects (37 years old subject with high myopia (H001) and 36
years old subject (H002)) from our ongoing study, plotted against the RNFBs orientation
respective to the horizontal scan axis of AO-OCT imaging instrument. For comparison, we
used the entire field of view instead of the overlap area to analyze the peripapillary RNFL
properties at each location. The RNFL reflectance from the anterior surface of the RNFL varied
across the locations in both subjects, albeit in distinct patterns between the two subjects, i.e.,
the reflectance at the papillomacular region was the strongest in HO01 but the weakest in H002
(see Fig. 6 (c) top left). The RNFL thickness appeared to follow the well-known double-hump
pattern [63] (see Fig. 6 (c¢) top middle). The thickness measurement was more stable
(coefficient of variance (COV) = 10%) compared to the RNFL reflectance (COV = 12%), but
the difference was small. The inclusion of large blood vessels contributed the most to the
thickness measurement variability (see Fig. 5 (b) top), which was more significant in the
superior regions (locations 1 and 2). The Miiller cell process spacings (see Fig. 6 (c) top right)
were within the range of a histology report [64] and peaked at the papillomacular region in both
subjects. Although not all Miiller cell processes were traceable in their cross-sectional images
(see Fig. 6 (b)), their conical expansion near the inner limiting membrane allows us to identify
each septum. The PR capillary density in HO01 was the most correlated with their
corresponding RNFL thickness, consistent with the previous report [65] (see Fig. 6 (¢) bottom
right). However, the cross-sectional nearest-neighbor PR capillary spacings resolved by the
AO-OCT angiogram were relatively flat across the locations, indicating the regular distribution
of PRCs within RNFL to support their neighbor axons. The PRC in H002 was not well resolved
due to its low contrast.

The peripapillary RNFL local birefringence and optic axis orientations were computed after
correcting for the surface Jones matrix [60] (see Figs. 6 (¢) bottom left and middle). The
peripapillary RNFL birefringence in both subjects shows an intriguing quadratic pattern similar
to Miiller cell process spacing rather than the double-hump pattern of the RNFL thickness.
Also, we found the RNFL birefringence was the most variable in the papillomacular region in
HO001, presumably due to larger regional variability. The peripapillary RNFL birefringence in
both subjects (0.22°+0.12° in HO01; 0.17°+0.12° in H002) was larger or near the upper limit
of the previous reports [66—70,59]. The higher birefringence in HOO1 is intriguing as it could
reflect the stretched nerve fibers in high myopia [71]. The measured RNFL optic axis
orientations were strongly correlated with the manually determined RNFBs orientation (R? =
0.96) in subject HOO1. The slope of the fitted line, 0.92, was close to 1. The offset was 22.5°,
consistent across the measurements. In subject HO002, the measured RNFL optic axis
orientations nicely followed the fitted line and were within the prediction interval of HOO1
measurements.



4

* Y eV VYYYY v YVVYY v v
vyvyr yervery ¥ veereer Y | SREpEige 1) v vy o

1 Ci \ | P e
W L | AT AT L

section

(c)
005 RNFL reflectance - RNFL thickness Muller cell process spacing

* won

1.38)

004

.

=
.
.
o.
[

e

“s e

.

column spacing [um]

amplitude reflectance [%]
-

o oo
o H00L wecka
= oo

.
thickness in tissue [um] (n

[ TS

) 20 a0 60 o
RNFBS orientation [degree)

<t -s -0 0
RNFBs orientation [degree]

a0 “w e 0w 3
RNFBS orientation [degree]

PR capillary spacing & density

® w01 seacing [ oy
o = Hook dareity

RNFL birefringence RNFL optic axis _ w0
HODN baseiine .

.
H

.
see
:
i

20] -~ wom s 4

en face density [um™']

birefringence [degreefum]

eane
Optic axis orientation [degree]
nearest neighbor spacing [um]

y=0092x+225
. R?=0.96

al - .
o R
80 W 0 w0 4 ™ % @ & e e

0 0 20 W
T w0 0 e b w @ @ fentatl
RNFBs orientation [degree] RNFBs orientation [degree] RNFBS orientation [degree]

Figure 6. Measurements of peripapillary RNFL reflectance, thickness, birefringence, optic axis,
Miiller cell process spacing, PR capillary density/spacing in two healthy subjects. (a) Spectralis
12° circle scan. The green boxes denote the AO-OCT imaging locations. (b) AO-OCT cross-
sectional image for each location. The yellow arrowheads denote the manually identified Miiller
septa. The star indicates the septum aligned with the capillary. (¢) RNFL reflectance, thickness,
birefringence, optic axis, and Miiller cell process spacing are plotted against the manually
determined RNFBs orientation from the AO-OCT reflectance volume.

