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Label-Free Imaging of Inflammation at the
Level of Single Cells in the Living Human Eye
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Purpose: Putative microglia were recently detected using adaptive optics ophthalmoscopy in healthy eyes.
Here we evaluate the use of nonconfocal adaptive optics scanning light ophthalmoscopy (AOSLO) for quantifying
the morphology and motility of presumed microglia and other immune cells in eyes with retinal inflammation from
uveitis and healthy eyes.

Design: Observational exploratory study.

Participants: Twelve participants were imaged, including 8 healthy participants and 4 posterior uveitis pa-
tients recruited from the clinic of 1 of the authors (M.H.E.).

Methods: The Pittsburgh AOSLO imaging system was used with a custom-designed 7-fiber optical fiber
bundle for simultaneous confocal and nonconfocal multioffset detection. The inner retina was imaged at several
locations at multiple timepoints in healthy participants and uveitis patients to generate time-lapse images.

Main Outcome Measures: Microglia and macrophages were manually segmented from nonconfocal
AOSLO images, and their morphological characteristics quantified (including soma size, diameter, and circularity).
Cell soma motion was quantified across time for periods of up to 30 minutes and their speeds were calculated by
measuring their displacement over time.

Results: A spectrum of cell morphologies was detected in healthy eyes from circular amoeboid cells to
elongated cells with visible processes, resembling activated and ramified microglia, respectively. Average soma
diameter was 16.1 + 0.9 pum. Cell movement was slow in healthy eyes (0.02 um/sec on average), but
macrophage-like cells moved rapidly in some uveitis patients (up to 3 pm/sec). In an eye with infectious uveitis,
many macrophage-like cells were detected; during treatment their quantity and motility decreased as vision
improved.

Conclusions: In vivo adaptive optics ophthalmoscopy offers promise as a potentially powerful tool for
detecting and monitoring inflammation and response to treatment at a cellular level in the living eye.

Financial Disclosure(s): Proprietary or commercial disclosure may be found in the Footnotes and Disclo-
sures at the end of this article. Ophthalmology Science 2024;4:100475 © 2024 by the American Academy of
Ophthalmology. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

Supplemental material available at www.ophthalmologyscience.org.
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Retinal microglia are the primary resident immune cells'” of ~ from the soma that constantly survey the local

the retina. In development, microglia actively prune and
sculpt retinal cells and their circuitry.” In mature retina,
microglia are necessary for healthy visual functioning,
through the maintenance of the synapses in the plexiform
layers.” In the healthy adult retina, microglia exist in a
regularly ordered ramified state.” In primates, their highest
densities are observed in the inner and outer plexiform
layers while a small proportion reside in the ganglion cell
layer and on the retinal surface.” In mice, retinal surface
macrophages predominantly include microglia but also
include perivascular macrophages and hyalocytes.”’
Ramified microglia have cell morphologies that are
dendritic in appearance with many processes extending
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microenvironment.® Resting microglia form a network of
potential immunoeffector cells” that can become activated
during inflammation. Depending on the inflammatory
stimuli, these cells can exhibit a wide range of actions and
roles such as driving acute inflammatory responses and
both initiating and regulating lymphocyte-driven adaptive
responses.'”'"  Microglia can trigger inflammatory
responses to pathogens and tissue trauma and pave the
way for the progressive recruitment of circulating myeloid
cells such as neutrophils, inflammatory monocytes/
macrophages, and lymphocytes into the eye.' "'

Though previously inaccessible to direct cellular-level
ophthalmic in vivo imaging, recent advances in adaptive
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Table 1. Demographic Characteristics of Participants

Sex
Category Participants (n) Male
Healthy participant (P) 8 5
Posterior uveitis patient (Pt) 4 1

OD = right eye; OS = left eye; SD = standard deviation.

optics ophthalmoscopy have begun to reveal microglial cells
and their dynamic activity with high resolution in normal
healthy eyes.®'*'* Adaptive optics permits high-resolution
imaging of the human retina in vivo at a cellular level by
compensating for the optical aberrations of the eye.'” The
addition of adaptive optics to multiple ophthalmic imaging

Female

Eye Imaged Age (yrs), Axial Length (mm),
OD oS Mean (SD) Mean (SD)
7 1 30 (6) 24.36 (0.54)
3 1 51 (13) 23.88 (0.83)

ophthalmoscopy (AOSLO),' adaptive optics OCT,'” and
flood illumination adaptive optics have enabled
visualization of many of the cell classes within the living
human eye, with some retinal cell classes (e.g., cone
photoreceptors and retinal pigmented epithelial cells) now
accessible in multiple modalities. Over the past several

