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Purroskt. To use robotic visible-light optical coherence tomography (vis-OCT) to study
circumferential segmental Schlemm’s canal (SC) anatomy in mice after topical pilocarpine
administration.

MEeTHODS. Anterior segment imaging using a robotic vis-OCT to maintain perpendicular
laser illumination aimed at SC was performed. Sixteen mice were studied for repeatability
testing and to study aqueous humor outflow (AHO) pathway response to topical drug.
Pharmaceutical-grade pilocarpine (1%; # = 5) or control artificial tears (n = 9) were given,
and vis-OCT imaging was performed before and 15 minutes after drug application. SC
areas and volumes were measured circumferentially.

Resurrs. Circumferential vis-OCT provided high-resolution imaging of the AHO path-
ways. Segmental SC anatomy was visualized with the average cross-sectional area great-
est temporal (3971 £ 328 pm?) and the least nasal (2727 + 218 um?; P = 0.018). After
pilocarpine administration, the SC became larger (pilocarpine, 26.8 £+ 5.0% vs. control,
8.9 £ 4.6% volume increase; P = 0.030). However, the pilocarpine alteration was also
segmental, with a greater increase observed superior (pilocarpine, 31.6 = 8.9% vs. control,
1.8 £ 5.7% volume increase; P = 0.023) and nasal (pilocarpine, 41.1 &£ 15.3% vs. control,
13.9 + 4.5% volume increase; P = 0.045).

Concrusions. Circumferential noninvasive imaging of the AHO pathways was done in vivo.
Segmental SC anatomy was seen, consistent with the known segmental nature of trabec-
ular AHO. Segmental SC anatomical response to a muscarinic agonist was also observed.
Segmental glaucoma drug response around the circumference of AHO pathways is an
observation that may influence patient response to glaucoma treatments.

Keywords: schlemm’s canal, pilocarpine, optical coherence tomography

laucoma is an optic neuropathy and a leading cause

of irreversible blindness worldwide.! The only U.S.
Food and Drug Administration-approved treatment is to
lower IOP>~* because no existing glaucoma therapy treats
the optic nerve directly. Instead, glaucoma is treated by
risk factor modification, and elevated IOP is the only risk
factor that can be modified either by drops, lasers, or
surgeries.>*

IOP is modeled by the Goldmann equation, where the
final pressure arises from a balance between aqueous humor
production and aqueous humor outflow (AHO).> There are
multiple AHO pathways, and the trabecular pathway is the
primary source of AHO resistance (>50%).° In the trabec-
ular pathways, aqueous flows from the anterior chamber
to the trabecular meshwork (TM), through Schlemm’s canal
(SO), and then into distal outflow pathways, including collec-
tor channels, the intracellular venous plexus, and aque-
ous/episcleral veins before returning aqueous to the blood
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circulation.”® However, this traditional linear description
does not fully describe AHO circumferentially around the
limbus in a three-dimensional (3D) eye.

Recent evidence by multiple groups has shown that
circumferential trabecular AHO is segmental. In the labo-
ratory, perfusion of fluorescent microbeads has demon-
strated segmental AHO with TM bead trapping in high-
flow (HF) and low-flow (LF) regions.”~!> These TM regions
then express different proteins and extracellular matrix and
display varying tissue stiffness”!*> Imaged on the ocular
surface, aqueous angiography uses soluble tracers and
has shown segmental post-limbal HF and LF regions in
multiple species as well.'¥-22 Because aqueous angiogra-
phy can be performed in patients,?>-%’ it holds promise in
influencing glaucoma patient care. However, aqueous
angiography is limited because it is laborious, time consum-
ing, and invasive, resulting in risks. Thus, a noninvasive
imaging approach is preferred.
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Although OCT is a natural candidate to address this
need,®®?° OCT has mostly been used for the posterior
segment. Currently, anterior-segment OCT (AS-OCT) is
limited to imaging the large, complex, and circular AHO
pathway anatomy. AHO pathways are deeply positioned
(=50 to 500 pm) within highly scattering sclera, making illu-
mination penetration and imaging depth a limiting factor
for commercial AS-OCTs. AHO pathway structures such as
collector channels can be small (—10 microns) and below
commercial AS-OCT resolution.*:3! Also, given the circular
post-limbal structural organization of AHO pathways, the
circumferential distance (>37 mm) and area (>200 mm?) to
be imaged are beyond the field of view of current AS-OCTs.