3.2.2. Prelaminar and laminar tissue within the central ONH

We know of the characteristic damage to the ONH in normal aging, glaucoma, and other
neurodegenerative diseases. Resolving the extremely complicated ONH microstructure is
paramount to discerning convoluted damage on the ONH, including their responses to the
injury. Using the multifunctional AO-OCT, we imaged the central ONH in two healthy subjects
(HOO01 and HO03) with relatively thinner prelaminar tissue above the LC.
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Figure 7. Multifunctional AO-OCT reflectometry and polarimetry reveal the detailed view of
prelaminar and laminar tissue in a 37 y/o subject with high myopia. (a) Spectralis OCT image
with 1:1 aspect ratio. The red square denotes the corresponding cross-sectional area imaged by
the multifunctional AO-OCT. The red dashed-line square denotes the corresponding area image
(see Supplemental Section S3 and Fig. S4). (b) Cross sections of AO-OCT reflectance,
retardance, and optic axis with varying focus. The color change in the retardance and optic axis
images represents their value change, which follows the color maps shown on the bottom right.
The red arrows denote the width of dark trunk-like structures in the laminar cribrosa (aka LC
pore); however, the width varies significantly depending on which cross-section is used. The
striation pattern was visible in the laminar region (see also Visualization 1). The yellow
arrowheads denote one of the dark partitions that continues across the entire FOV. (c¢) En-face
images of AO-OCT reflectance, retardance, and optic axis orientation at different depths (Z1,
Z2, ...,76). The green and red asterisks denote the axon bundle's center positions, illustrating a
tortuous path through the prelaminar and laminar regions. We mask out unreliable pixels of optic
axis orientation with a retardance smaller than 5°. The white bars denote 100 pm unless
otherwise specified.

Figure 7 shows a detailed view of the extremely complicated structure of the central ONH
in HOO1 resolved by the newly developed multifunctional AO-OCT. To fully reconstruct the
entire volume across the depths, we systematically controlled the focus position by adding a
certain defocus amount to the reference wavefront from -0.37D to -0.12D with a step of 0.06D.
The reflectance at their corresponding depths became brighter and sharper as the focus altered,
as shown in Figure 7 (b). In contrast, the retardance and optic axis orientation didn't change
their contrast by focusing, except in the low SNR region, suggesting a negligible effect of
focusing on the AO-OCT retardance and optic axis orientation. We, therefore, merged all the
in-focus volume images into one via focus stacking combined with a simple affine
transformation. The reflectance cross-sectional image shows nearly equal brightness across the
entire depth, indicating all the depths are in focus (see Figure 7 (b) bottom). Indeed, the enface
images at different depths show sharply focused connective tissues within prelaminar and
laminar regions, as shown in Figure 7 (¢).



In the surface nerve fiber region (at Z0), including the inner limiting membrane of Elschnig,
the speckle pattern was formed by the reflections primarily from nerve fiber cytoskeletons,
capillaries, and connective tissues, like that of the peripapillary RNFBs (see Figs. 5 and 6).
However, as soon as the axon bundles turned nearly 90° toward the optic nerve (at around Z1),
the reflected light from nerve fibers went off the pupil, and thus their bundles appeared as dark
trunk-like structures (see Visualization 1). In contrast, the reflected light from the connective
tissues remained back onto the pupil and appeared as a bright mesh-like network structure that
continued across the depths and split the axon bundles. The tortuous paths of axon bundles (or
dark trunk-like structures) were visible across prelaminar and laminar regions (see
Visualization 2). We manually traced the center position of the same axon bundles across the
depths, as denoted by the green and red asterisks. The tortuosity was higher at the preliminary
region, and then the axon bundles were straightened in the laminar region. We also found that
the axon bundle, denoted by the red asterisk, split into two within the preliminary region (from
Z1 to Z2) by the bright connective tissue. The width of the individual axon bundles (or dark
trunk-like structures) and beams (a bright mesh-like structure) varied significantly across the
depths, particularly in the prelaminar regions (Z1-Z3). The reflectance of the bright connective
tissues was uniform across the prelaminar and laminar regions, resulting in an indistinguishable
boundary between the two regions, but varied across beams. In the cross-sectional images, the
dark partitions of the striation pattern were visible and continued across the entire field of view
in the laminar region (Z4-7Z6) (see Visualization 1). Histologically, astrocytes form several
sheet-like structures perpendicular to axons, alternating with the laminar sheets of collagenous
fibers along the depth [72]. Therefore, the periodic appearance of the dark partitions likely
corresponds to astrocytes (dark) and collagenous fibers (bright). Of note, the striation pattern
is occasionally visible in clinical OCT, but we observed a substantially improved contrast in
our AO-OCT owing to its resolution and motion correction accuracy.