modalities, such as adaptive optics scanning light  years, the list of retinal cell classes accessible to in vivo
Table 2. Case Description of Uveitis Patients
Patient Major Uveitis AOSLO Clinical
No. (Pt) Sex Age, yrs Eye Dignosis Duration* Sessions Treatment Features FFA
1 Male 52 OS ASPPC 6d 3 sessions at 0, #1: benzathine G Irregular, nodular N/A
26, and 41 days  penicillin thickening of the
24,000,000 units retinal pigment
IM once weekly for  epithelium on OCT
2 consecutive
weeks)
2 Female 69  OD bilateral PU and 3 mo 1 4 weeks of PO resolved periphlebitis e initial FFA showed
retinal vasculitis prednisone (dose OD>OS and leakage from optic
(periphlebitis) was 0.25 mg/kg/d, resolved papillitis disc and retinal
slow tapering from  OU vessels.
initial 0.5 mg/kg/d) e FFA 3 months later
(same day as
AOSLO) showed
retinal vasculitis
less active with
reduced leakage
noted from retinal
vessels OU
3 Female 35  OD bilateral chronic PU 8 yrs 2 #1: DEX intravitreal peripheral retinal FFA acquired 18 and
and CSME implant 15 months  ischemia, no vessel 12 months ago both
ago; SC ADA sheathing showed unchanged
restarted 3 weeks mid periphery
ago.' vessels leakage,
#2: infliximab IV (2 diffuse capillary
mg/kg) started 3 staining
months prior.*
4 Female 48  OD chronic PU and 22 mo 1 IVT for uveitis related peripheral retinal widespread
CSME CSME (x1), PSTA ischemia, no vessel choriocapillaris

(x1), DEX implant
(x3), FAc IV (x1).

sheathing fluorescein staining,
peripapillary vessels

leakage nasally

ADA = adalimumab; AOSLO = adaptive optics scanning light ophthalmoscopy; ASPPC = acute syphilitic posterior placoid chorioretinitis; CSME =
cystoid macular edema; DEX = dexamethasone intravitreal implant 0.7mg; FAc = fluocinolone acetonide intravitreal implant 0.18 mg; FFA = fundus
fluorescein angiography; IM = intramuscular; [V = intravitreal; IVT = triamcinolone acetate intravitreal injections; N/A = not available; OD = right eye;
OS = left eye; OU = bilateral; PO = per os; PSTA = posterior subtenon injection of triamcinolone acetonide; Pt = patient; PU = posterior uveitis; SC =
subcutaneous.

*Duration of uveitis is counted on initial AOSLO imaging.

TADA was discontinued for 9 months due to pregnancy.

iSwitching to IV infliximab because ADA did not prevent the occurrence of eye inflammation 2 months after being restarted.
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imaging has continued to grow. In adaptive optics OCT,
advances toward imaging of additional cell classes, such
as retinal ganglion cells and macrophages, have come
from higher speed devices with improved image
processing and registration that enable the averaging of
many volumetric data sets.®1%20 1n AOSLO, additional
cell classes and structures have recently become accessible
mostly due to changes in how the light is detected.
Nonconfocal AOSLO has enabled imaging of structures
that are not visible using traditional confocal imaging. Un-
like confocal imaging where a pinhole aperture is set on the
optical axis at the retinal conjugate focal plane to reject light
from out of focus retinal layers, the principle behind non-
confocal imaging modes is to purposely acquire the non-
confocal portion of the light distribution that falls outside
the confocal aperture detection area. It is thought that these
techniques preferentially collect light that has been multiply
scattered”"** by the retina. The first and simplest approach
used in AOSLO consisted of a single aperture displaced
from the optical axis.”'*> This “offset aperture” method
was shown to enhance the contrast of certain retinal
structures, such as capillary walls.”! Since then, additional
nonconfocal AOSLO setups have been devised that differ
in detection pattern and the number of detectors used.
Scoles et al”’ showed that splitting the nonconfocal light
into 2 portions and directing each to separate detectors
yields 2 images of the same area that can be combined to
increase image contrast. This “split-detection” setup
allowed for the first in vivo imaging of cone inner
segments. Later work showed the nonconfocal light
distribution could be further subdivided and similarly
combined using an offset aperture sequentially positioned
at multiple points across the retinal conjugate focal plane.
This “multioffset” detection was shown to improve the
contrast of retinal ganglion cells'*** and presumed
microglia.'” Recently, an additional orthogonal split was
added to achieve 4-quadrant detection;”> this setup,
combined with an emboss filtering approach, was shown
to reveal the vitreous cortex hyalocytes, and the dynamics
of their processes with high contrast. However, this
technique was not used for quantification of microglial
cell morphology, as the image filtering approach prevented
accurate morphological measurements from being
obtained."* An optical model has been proposed that
suggests that all these nonconfocal methods enhance
contrast by exploiting spatial variations in the refractive
index, in a similar way to phase contrast microscopy.’®’
We recently showed that multioffset detection could be
improved through the use of a radial detection 7pattem13 and
spatial ~ frequency-based image fusion.””  However,
sequential multioffset remained inherently slow due to the
need to physically move the aperture across the retinal
conjugate focal plane for acquisition, resulting in several
minutes of acquisition at each retinal location. A further
limitation is that the adaptive optics correction and optical
quality fluctuates over time as eye movements
continuously shift the field of view, reducing the common
area of overlap for image fusion. Here we implemented
simultaneous multioffset detection using an optical fiber
bundle (FB), similar to Mozaffari et al”® but in a

simplified optical setup using a custom-designed FB based
on our recently published optimized radial detection
pattern.'” We evaluated the use of this improved multioffset
detection configuration for the quantification of microglia
and macrophage-like cell morphology and motility across
short timescales in healthy eyes and in patients with
inflammation from posterior uveitis.