These anatomical features also prevent stationary imag-
ing devices from maintaining perpendicular (normal angle)
illumination along the entire circular AHO pathway orga-
nization. In OCT, perpendicular illumination minimizes the
optical path length traveled in tissue, resulting in reduced
light attenuation from scattering tissue above the target and
increased scattering from the target. For the AHO pathways,
perpendicular illumination is crucial for maximizing the OCT
signal from the AHO pathway.>* Some commercial AS-OCTs
require repositioning cameras while patients take eccentric
gazes to achieve normal illumination.>® However, eccentric
gazes are challenging to hold, and moving both the eye and
the camera sacrifices reproducibility during longitudinal stu-
dy. Imaging a relaxed and forward-looking subject is better.

Despite all of these challenges, AS-OCT has been
reported for AHO pathways. We previously conducted a 360°
reconstruction of AHO pathways in the human eye using
overlapping volumes acquired from a commercial AS-OCT.>?
However, in this study, imaging depth was limited, oblique
illumination was used, and both AS-OCT and ocular reposi-
tioning were necessary. Image acquisition took days because
more than 5000 B-scans were required, and only one subject
could be imaged. Therefore, current AS-OCTs cannot feasibly
image the entire circumferential AHO pathways. This find-
ing is consistent with reported AHO AS-OCT studies, where
imaging in small areas is extrapolated to study the entire
circumferential anatomy, leading to a limited understanding
of AHO 3437

Therefore, to overcome challenges in imaging AHO path-
ways, we developed a robotic visible light-optical coherence
tomography system (vis-OCT) and demonstrated its utility
in imaging the full 360° of the AHO pathways in an in vivo
mouse eye.*® We addressed the attenuation of visible light
by angling the incident light so that it traveled the shortest
distance to reach AHO pathways, with the angle of the inci-
dent light approximately perpendicular to the limbal surface.
To optimize the visualization of the SC, we used robotics to
position our device such that the OCT beam was parallel to
the minor axis of the SC around the full circumference of the
eye. Using this tool, we now evaluate the in vivo anatomi-
cal morphology of SC in the living mouse eyes at baseline
and after pharmacological stimulation. We hypothesize that
the baseline AHO pathway anatomy is segmental and that
the physiological response to pilocarpine,®* a drug known
to decrease AHO pathway resistance and lower IOP, is also
segmental.

METHODS
Animal Preparation

All experimental protocols were approved by the Northwest-
ern University Institutional Animal Care and Use Commit-
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tee and complied with the ARVO Statement for the Use
of Animals in Vision Research. Sixteen adult wild-type
C57BL/6] mice were used for our experiments. Two mice
were imaged for repeatability assessment, where we imaged
the same eye region and compared SC volumes from
repeated image acquisitions taken 5 minutes apart. An addi-
tional 14 mice were imaged before and after drug treat-
ment and compared. We kept the mice under a 12-hour
light/12-hour dark cycle with unrestricted access to food and
water in the Center for Comparative Medicine at Northwest-
ern University.

Before imaging and any procedures, mice were anes-
thetized using intraperitoneal injection (10 mL/kg body
weight) with a ketamine/xylazine cocktail (ketamine,
11.45 mg/mL; xylazine, 1.7 mg/mL, in saline). Body temper-
ature was maintained using a heat lamp.