The additional contrast provided by the AO-OCT polarimetry further detailed the ONH
microstructure. The retardance and optic axis orientation volumes were reconstructed by
applying a 3D Goldstein’s phase filter (alpha = 0.2) [73], correction for a surface Jones
matrix [74], and focus stacking [53]. The cross-sectional retardance image shows dramatic
color changes along the depth resulting from its cumulative effect, as shown in Fig. 7(b)
bottom. The rate of retardance change in the depth increased progressively toward the laminar
region and became the greatest in the laminar region, which is intriguing as it could indicate
the difference in extracellular matrix composition. Histologically, we know 1. progressive
increase of collagenous fibrils toward the laminar region and 2. most elaborated network of
collagenous fibers formed within the LC [75,76]. Indeed, we observed the greatest change of
retardance occurred within the LC where the striation pattern was formed. In addition, unlike
peripapillary RNFBs, the effect of axon bundles could be safely ignored; because we confirmed
most axon bundles were oriented approximately parallel to the beam by tracing the axon
bundles, further supporting the notion. Besides, the optic axis orientation measured by AO-
OCT polarimetry could represent the collagenous fiber orientation, but its implication was
difficult in the deeper regions because the optic axis orientation altered along the depth (Fig. 7
(b) bottom). Thus, the direct visual inspection was very challenging unless the collagenous
fibers were clearly exposed (see the next results). Nonetheless, the retardance and optic axis
variation across laminar beams were visible, which could indicate the difference in extracellular
matrix composition and mechanical stress/stretch (Fig. 7 (¢) Z4-Z6). Lastly, the AO-OCT
angiography located individual capillaries in the surface nerve fiber region which were critical
in maintaining choked axon bundles as they turn 90 degrees, but not in the deeper regions due
to its poor contrast to the surrounding tissue's pulsatile motion.
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Fig. 8 Multifunctional AO-OCT reflectometry and polarimetry reveal the detailed view of
prelaminar and laminar tissue in a 57 y/o healthy subject with a relatively deep cup. (a) Spectralis
OCT image with 1:1 aspect ratio. The red square denotes the corresponding cross-sectional area
imaged by the multifunctional AO-OCT. (b) Cross sections of AO-OCT reflectance, retardance,
and optic axis orientation after the reconstruction. The color change in the retardance and optic
axis images represents their value change, which follows the color maps shown on the bottom
left. The yellow arrowheads denote one of the dark partitions that continues across the entire
FOV. The periodic appearance of these dark partitions forms the striation pattern in the laminar
region. (c) En-face images of AO-OCT reflectance, retardance, and optic axis orientation at
different depths (Z1, Z2, ..., Z6). The red arrowheads indicate isolated fibers that bridge the
axon bundle and appear to be under-stressed/stretched. We mask out unreliable pixels with a
retardance smaller than 5°. The white bars denote 100 um unless otherwise specified.

Using the same methods described above, we found similar characteristic features in a 57
years old subject (H003; see Fig. 8), such as the transition of reflectance pattern of axon bundles
near the surface retinal nerve fiber region (Z0); tortuous paths of the axon bundles across the
depths; continuous structure of connective tissues (bright) splitting axons bundles (dark); and
the striation pattern of glial septa (dark) and collagenous fibers (bright) in the laminar region
(Z2-7Z4). But we also observed some other distinct features. First, the laminar beams appeared
more stretched. Even isolated collagenous fibers were visible, as indicated by the red
arrowheads. Second, the reflections in the laminar regions (Z2-Z4) were approximately three
times (in linear scale) brighter than those in the prelaminar regions (Z0-Z1), facilitating the
boundary segmentation between the two. Third, the rate of retardance change (or birefringence)
was higher than that of HO01 in the LC. Third, the prelaminar tissue was thinner, exposing the
collagenous fibers in the laminar region and easing the visual inspection of the optic axis
orientation. Indeed, the optic axis orientations of the collagenous fibers appeared well aligned
with manually determined collagenous fiber orientations, substantiating our polarimetry
measurements (see Fig. 8(c)). The LC also appeared to be thinner, though we couldn’t delineate
the posterior boundary of LC due to the central retinal vasculature residing just underneath.
These observations, such as stretched collagenous fibers, increased retardance within the LC,
and thinner LC, may indicate tissue deformation and remodeling in response to mechanical
stress or those related to the central retinal vasculature.