Methods

Study Approval

This study was approved by the Institutional Review Board of the
University of Pittsburgh and adhered to the tenets of the Declara-
tion of Helsinki. Written informed consent was acquired before
enrollment for each participant following a detailed explanation of
experimental procedures both verbally and in writing. Written
informed consent included potential use of participants’ deidenti-
fied ophthalmology examination results.

Participants

Twelve participants were enrolled; demographic information is
shown in Table 1. Eight healthy participants had no known retinal
and/or ocular diseases (hereafter referred to as P1—PS8). Four
patients were recruited from the uveitis clinic of 1 of the authors
(M.H.E.). Medical history and treatment information (hereafter
referred as Pt1—Pt4) are summarized in Table 2. Before imaging,
1 drop of 1% tropicamide and 1 drop of 2.5% phenylephrine
hydrochloride were applied for pupil dilation.

Fiber Bundle-Based Nonconfocal Multioffset
AOSLO Imaging

The study was carried out on the Pittsburgh AOSLO (Fig S1, available
at www.ophthalmologyscience.org) with the light detection pathway
and data acquisition system modified for FB detection as described in
detail in Appendix S1 (available at www.ophthalmologyscience.org).
Adaptive optics scanning light ophthalmoscopy focus was set to be at
the level of the retinal ganglion cell layer for all participants except for
Ptl. In Pt1 we imaged the inner retina near the fovea and set the focus
to the best plane to visualize the macrophage-like structures that were
visible in the raw data. Microglia and macrophage-like cells were
manually segmented to quantify morphometry. Independent labeling
of microglia and macrophage-like cells was done for static images (3
graders) and for every frame of the time-lapse video clips (2 graders).
Detailed descriptions of the image processing and analysis procedures
can be found in Appendix S1.

Results

Imaging of Microglia in Healthy Eyes

Only modest differences in nonconfocal image quality were
observed when comparing FB detection to our previous
sequential multioffset approach, with FB images in general
showing slightly improved image quality (Fig S2, available at
www.ophthalmologyscience.org). Compared with sequential
detection (3—4 minutes per acquisition), the reduced
acquisition time for FB detection permitted multiple
locations to be imaged and montaged, allowing for microglia
to be segmented and quantified across larger retina areas (Fig
3; Fig S4A, available at www.ophthalmologyscience.org).
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Figure 3. Nonconfocal fiber bundle adaptive optics scanning light ophthalmoscopy (AOSLO) montage showing microglial cells imaged in healthy retina.
A, Retinal montage composed of 20 images; cyan box denotes the field of view of a single image. White arrows denote 5 example microglial cells (T =
temporal, S = superior). Scale bar is 50 pm. B, Conventional SLO image for orientation; yellow and cyan boxes correspond to regions marked in (A).

A total of 239 presumed microglial cells were detected,
segmented, and quantified in 6 healthy eyes (Table S3,
available at www.ophthalmologyscience.org). To clearly
distinguish potential microglial cell processes from retinal
vasculature, we carefully compared FB images to perfusion
maps generated through motion contrast processing of the
FB data (Fig S4C—D). We hypothesized that ramified
microglia in the healthy retina would have lower contrast in
the perfusion maps while blood flow will provide a strong
motion  contrast  signal.  Yellow arrowheads in
Figure S4C—D denote the position of 7 example microglial
cells while the pink arrowhead shows 1 putative microglial
cell that had both high contrast and was colocalized with a
vessel. Though perivascular macrophages are known to
reside adjacent to vessels, owing to ambiguity as to whether
this was a macrophage or a diving vessel, we conservatively
excluded these cells from quantification.

Microglial cells exhibited a spectrum of morphologies (Fig
5) ranging from elongated somas with visible processes to
more circular shaped amoeboid somas, resembling ramified
and activated microglia, respectively.”*" Cell processes
were not always detected on the elongated cells suggestive
of a ramified appearance. Careful comparison of these cells
imaged at different timepoints during a single imaging
session reveals the potential for them to extend and retract
their processes (see Fig 6A—D and corresponding Video S1,
available at www.ophthalmologyscience.org). This illustrates

4

that these morphometric measurements are limited to
represent a snapshot in time and that parameters such as the
eccentricity (cell circularity) and soma diameter can change
dynamically over several minutes.