Data Reconstruction and 360° Vis-OCT Imaging

We used a custom-developed robotic vis-OCT device
(Fig. 1¢) to image the full 360° of the AHO pathway
(Fig. 1d).>* Our vis-OCT system operated between 510 nm
and 610 nm.%! The theoretical axial resolution of vis-OCT
was 1.3 pm in tissue, and the theoretical lateral resolution
was 9.4 pm.*? To expose the entire AHO pathway for imag-
ing, we made two relaxing incisions at the nasal and tempo-
ral canthi and inserted a circular speculum (Mouse Circu-
lar Speculum Type SS, Focus Ophthalmics, Chino, CA, USA)
underneath the eyelid. Next, we acquired eight volumet-
ric vis-OCT scans around the circumference of the mouse
eye (Fig. le), where the robotic arm rotated the incident
OCT beam 45° around the eye’s optical axis between each
acquisition. We set the lateral field of view for each OCT
volume as 2.04 mm. Each volume consisted of 512 A-lines
per B-scan and 512 B-scans per volume. We acquired each
volume using a temporal speckle averaging data acquisi-
tion pattern,’? where each B-scan was repeated twice per
volume, and three volumes were acquired. We acquired the
data at an A-line rate of 75 kHz and an incident beam power
of 1 mW. All quadrants of the mouse eye were at the same
height during image acquisition.

SC Size Measurement

We determined the orientation for each of the eight acquired
vis-OCT volumes relative to the eye’s optical axis. Based
on the relative angular orientation of each volume to the
nasal canthus, where the upper and lower eyelid meet on
the medial corner of the eye, we assigned an angular orien-
tation of each cross-sectional B-scan relative to the nasal
quadrant of the eye (angle 0) (Fig. 1f). For each volume,
we segmented the SC for 1 out of every 30 cross-sectional
B-scans acquired, amounting to a separation of 120 pm
per segmented cross-section. We calculated the SC cross-
sectional area per degree of the eye by averaging the cross-
sectional areas of segmented B-scans located within 20° of
the plane corresponding with each angular position (angle
0) (Fig. 1¢). Additionally, we calculated the SC volume by
summing the cross-sectional areas of SC for every B-scan
within the region of interest.

Measuring SC Morphology Changes in Response
to Pilocarpine

We imaged the entire outflow pathway at baseline. Figure 2a
shows an example of a digitally resampled AS-OCT scan
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Ficure 1. Vis-OCT characterizes SC morphology around the entire circumference of the globe. (a) The mouse cornea is particularly large
and minimal post-limbal tissue is seen in an intact mouse eye (red arrow). (b) In a human eye, the cornea is relatively smaller compared
with the globe and more post-limbal tissue is seen. (¢) Schematic of robotic vis-OCT (red box), whose path (d) follows the dark blue dotted
line to image the limbus of the eye. (e) A representative B-scan image of the limbus at an angle 6 relative to the nasal (N) quadrant. The SC
is the hyporeflective lumen within the blue dotted oval. The incident light maintains approximately perpendicular incidence to the limbal
surface. (f) The cross-sectional SC was assessed relative to the angular position (blue dotted line). Scale bars, 100 pm.

for a C57BL/6 mouse before and after pilocarpine admin-
istration. As previously described,®® we performed digital
resampling by viewing a curved plane passing through the
center of SC in the 3D processed data and flattening the
outer surface of the resulting image. Briefly, we used the
skeleton®? of the segmented SC, which tracks the path of a
curved line midway between the inner and outer walls of SC,
to determine the trajectory of the curved plane. After imag-
ing the entire anterior segment, we added a 1% pilocarpine
eye drop (n = 5 eyes, ages 4-6 months) (NDC 61314-203-15,
Sandoz, Basel, Switzerland). After 15 minutes, we reimaged
the anterior segment again. Figure 2b shows the same AS-
OCT view from the same eye after pilocarpine administra-
tion. We calculated the SC cross-sectional area per degree of
the eye at baseline and after drug application (Fig. 2¢). For
each angular degree, we calculated the percent size change,
defined as the difference in SC cross-sectional area after
eye drop administration divided by the initial cross-sectional
area at baseline (Fig. 2d). We performed control experiments
using the same methodology, except that artificial tears (n =
9, ages 3—7 months) (NDC 57896-181-05, Gericare, Brooklyn,
NY, USA) were used.