For further testing, we also measured the temporal ONH in HOO1 using the same methods
described above (see Supplemental Section S3 and Fig. S4), revealing the devastating impacts
of myopia-related deformation.

3.2.3. Arcuate RNFBs and GCL somas:

Examining the region along an arcuate RNFL bundle could reveal the time course, sequence of
pathophysiological events, and their correlations to established clinical manifestations (RNFL
retardance loss and thinning, then capillary blood flow reduction). In addition, detecting the
loss of the GCL soma in the living eye can establish the time course relative to other existing
clinical metrics.

We imaged three additional patches along the arcuate in the Bjerrum region of HO01 during
the same imaging session with peripapillary RNFL imaging. We predetermined these targeted
locations based on a mathematical prediction of the nerve fiber trace done by Jansonius et
al. [57] (see Fig. 4). The manually determined RNFBs’ orientations were well-matched with
the predicted fiber orientations. The optic axis orientation measurements were also well aligned
but with an unknown offset of 22.5°, similar to those in the peripapillary RNFL measurements
(see Fig. 6). We found the dispersed orientation of the RNFBs at location (8) near the temporal
raphe consistent with histology [77]. The packed GCL somas were visible at the same location
(8), and their reflectance was approximately 9X weaker than the RNFL reflectance in the linear
intensity scale, consistent with the previous estimate based on an OCT literature [11,61]. The
SVC capillaries, including PRCs, were well aligned with the RNFB orientation near the ONH;
however, the orientation and depth locations of the SVC capillaries dispersed toward the
temporal raphe.

4. Discussions

This manuscript describes and characterizes a new multifunctional AO-OCT that measures
reflectance, retardance, optic axis, and angiogram, all at the cellular scale in the living human
retina and ONH. Rich structural information combined with the focus stacking and eye motion
correction algorithms, enables a detailed view of the RNFBs, GCL somas, glial septa,
capillaries, and connective tissues. These are key features of neurodegenerative diseases,
including glaucoma.

AO-OCT reflectance is a fundamental measure for characterizing intrinsic optical
properties of the living retina and ONH. Previous studies using AO-OCT have improved
morphometry, i.e., measuring size, shape, orientation, and distribution of cellular features, such
as RNFBs, GCL somas, and inner plexiform sublayers [20,21,17], which were not easily
discernible in clinical OCT. However, few attempts have been made to quantify the reflectance
despite its significance in glaucoma [78,70,79], presumably due to its inherent variability. This
variation is caused by factors such as eye and head motion, blinking, opacity, effective NA
(pupil size and axial length), and tissue directionality - as well as instrument errors, including
coherent noise, polarization noise, and AO correction stability when including a focus control.
We have attempted to address these issues by implementing 1) dedicated control software and
subject interface for seamless AO operation, including eye alignment; 2) the postprocessing
methods of registering, normalizing, and averaging more than a hundred volume images; and
3) the polarization diversity detection to remove the impact of polarization artifacts in highly
birefringent tissue. We find our AO-OCT reflectometry is generally repeatable over time,
reproducible across different focuses, locations, and subjects, and free from polarization
artifacts (see Section 3.2). In addition, our AO-OCT reflectance measurement could be further
improved by incorporating AO Shack-Hartmann wavefront sensor measurements as a
diagnostic to track pupil sizes and positions, RMS errors, and fundus reflectance. Although
some challenges likely remain to be seen, we anticipate that deploying the AO-OCT
reflectometry and its morphometry will become essential for characterizing cellular and
subcellular features in the living eye.