Microglial cell motility in healthy retinas was manifested
in 2 aspects; apart from above mentioned subtle morpho-
logical changes (see another example in Video S2, available
at www.ophthalmologyscience.org), we also quantified cell
soma displacements and calculated their speeds (see
example in Fig 6E—G and corresponding Video S3,
available at www.ophthalmologyscience.org). Microglial
cell speed was measured at 10 different locations in 5
healthy eyes (43 cells in total, Table S4, available at
www.ophthalmologyscience.org). In healthy retinas, cell
somas moved extremely slowly, with an average speed of
0.02 pm/sec. Microglial cell somas appeared to be mostly
static across the timescales we evaluated, with only a few
observed to move substantially, at speeds up to 0.13 pm/
sec. Cumulative distance is plotted against observation
time for 11 cells monitored in P1 in Figure S7 (available
at www.ophthalmologyscience.org). Consecutive images
were generated across 5 minutes at an interval of 30
seconds. Examples from 0, 3, and 4.5 minutes are shown
in Figure STA—C, and Video S4 (available at www.opht
halmologyscience.org) shows the complete time-lapse ani-
mation corresponding to Figure S7A. Cell speed varied
between consecutive observation time points, indicating
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more elongated

more circular

Figure 5. Morphologies of microglial cells visible in healthy retinas. A—D, Images from single acquisitions (1.5° x 1.5° field of view); participant number
and retinal eccentricity are noted at lower left corner (T = temporal; S = superior). E, Examples of presumed microglial cells with different morphologies
ranging from more elongated somas to more circular somas, corresponding to cells denoted with white arrowheads in (A—D). Yellow arrowheads mark
putative microglial cell processes. All scale bars are 25 pm; scalebar in (D) applies to (A—D).

the uneven speed of these cells that occasionally moved in
short bursts (e.g., cell plotted in purple between 2.5 and 3
minutes in Fig S7D). During observation, only 1 cell
moved substantially, denoted by the purple line plot
shown in Figure S7D (corresponds to cell in purple box in
Fig S7A).

The morphometry and motility of microglial cells in
healthy retinas are summarized in Tables S3 and S4 and are
plotted in Figure 8. A histogram of eccentricity (i.e.,
circularity) fitted with kernel density estimation for all
cells detected across all eyes is shown in Figure 8A.
Average soma diameter across all eyes was 16.1 £ 0.9
pm; the histogram in Figure 8B was fit with a normal
distribution (mean, 16.27; standard deviation, 2.64). Mean
soma diameter was similar in each of the different control
eyes, ranging from 14.7—16.96 pum (Table S3). Mean (£
standard deviation) soma area for all the cells detected
across all eyes was 192.97 4 17.2 pm?, and its histogram
was plotted and fit with a normal distribution (mean =
194.84; standard deviation, 56.06) in Figure 8C. Average
cell density across all 6 participants was 20 cells/mm?
with lar%e intersubject variability, ranging from 8—28
cells/mm~ (see Table S3). Cell speeds are plotted in
Figure 8D.

Evaluation of Cellular Structures Visible in
Patients with Retinal Inflammation from
Posterior Uveitis

In a patient’s eye (Ptl) diagnosed with acute syphilitic
posterior placoid chorioretinitis, many presumed immune
cells were observed in the FB images at a first imaging
session in the most acute phase of the disease we observed

(Fig 9). Six days before imaging, the patient had begun
treatment with penicillin (see case details in Table 2).
Careful comparison revealed that some of the cells were
also barely visible in the confocal channel. Some cells
showed morphologies suggestive of macrophages with
internal structures; others had more uniform contrast
across their extent (Fig 9D). A total of 32 cells, 15.6 um
in diameter, on average, were observed within the imaging
field of view.

This location (Fig 10A) was imaged consecutively for 3
minutes (6 videos, 30 seconds each) and then again 12
minutes later (2 videos, 30 seconds each). After
registration we averaged 10-second (300 frame) intervals
to produce 24 images across the timespan to quantify the
speed of the fastest-moving cells within the field of view.
Figure 10B shows cell trajectories overlaid on the first
nonconfocal FB image with aggregated dots denoting the
motion of cells that moved minimally, whereas lines
represent cells that traveled longer distances. The
trajectories of 5 example cells are highlighted with the
positions of cells #1—3 during 40- or 50-second intervals
shown in Figure 10C—E. Unlike cell-like structures
resembling macrophages that we could detect moving across
many images, cells #4 and #5 were serpentine shaped and
moved much more rapidly across the field of view. Video
S5 (available at www.ophthalmologyscience.org) shows
the complete time-lapse video with cells #1—5 marked
with the same colors as Figure 10B.