Statistical Analysis

We applied an unpaired ¢ test for all single comparisons,
including the percent volume change and the average stan-

dard deviation of clock-hour volume change per eye after
applying 1% pilocarpine or artificial tears. To compare
the segmental differences between the eye quadrants and
clock-hours, we ran a one-way ANOVA. We used the Sidak
method to correct for multiple comparisons. Measurements
are reported as mean + SEM unless specified otherwise.

RESULTS

Vis-OCT Visualizes SC and Demonstrates
Segmental Morphology

To assess the repeatability SC measurements, we imaged
the same eye region and quantified the average SC cross-
sectional area for a single volume taken multiple times,
5 minutes apart, in two C57BL/6J mice. In the first mouse
eye, the average difference between four repeated measures
of SC cross-sectional area was 0.4 + 2.6%. In the second
mouse eye, the average difference across three repeated
measures of SC cross-sectional area was —0.5 £ 3.5%.
Given that AHO is segmental, we first sought to test
whether segmental patterns in SC anatomy existed. Fig. 3a
shows the average SC cross-sectional area for every eye
quadrant, with the average SC cross-sectional area in the
temporal quadrant being larger than in the nasal quadrant
(P = 0.018; n = 14). We measured an average SC cross-
sectional area of 2727 + 218 pm? for the nasal quadrant,
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Ficure 2. SC morphology changes segmentally in response to pilocarpine. (a) Digitally resampled B-scan image before pilocarpine admin-
istration. (b) Digitally resampled B-scan image 15 minutes after pilocarpine administration. (¢) SC cross-sectional area per degree of eye
before and after administration of pilocarpine. (d) Percent increase in SC area per angle of the eye relative to the initial volume at a given
circumferential location. OCT in (a) and (b) correspond with the nasal pie wedges highlighted in (c¢) and (d). Scale bars, 100 pm.

3187 + 313 um? for the superior quadrant, 3971 + 328 pm?
for the temporal quadrant, and 3018 4 257 pm? for the
inferior quadrant. To account for individual baseline vari-
ation, Figure 3b plots the average cross-sectional area for
each quadrant divided by the average area across each entire
eye, with the relative SC cross-sectional area largest in the
temporal quadrant (P < 0.001-0.031; comparing the tempo-
ral quadrant with other quadrants). We found the SC cross-
sectional area relative to the mean across all quadrants to
be 0.85 + 0.06 for the nasal quadrant, 0.98 £ 0.07 for the
superior quadrant, 1.23 £ 0.05 for the temporal quadrant,
and 0.94 + 0.06 for the inferior quadrant. We note that the
segmental pattern of SC area was different for each eye, with
the relative SC area ranging from 0.64 to 1.42 for the nasal
quadrant, 0.41 to 1.34 for the superior quadrant, 0.77 to 1.44
for the temporal quadrant, and 0.43 to 1.22 for the inferior
quadrant.

Figure 3c shows the relative SC cross-sectional area after
dividing the eye into 12 finer subregions, corresponding
with the clock-hours of the eye. We found the relative SC

cross-sectional area for the eye to be smaller for one clock-
hour within the nasal quadrant and larger for three clock-
hours in the temporal quadrant relative to the mean area
across all clock-hours (P < 0.001-0.028). Finally, to assess
segmental variation, we tested the correlation between the
SC cross-sectional area at a given angular position and the
cross-sectional area at adjacent positions. Figure 3d plots the
correlation coefficient between the SC cross-sectional area
at two positions separated by angle 6. If SC were homoge-
nous around the limbus, this value would consistently equal
1. Overall, the correlation decreases and drops below 0.2
at 44°.