AO-OCT polarimetry is another excellent addition to conventional AO-OCT, which can
measure the change in polarization properties of individual RNFBs and collagenous beams as
indications of fiber loss, stress/stretch, deformation, and remodeling. To achieve this, we have
carefully designed and constructed our off-axis relay telescope and hybrid interferometer using
both bulk and fiber optics. Despite the initial concerns described below, we have successfully
demonstrated the capability of AO-OCT polarimetry to measure retardance and optic axis
orientation in the living human retina and ONH with excellent repeatability and reproducibility
(see Section 3.2). The most significant concern when guaranteeing quantitative measurements
is the signal-to-noise ratio (SNR) in PS-OCT measurement [80]. Indeed, the measured
retardance and optic axis orientation both dramatically converge towards 45° and 0°,
respectively, as the SNR reduces with increasing distance from the focus (see Figs. 5 and 7).
Therefore, combining the in-focus volumes is necessary to fully reconstruct the retardance and
optic axis volumes (see Figs. 7, 8, and S4). Our AO-OCT polarimetry results suggest a
negligible impact of wavefront curvature near the focus in the weak birefringent tissue we
measured. Thus, our simple approach of focus stacking could be justifiable, though a more
sophisticated approach may improve the volume reconstruction. The speckle noise is a
secondary yet significant concern (see Section 3.1). Typically, the spatial filter is applied to
reduce the speckle noise at the expense of resolution. Thus, in non-AO PS-OCT measurements,
multiple fiber bundles or laminar beams could be averaged out. The smaller speckle size in AO-
OCT polarimetry allows the local averaging window to be small enough to resolve individual
axon bundles and beams (see Figs. 7, 8, and S4), even isolated fiber bundles (see Fig. 8).

Another remaining challenge concerns the inherent limitations in the single-mode fiber-
based PS-OCT. First, the optic axis measurement is relative because the single-mode optical
fiber introduces an unknown phase offset (or rotation of the optic axis). Also, the state of optical
fiber birefringence is sensitive to temperature change and mechanical force. Even if we
corrected for the surface Jones matrix that includes such an error, theoretically, the true phase
offset remains unknown. Despite these concerns, we generally find excellent repeatability and
reproducibility across intra-and inter-measurement sessions with a maneuver calibration prior
to each measurement (see Figs. 5 and Fig. S3). For example, the measured optic axes strongly
correlate with manually determined nerve fiber orientations but with a “known” phase offset of
22.5° (see Figs. 6). The measured corneal optic axis aligned well with the previous report [62],
even better if we accounted for the “known” phase offset. The exposed collagenous fiber
orientation well aligns with the measured optic axis orientations (see Fig. 8). Moreover, the
numerical correction for the phase offset using Eq. 3 is required only after the realignment of
the bulk interferometer over a series of experiments. These results show promise for an absolute
optic axis measurement in future studies. Second, the cumulative nature of OCT-based
polarimetry obstructs resolving local (or depth-resolved) birefringence and optic axis
orientation. Although several numerical postprocessing approaches have been proposed for the
local (or depth-resolved) analysis, absolutely accurate measurements and sophisticated
numerical compensation are required to remove the numerical error propagating across the
depths where the critical fiber components exist. For example, we need precise image
segmentation to isolate the tissue with the same optic axis, inter/extrapolation to fill dark pixels,
sophisticated noise reduction caused by shot noise, speckles, and multiply scattered light. Such
a dedicated approach could be possible by combining our high-resolution AO-OCT images;
however, it’s very time-consuming, requires some heuristic assumptions, and, more
importantly, may not be necessary for detecting longitudinal changes of fiber loss, remodeling,
and deformation.

AO-OCT angiography is a label-free imaging method that can measure individual capillary
functionality through motion contrast. We have limited use of AO-OCT angiography in the
present study, but its application is vast. The well-being of the superior vascular complex
(SVC), including PRC, has been extensively studied in glaucoma and other neurodegenerative
diseases owing to its significant and unique role in response to surrounding nerve fiber



demands. The AO-OCT angiography can pave the way to resolve, locate, and quantify
individual capillaries, their functionality, and their relation to surrounding tissue. Unlike the
intermediate or deep capillary plexus, the SVC capillaries are not easily discernible from the
AO-OCT reflectance image due to the nearly equal reflectance from RNFBs (see Fig. 5). Thus,
AO-OCT angiography is crucial in resolving and locating individual capillaries in SVC,
including PRCs. Indeed, this study shows a promising use case of AO-OCT angiography for
capillary morphometry (see Fig 6). Although the presented approach is not optimized for AO-
OCT angiography, the denser sampling and modified scan protocol could improve the contrast
further [26].