The cumulative distances of these 5 example cells against
a 50-second duration are plotted in Figure 10F; for
comparison, the gray lines show the speed of several cells
detected in healthy participant P1. Figure 10G shows a
histogram of the speed of all 32 cells detected in this
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0 min

5 min

10 min

Figure 6. Morphological changes of microglial cells in healthy retinas. A, E, Images from single acquisitions (1.5° x 1.5° field of view); participant number
and retinal eccentricity are noted at lower left corner (T = temporal; S = superior). Colored boxes are enlarged in (B—D and F—G) showing cell position
(marked with white arrowheads) at different observation time points. Scale bars are 25 um for all images.

patient (yellow bars) along with the 43 moving cells
quantified in the 5 healthy participants (gray bars).
Compared with the slow motion of microglial cells seen
in healthy retinas, we observed substantially faster cells in
this patient, with speeds up to 3 pm/sec, > 100 times
faster than the average speed detected for normal cells. In
subsequent imaging at 19 and 34 days later, fewer cells
were detected (see day 20 in Video S6 and day 35 in
Video S7, available at www.ophthalmologyscience.org),
and their average speed was markedly reduced over time
(Fig S11, available at www.ophthalmologyscience.org).
This reduction in the number and speed of cells was
correlated with improvements across other measures
including visual acuity, clinical examination findings, and
multimodal retinal imaging (Fig S12, available at www.opht
halmologyscience.org).

In patients’ (Pt2 and Pt3) eyes diagnosed with nonin-
fectious posterior uveitis, numerous cells and high contrast
structures were detected (Fig 13). Many of the cells had
similar morphology and size compared with the microglia

detected in normal eyes, but we observed many more
structures within each field of view compared with normal
eyes. Compared with Ptl, cell activity was mostly marked
by local morphological changes rather than movement
across the field of view. Video S8 (available at www
.ophthalmologyscience.org) showed the time-lapse video
of the complete observation. Interestingly, though cell mo-
tion was apparent in Pt2’s eye (Video S8A), with acute
retinal vasculitis, it was absent in Pt3’s eye (Video S8B),
with chronic retinal vasculitis (over 8 years) that was
moderately active at the time of imaging. The lack of cell
motility in Pt3 suggested that these presumed microglia, at
least at the location we imaged, were possibly not in an
activated state at the time of imaging. This is interesting
to note as clinical retinal imaging in Pt3’s eye was not
accurate enough to confirm uveitis activity.

As shown in Figure 14, fundus fluorescein angiography
(FFA) of Pt3 from 18 and 12 months before the first
AOSLO imaging session persistently showed diffuse
staining from the retinal vessels due to chronic rupture of
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Figure 8. Microglial cell morphometry and speed in healthy retinas. A, Histogram of soma eccentricity fit with a kernel density estimation. B, Histogram of
soma diameter fit with normal distribution (mean = 16.3, standard deviation = 2.6). C, Histogram of soma size (represented by soma area) fit with normal
distribution (mean = 194.8, standard deviation = 56.1). D, Scattered boxplot of speeds for 43 microglial cells from 5 healthy participants.

the blood—retina barrier, making the level of inflammation
impossible to assess. Assessment of macular edema, shown
on OCT, was used to assist in the clinical evaluation of
disease status. The presence of numerous intraretinal cysts at
visit 1 on OCT (Fig 15) was suggestive of a moderate level
of persisting inflammation that was nearly resolved by visit
2, 16 weeks later (Fig 15C). However, AOSLO taken on the
2 different visits (Fig 15D—G) showed different degrees of
high contrast structures in the nonconfocal FB images,
including microcysts (Fig 15E, magenta arrowheads), cell-
like structures (Fig 15F—G, blue arrows), and numerous
small punctate structures of unknown origin (a few
denoted with yellow arrows in Fig I5F—G). Interestingly,
though microcysts were not clearly seen in the first
timepoint in AOSLO, they could be seen with high
contrast at visit 2 (Fig I5E, magenta arrowheads). The

comparison of AOSLO images between visits agreed with
the patient’s improvement evaluated from OCT, but the
residual cysts, presumed immune cells, and numerous
small punctate features seen in images from visit 2
suggested that the posterior uveitis was not fully recovered.

Another example of chronic uveitis is shown in Pt4’s eye
who had chronic uveitis for > 20 months and received
treatments for macular edema that was resolved at the time
of imaging. Adaptive optics scanning light ophthalmoscopy
images from this patient’s eye (Fig S16, available at
www.ophthalmologyscience.org)  showed almost no
macrophage-like cells, consistent with the quiescent state
of uveitis at that time. Taken together, the results from
imaging these patients demonstrate the potential for
improving the evaluation of uveitis by revealing fine-scale
dynamic structural changes, especially in cases where
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Confocal

FB image'
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Figure 9. Inflammatory cells with macrophage-like appearance imaged in patient 1 with acute syphilitic posterior placoid chorioretinitis. A, Multicolor-
mode fundus photo revealed granular dots within the foveal area; green box denotes foveal region imaged with adaptive optics scanning light ophthal-
moscopy. B, confocal and (C) nonconfocal fiber bundle (FB) images. Numbered yellow arrowheads denote some example cells that are enlarged to show
detail and variability in morphology in (D). Scale bars are 25 pm for (B—D). S = superior; T = temporal.

conventional clinical imaging showed difficulty in deter-
mining disease status.