Vis-OCT Demonstrates Change to SC Morphology
After Pilocarpine

We imaged the same eye regions before and after topi-
cal pilocarpine or artificial tear administration to assess
vis-OCT’s capability to visualize morphological changes in
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eye. Four different sections of 30° had a mean relative SC area statistically different from one. (d) Correlation of SC area at a set location
with SC area at another location separated by angular separation between 0 and 50°. SC area at cross-sections separated by 50° from each
other are uncorrelated. Error bars denote the 95% confidence intervals and 7 = 14 mice for all baseline analyses. *P < 0.05, **P < 0.01,

P < 0.001.

AHO pathways. To assess qualitative changes, we fused B-
scans of the same area before and after drug perturba-
tions. Figure 4a shows an example of a fused image, with
B-scans taken at different time points shown in magenta and
green, respectively. From the individual images, we gener-
ated a composite fused image merging the two individual
B-scans. Because physical perturbations may alter the outer
curvature of the eye, we flattened the fused image such that
the outer surface was at the same depth to better visual-
ize differences (Fig. 4b). Fig. 4c shows an example B-scan
at baseline (green image) and 15 minutes after pilocarpine
administration (magenta image).

We observe that SC is larger after pilocarpine adminis-
tration, as shown by the outline of the TM (green) for the
baseline image being inside that of the pilocarpine image
(magenta). If we model the SC as an ellipse, we observe
that the dimension of the minor and major axes of SC

increased in length. Furthermore, we see that natural iris
undulations become flatter in response to pilocarpine, as
would be expected owing to pharmacological induction of
iris stretching and pupillary miosis (Figs. 4c and 4d, green
vs. magenta iris outline). Figure 4d shows the same B-scans
after flattening, with the same qualitative patterns observed
as in Figure 4c. Figures 4e and 4f show flattened and uncol-
ored B-scans also demonstrating enlarged SC after pilo-
carpine (arrows). Figure 4g shows a B-scan acquired at base-
line and after artificial tear administration. We observed no
clear differences between the boundaries of SC in this fused
image. As seen in the flattened image, we found that baseline
and post-eye drop image features aligned closely (Fig. 4h).
Quantitatively, Figure 5a plots SC volume after pilo-
carpine and artificial tear administration relative to the
volume at baseline. We found that pilocarpine administra-
tion increased the SC volume, consistent with our qualita-
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Ficure 4. AHO pathway anatomy before and after pilocarpine. (a) Composite image of B-scan before and after perturbation generated by
overlaying B-scans obtained at different time points (green and magenta images). (b) Images are flattened so the eye’s outer surface is at the
same depth across the scan. (¢) Overlaid B-scan at baseline (green) and after pilocarpine administration (magenta), with tissue boundaries
marked by dotted lines. SC size increased after pilocarpine administration, as evidenced by the trabecular borders of SC in the green image
(baseline) seen inside the SC lumen of the magenta image (pilocarpine). (d) Flattened image shown in (c). (e) Another B-scan image before
pilocarpine and (f) after pilocarpine (arrow: SC). (g) B-scan at baseline (green) and after artificial tears (magenta) fused together, with
boundaries marked by dotted lines. No significant changes in SC morphology were observed. (h) Flattened image shown in (g). Scale bars,

200 pm, except (e) and (f) which are 100 microns.

tive results and previous studies.**~4¢ Relative to the initial
volume, pilocarpine increased SC volume (26.8 + 5.0%
increase; P = 0.006 compared with zero), but artificial tears
did not (8.9 £ 4.6% increase; P = 0.092 compared with zero).
This pilocarpine SC volume increase was greater compared
with artificial tears (P = 0.030). We also found that changes
in SC volume were more segmental after pilocarpine admin-
istration than after artificial tear administration. For each eye,
we measured the percent volume change for each clock-
hour and took the standard deviation of the percent volume
change for each clock-hour. Figure 5b shows the average