Most strikingly, the combined approach orchestrates the detailed view of the RNFBs, GCL
somas, capillaries, glial septa, and connective tissues, key clinical features in neurodegenerative
diseases, including glaucoma. For example, the peripapillary RNFBs are better visualized by
averaging out the speckle noise along the axon axis measured by hand and also by the
polarimetry (see Figs. 5 and 6). With the global image registration algorithm, this averaging
method maintains the parallel structure of axons, Miiller cell processes, and astrocytes and thus
produces a high-quality, speckle-free, cross-sectional image of RNFBs and Miiller septa.
Indeed, the average cross-sectional image shows the intriguing heterogeneous reflectance
pattern within each RNFB. The pattern is not solely attributed to the RPC reflections whose
locations are identified via the angiogram, and thus, most likely reflecting the intra-bundle
contents (axons and glial cells) and their distribution. Now, we can test the effect of axonopathy
and retinal gliosis on the intra-bundle reflectance pattern and their relation to capillary blood
flow change, well-being of parallel axon structures, and RGC loss in living humans.

Another example is the ONH, one of the most challenging portions of the eye to be imaged
by AO-OCT yet holding critical clinical features in glaucoma and other neurogenerative
diseases. The presence of large blood vessels, limited penetration, and considerable variability
in ONH morphology across the subjects restrict the area or the number of subjects to be imaged
and analyzed. Nonetheless, we have successfully imaged a portion of temporal and central
ONH in two healthy subjects with relatively thinner prelaminar tissue. Combining focus
stacking, global image registration, and volume composition algorithms allows a detailed view
of ONH, almost resembling histological sections, with their polarization properties. With a deep
understanding of histological features, we have shown promise to unravel complicated
relationships of the intrinsic optical measures to the cellular and subcellular components and
their distributions, including axon bundles, collagenous fibers, capillaries, and astrocytes, key
clinical features in glaucoma and other neurodegenerative disease. We anticipate that further
study will unravel the heterogeneous and interdependent relationship between the
multifunctional AO-OCT-based measurements and manifestations of neurodegeneration,
including neuronal loss, axonopathy, retinal gliosis, or vascular dysfunction. Particularly in
glaucoma, the impact of mechanical stress on the ONH could be further investigated by directly
or indirectly resolving degenerating axons, retinal gliosis, stressed/stretched collagenous fibers,
and their remodeling together with capillary blood flow change and RGC loss, all in the living
human eye.

The limitations of the AO imaging are well documented elsewhere [81]. A major limitation,
often unnecessarily exaggerated, is the considerably smaller field of view and depth of focus,
which could lead to longer measurement time and bigger data size. To mitigate this, we have
imaged specifically targeted locations of clinical interest, for example, the peripapillary retinal
nerve fiber region, which is directly comparable with the current clinical measures. By doing
so, we could use AO-OCT as a supplement, not a replacement, to current clinical tests so as to
improve clinical assessment. Moreover, we simultaneously built a duplicate machine for
imaging NHP to accelerate “bench-to-bedside” discovery and vice versa, which includes
histological validation, tests for a new drug or treatment, and evidence-based studies of
underlying pathophysiology with well-controlled perturbations. This translational approach
will further narrow down the targets, improving its efficiency while addressing scientific



questions. With that said, increasing the AO-OCT imaging speed is still highly demanding,
particularly to reduce eye motion artifacts in patients with poor fixation. Although the MHz
FDML source has made AO-OCT imaging much faster [82,83], it’s still limited to longer
wavelength bands at the expense of resolution and scattering. A new swept-source development
with a historically optimal wavelength band, 800 nm, which has the highest throughput, is
awaited. High-speed AO would also be helpful as it could improve the imaging
throughput [84]. Another important challenge is accurately tracking the same position over a
long period. This study shows a very limited overlap area over five weeks, primarily due to
low-resolution fixation display. But we anticipate that this could be improved by increasing the
display resolution. Indeed, our previous study showed a larger overlap possible with finer
fixation display and its control in normal subjects [15—-17] and a glaucomatous patient [85]. In
the worst case, we could account for the effects of regional variability by finding a percent
overlap.

5. Conclusion:

We demonstrated multifunctional imaging of the living human retina and ONH using a newly
developed AO-OCT device that can measure reflectance, retardance, optic axis, and angiogram
at the cellular scale. Multifunctional AO-OCT reveals astonishing details of RNFBs, GCL
somas, capillaries, connective tissues, and glial septa in the living human eye. Although further
studies are forthcoming, the preliminary results show promise in detecting key aspects of the
disease and its progression at the cellular scale.
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