Discussion

In this current study, we showed that individual cells, pre-
sumably microglia and macrophages, can be directly
imaged, and their morphology and dynamic activity quan-
tified in the living eye of patients with uveitis using existing
AOSLO instrumentation with only minor modifications. To
our knowledge, this is the first time that presumed retinal
microglia and macrophage-like cells and their motility have
been imaged and quantified during active infections or in-
flammations in the living human eye. The capability to
image immune cells within the retina and track their activity
longitudinally could be transformative for future studies, as
microglia and macrophages play a prominent role in the
pathophysiology of numerous retinal diseases.”' More work
is still needed to refine this tool for clinical use, but we have
demonstrated here that the technological improvements
afforded through simultaneous multioffset detection using
a FB are a major step forward, reducing the acquisition
time substantially and allowing for fine-scale tracking of
changes over time. Similar nonconfocal approaches with
sensitivity to detect microglia, such as nonconfocal quadrant
detection, should also have the sensitivity to detect immune
cells in patients with inflammation.

Future work should evaluate the efficacy of nonconfocal
imaging for detecting inflammatory cells at different strati-
fications within the retina. In our earlier studies in monkeys
we showed multioffset detection was capable of fine-scale
axial sectioning,”* and we hypothesize here that we are
imaging cells near the ganglion cell layer. However, we
cannot rule out that we are not also detecting cells that
reside on the surface of the retinal nerve fiber layer and

8

focus can be challenging to maintain at the exact same
axial position in AOSLO, especially when imaging the
optic nerve head or areas near pathology where retinal
thickness changes rapidly over short spans. Since we saw
much more detail in our images of inner retinal structures
(e.g., retinal ganglion cells, superficial vessels, and axon
bundles) than was shown in the images of Migacz et al'*
that were hypothesized to be the vitreous cortex
hyalocytes, we suspect that we are imaging at a deeper
focal plane. We also did not detect structures resembling
the web-like pattern that they showed in the background
of their images that they hypothesized to be the vitreous
cortex. It is notable that the processes of the cells they
detected appeared more visible in most cases, possibly since
the cells on the vitreous have fewer surrounding structures
that could obscure them. Since we used a different optical
setup and image processing approach, more work is needed
to fully understand the differences between our images and
theirs. We plan in future investigations to compare the cells
we can detect to those seen on OCT”” and evaluate the
efficacy of our approach for detecting immune -cells
through the full thickness of the retina.

Microglia imaged in healthy retinas showed a spectrum
of morphologies, including rounded cells and elongated
cells with visible processes, consistent with histological
studies that have shown ramified parenchymal microglia
having characteristics of dendritic antigen-presenting cells
and perivascular macrophages around blood vessels similar
to macrophages of the mononuclear phagocyte series.””**
This is consistent with the histogram of segmented cell
eccentricities shown in Figure 8A that shows a range of
eccentricity values corresponding to a range of segmented
shapes spanning from more elliptical to more circular
cells. The fit applied to Figure 8A is suggestive of a
bimodal distribution of cell shapes which could be
interpreted as 2 overlapping cell populations, one more
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Figure 10. Cell motility of patient 1 (Ptl). A, The first image during observation. Scale bar is 25 pm. B, Cell position track plot superimposed onto a
semitransparent version of (A) to highlight cell trajectory. Lines and aggregated dots show cell positions throughout the entire observation. Nine example
cells are marked with numbers and yellow asterisk. Positions of cells marked with yellow arrowhead, #1, and #2 are enlarged in (C—E) showing their position
during a 40-second (or 50-second) duration, respectively. Scale bar in (E) is 25 pim and applies to images (C—E). F, The cumulative distance of selected cells
against 50-second duration during the entire observation. Gray lines represent 11 example cells detected in healthy retinas including the cell that moved the
fastest. G, Histogram of the speed of all 32 cells detected from Ptl during the entire observation (yellow bars) and all 43 cells detected from 5 healthy

participants (gray bars). Color arrowheads match numbered cells in (B). S = superior; T =

circular and the other more elliptical. However, since we are
imaging 3-dimensional structures with an en face imaging
modality, the cross section of each cell that we detect de-
pends on the orientation of the cell with respect to the plane
of the retina (and imaging). Though there is little data in the
literature on the morphometric properties of human retinal
microglial cell somas, a previous histological study showed
that human retinal microglial cell bodies were irregular in
shape measunn% 5—10 pm in the short axis and 10—15 pum
in the long axis; ™ this is consistent with the soma sizes we
measured here that are plotted in Figure 8B. Therefore, if we
assume the cells we imaged are ellipsoids oriented
randomly, we should expect to see a range of eccentricity
values. This same issue presents some uncertainty in our
ability to evaluate changes in cell morphology over time.
For example, for the cells that appeared more circular, it
is possible that we detected them in a certain orientation
that made them appear more circular or only captured a
part of their somas that appeared circular. We also suspect

temporal.

that we were not able to visualize all the processes of
each cell, particularly those that may have been oriented
axially with respect to our en face imaging modality.
These issues are not unique to AOSLO and it has been
previously shown that obtaining accurate morphometric
measurements of mlcroghal cells is challenging in other
imaging modalities.”’