standard deviation of percent volume change per clock-hour,
with pilocarpine having a greater change (24.7 £+ 3.5%)
than after artificial tears (14.3 + 2.2%) (P = 0.009). Addi-
tionally, we found that the percent volume change did not
impact each quadrant the same. Figure 5¢ shows this percent
volume change for each quadrant after adding pilocarpine or
artificial tears. We saw that the volume increased by 41.1 £+
15.3% in the nasal quadrant, 31.6 £+ 8.9% in the superior
quadrant, 9.8 + 5.1% in the temporal quadrant, and 16.4 +
2.5% in the inferior quadrant after the addition of pilo-
carpine. The percent volume increased by 13.9 £ 4.5% in the
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nasal quadrant, 1.8 & 5.7% in the superior quadrant, 13.2 £+
6.7% in the temporal quadrant, and 3.7 & 5.8% in the inferior
quadrant after the addition of artificial tears. The only statis-
tically significant change was seen when pilocarpine was
compared with artificial tears for the superior (P = 0.023)
and nasal quadrants (P = 0.045).

To further analyze the segmental impact of pilocarpine on
SC morphology, we examined the influence of pilocarpine
administration on each clock-hour of the eye. Figure 6a
shows the SC volume per clock-hour of the eye normal-
ized to the average volume per clock-hour at baseline. The
SC was larger after pilocarpine addition, with the great-
est difference in the regions between the nasal and supe-
rior quadrants. We saw that the percent volume change
was numerically higher for 10 out of 12 clock-hours after
pilocarpine administration than after artificial tear appli-
cation (Fig. 6b), with the exceptions being 2 clock-hours
in the temporal quadrant. We observed that the volume
change for pilocarpine was statistically greater for the two
clock-hours between the nasal and superior quadrant, with
volume increases of 52.2 £+ 19.6% (P = 0.025) and 55.8 &+
13.3% (P < 0.001), respectively. The corresponding values
for artificial tears were 15.2 4+ 5.1% and 2.1 + 5.0%, respec-
tively. Figure 6¢ gives the percent SC volume change per
clock-hour normalized to the average volume across all
clock-hours. We found that the normalized percent volume
change was statistically greater for one clock-hour between
the nasal and superior quadrants (P = 0.003). Finally, we
assessed the correlation between SC volume change at a
given angular orientation around the eye and the volume
change at a different position separated by an angle 6. Again,
if SC were perfectly homogenous around the limbus, this
value would consistently equal 1. We found that the corre-
lation decreased and dropped below 0.2 for locations 31°
apart.

DISCUSSION

In this work, we evaluated the circumferential AHO anatomy
and physiological drug response in vivo for the first time.
Using a robotic vis-OCT system, a full 3D and circumferen-
tial assessment of mouse SC before and after topical pilo-
carpine administration was made. Segmental SC anatomy
was observed at baseline in different mice, and, on average,
the SC was larger in the temporal quadrant and smaller in
the nasal quadrant (Fig. 3). After pilocarpine administration,
the SC also became larger in size (Fig. 4), and this change
was segmental; it was more pronounced in the superior and
nasal quadrants (Fig. 5).

Pilocarpine has been used for decades in glaucoma
patients to lower IOP3%-447 Pilocarpine is a muscarinic
receptor agonist that increases AHO facility through the
trabecular pathways. Pilocarpine constricts the longitudinal
ciliary muscle to pull down on the scleral spur and widen
the TM.*® Multiple studies have shown in live humans and
live mice that pilocarpine administration leads to a larger
SC.#% However, in these studies, the imaging was restricted
to certain regions of the eye, and a full 360° circumferential
assessment has never been performed. The unique finding
in this study was not just that baseline SC was circumferen-
tially segmental, but that the SC response to pilocarpine was
segmental as well.