Cell motion differed markedly between active posterior
uveitis and healthy eyes without inflammation. Cells moved
slowly in normal eyes (0.02 pm/sec on average, 0.13 [im/sec
maximum), but could move at speeds > 100 times the
normal average in eyes with active inflammation secondary
to infection (e.g., Ptl). Interestingly, we were able to detect
some of the same cells at all 3 visits (marked with colored
arrowheads in Fig SI11A, C, E), but the fastest-moving
structures were only clearly seen in the first timepoint in
the most acute stage we evaluated and on the second visit,
just during the first 30 seconds. The cells with the highest
speeds we detected (cells #4 and #5 in Fig 10B) were
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Figure 13. Cellular structures visible in patients with active (patient [Pt]2) versus chronic quiescent (Pt3) uveitis. A, D, Conventional scanning light
ophthalmoscopy (SLO) images of Pt2 and Pt3, respectively. Orange-colored boxes denote retinal location imaged with adaptive optics SLO shown in (B, E).
Scale bars are 20 pim. Colored boxes in (B) and (E) denote locations enlarged in (C, F) to show detail of cells and cell-like structures visible across 3 different
observation time points. Scale bars in (C, F) are 20 pm. N = nasal; S = superior.

serpentine in shape and we hypothesize that these were
either immune cells that were moving too fast for our
detection rate, causing them to appear stretched due to
insufficient temporal sampling (i.e., motion blur), or that
they may conceivably represent detection of individual
Treponema pallidum bacteria, the organisms that cause
syphilis.

However, because the bacteria are smaller than the res-
olution limit of our imaging system in 1 dimension (the
literature reports that spirochaetes of 7. pallidum are 10 to
20 pm in length but only 0.1 to 0.2 pum wide, on
average36’37), it is conceivable that they could be detected,
but if they were they would not be rendered at their actual
size but would appear artificially enlarged. This is because
when objects smaller than the optical point spread
function of an imaging system are detected, they will
appear to be the size of the system point spread function.
Measurements of cells #4 and #5 from Pt. 1 in Figure 10
show them to be ~ 18 and ~ 36 um in length,
respectively, and ~ 5 micrometers in diameter. The
shorter one is close to the expected length of T. pallidum
but both are much greater in width. It is possible that this
is still perhaps within the ballpark of what we might
expect for these structures in AOSLO, since they could
potentially be blurred by the system point spread function
and residual optical aberrations and also be blurred due to
motion from insufficient temporal sampling, but this is
highly speculative and requires further study. Spirochaetes
such as T. pallidum have different morphometric
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properties than other infectious organisms, so if it is
possible to effectively detect them, it may be possible
through in vivo imaging to detect other types of bacteria
with different morphometric properties or potentially other
organisms, such as parasites, using nonconfocal AOSLO.
Some of the structures visible in the patients with
noninfectious uveitis did not look like macrophages and
exhibited characteristics that require further study. More
work is needed to evaluate the effectiveness of detection
for other structures beyond microcysts, macrophages, and
microglia.

Our approach is simpler to implement optically in
existing systems than other phase contrast methods that
have been demonstrated in AOSLO. Mozaffari et al’®
demonstrated the feasibility of optical FB detection for
AOSLO using an off-the-shelf FB in a flexible setup for
either pixel reassignment or multioffset detection. Here we
used a custom detection pattern and implemented it in a
less flexible but much simpler optical setup that requires
no additional optics, such as the mask and extra telescope
they required.”® Our approach is also simpler to implement
than a related technique that also achieves sensitivity to
phase across multiple angles, nonconfocal quad
detection, which requires 18 additional optical elements
to be added and precisely aligned for implementation.”
The present method could easily be implemented
optically in existing AOSLO systems with only the focal
length of the final lens (or FB geometry) needing to be
adapted appropriately.
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Pt3 (Feb 2020)

Pt3 (Aug 2020)

FFA intermediate phase

FFA intermediate phase

FFA late phase

FFA late phase

Figure 14. Fundus photo and fundus fluorescein angiography (FFA) of patient (Pt)3. A—C, Images acquired 18 months prior to her first adaptive optics
scanning light ophthalmoscopy (AOSLO) imaging session. Fundus fluorescein angiography showed widespread retinal fluorescein staining. Size of the
hyperfluorescent areas remained the same between early and late phases. D—F, Images acquired 12 months prior to her first AOSLO imaging session. Fundus

fluorescein angiography showed unchanged fluorescein retinal staining.

Nonconfocal AOSLO imaging of mice has allowed label-
free imaging of microglia and their motility.**’
Investigations in mice have used fluorescent markers to
differentiate resident microglia from infiltrating immune
cells in an endotoxin induced uveitis model*’ where
heterogenous immune cells, neutrophil, and monocyte
populations and their motility were imaged. Neutrophils
were seen rolling along the venular endothelium and
infiltrating monocytes and macrophages were present both
in vessels and extravasated into retinal tissue.”’ A
limitation for human imaging is that we do not presently
have the capability to selectively label cells to differentiate
activated resident microglia from infiltrating macrophages.
However, this previous work showed images that look
strikingly similar to what we observed here in patients
with uveitis, particularly the macrophage-like cells with
granular internal structures seen in Ptl’s eye with acute
syphilitic posterior placoid chorioretinitis.

Current clinical imaging modalities for managing poste-
rior uveitis and determining the level of inflammatory activity
include FFA, fundus autofluorescence, and OCT. " A few
case-reports and small case series have studied the photore-
ceptor layer and vasculature changes in uveitis with adaptive
optics ophthalmoscopy but immune cells have not previously

been studied.”” "7 Uveitis treatment involves therapeutic
immunomodulatory strategies that may be categorized into
those that modulate the general activation state of microglia,
like corticosteroids, and those that modulate specific molec-
ular pathways through which microglia exert pathologic ef-
fects.” Local retinal delivery of corticosteroids has
demonstrated significant suppressive effects on microglial
cell activation.”® In a case of chronic noninfectious uveitis
on immunomodulatory treatment (Pt3), cell motility was
imperceptible, likely due to the steroids the patient was
receiving. We also saw only a few putative microglia in a
patient with chronic posterior uveitis and recent resolved
macular edema 2 months after intravitreal steroids injection
(Pt4, Fig S16). This suggests that nonconfocal phase
contrast AOSLO methods may be useful for monitoring the
efficacy of immunomodulatory therapies in uveitis
especially in cases of chronic uveitis. In cases of chronic
(long-term) conditions or in those with many relapsing
episodes, FFA interpretation cannot always ascertain the
level of uveitis activity or quiescence because of similar
angiographic features between chronic quiescent retinal
staining and acute active fluorescein leakage. Fundus
fluorescein angiography remains the gold standard to
diagnose the level of activity of posterior uveitis but FFA
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Figure 15. Longitudinal imaging of patient 3 with chronic retinal vasculitis showing substantial changes over time. A, Conventional scanning light
ophthalmoscopy (SLO); green line marks OCT B-scan positions shown in (B) and (C). Cyan and orange boxes denote locations imaged at each timepoint.
OCT scans (B, C) showed fewer intraretinal cysts were visible clinically at the second timepoint. D, E, Nonconfocal adaptive optics SLO montages of 4
single-acquisition images of a retinal region near the fovea showed microscopic-scale intraretinal cysts were visible at the second timepoint that were not
apparent at this region at the first image timepoint, contrary to expectations from the clinical data. Magenta arrowheads in (E) denote a few of the larger
microcysts. F—G, Montage of 4 images of the affected region with numerous cell-like structures visible at both timepoints; the blue arrows point to cell-like
structures that we hypothesize may be macrophages and the yellow arrows point to tiny punctate structures. Scale bars are 50 tm.

remains a subjective imaging test based on the
ophthalmologist’s interpretation.

Objective measures of intraocular inflammation are still a
matter of current research for posterior uveitis. The amount
of leakage in retinal vasculitis has been studied recently with
development of automated leakage analysis using wide field
fluorescein angiograms in uveitis patients. Those studies
focus on automated processing techniques for standardiza-
tion and normalization of FFA images in patients with
uveitis.*’ For retinal and choroidal lesions, autofluorescence
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and en face fundus images are now used in clinical trials to
assess the level of inflammation. Other markers of
inflammation used in clinical practice include macular
edema, cells in vitreous, and vascular sheathing. Better
grading is essential for assessing disease status and
treatment efficacy. Improved clinical imaging tools for
in vivo visualization of retinal inflammation are currently
needed to provide objective and quantitative proof of
active versus quiescent ocular inflammation. Nonconfocal
AOSLO imaging of immune cells and their dynamics in
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patients may allow for better understanding of various
retinal diseases and help reveal disease severity
quantitatively. Though imaging is challenging in the
presence of media opacities such as vitritis or cataract, it
offers the unique possibility of quantifying the detailed
dynamic features of individual cells in posterior uveitis
when the media is clear enough for imaging.

Considering future use of nonconfocal AOSLO as a tool
for studying uveitis, there are considerable challenges in
terms of the quantification of the approach and improve-
ments are needed to replace the manual procedures used
here for quantification with automated methods for cell
detection and tracking. Additional work is also required to
identify the structures seen in these images that cannot be
identified presently, such as the fast-moving structures
previously described from Ptl, the dynamic structures seen
in Pt2, and the small punctate features seen in Pts. 2—4.
Another limitation of this approach for imaging uveitis is
that it will only be useful in posterior uveitis patients that do
not have substantial vitritis or media opacities. However,
even in its present form, nonconfocal AOSLO may give
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