The segmental SC response to pilocarpine and base-
line SC segmental appearance raises important considera-
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tions. First, this result is consistent with preliminary aqueous
angiography imaging in humans using Miochol-E. Miochol-
E is acetylcholine (ACh), which is approved by the U.S.
Food and Drug Administration for intracameral application,
and patients are known to have lower postoperative IOP
after Miochol-E use during cataract surgery.*® This makes
sense, because ACh is the endogenous muscarinic neuro-
transmitter (which pilocarpine mimics) that contracts the
ciliary muscle. Early results using aqueous angiography
have shown that Miochol-E leads to segmental improve-
ment of angiographic AHO in focal areas (Huang AS, et
al., 2022, Abstract, American Glaucoma Society conference).
Combined with the current mouse research results, one
question is why a TM drug response can be segmental.
As small molecules, pilocarpine and ACh should diffuse
throughout the eye and impact the TM circumferentially
and uniformly. However, segmental LF TM regions have
shown differential gene/protein expression,”!12 extracel-
lular matrix deposition,'>!! and increased biomechanical
stiffness.!? This finding may explain the variable circum-
ferential response to the drug. For example, LF TM may
be less amenable to longitudinal ciliary muscle contrac-
tion initiated by muscarinic agonists if there is increased
pro-fibrotic protein expression, extracellular matrix deposi-
tion, and tissue stiffness. Further, it may be that the expan-
sion of baseline LF AHO regions and LF characteristics
lead to ocular hypertension in glaucoma. Then, differing
degrees of these LF characteristics in any particular patient
or eye may explain variable responses to IOP-lowering
medications.

The full circumferential imaging of AHO pathways in this
work is also critical for studying segmental AHO anatomy
and drug response. Using robotic AS-OCT, the circumferen-
tial reconstruction of AHO pathways effectively created a
digital twin of the anterior segment and AHO pathways. This
approach and the digital twin hold promise to improve the
understanding of AHO physiology and pathophysiology and
to improve glaucoma clinical care. Aqueous angiography
was developed for circumferential AHO imaging in patients.
For glaucoma patients and surgery, aqueous angiography-
targeted trabecular surgery to baseline LF regions has shown
AHO rescue.”’ In an anterior segment perfusion system,
aqueous angiography-targeted trabecular surgery to base-
line LF regions also resulted in greater AHO facility increase
and IOP reduction compared with surgery in baseline HF
regions.”! Future clinical studies are planned to confirm this
finding. Aqueous angiography and AHO imaging have also
shown dynamic changes.?®%-5° However, aqueous angiog-
raphy is expensive, laborious, time consuming, and inva-
sive. With a 360° digital twin of AHO pathways, noninva-
sive preoperative or intraoperative AS-OCT imaging could
be performed instead to guide glaucoma surgery. However,
the knowledge gap is the structure—function relationship
and the identification of OCT-imaged structural biomark-
ers that predict angiographic LF and HF regions. Thus,
in the future, the development of a clinical robotic AS-
OCT dedicated to AHO assessment is planned to create
eye-specific anterior segment digital twins in humans that
can be compared with gold standard aqueous angiogra-
phy imaging to find structural proxies for segmental AHO.
Imaging in the same location with high temporal resolu-
tion will also allow for studying dynamic AHO changes
at shorter time scales of seconds to minutes. At longer
time scales of days to years, longitudinal imaging of the
AHO pathway will provide further insight into dynamic
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AHO. Longitudinal tracking of relative SC sizes between
quadrants in mice of different ages may be fascinating as
recent evidence suggests an age dependence in dynamic
AHO.®

There are several limitations in this study. First, the
sample size is limited. Also, the IOP was not measured.
However, the mouse AHO facility and IOP response to
pilocarpine are well studied,*>' and our results demon-
strated a flattening of the iris contour consistent with an
expected pilocarpine miotic pupillary response (Fig. 4). Also,
species-specific and technical factors must be considered
before direct translation of this work to humans. In humans,
the AHO is known to be greatest nasally,?®5? which was
not seen in this work (Fig. 3). Mouse imaging required
systemic anesthetics and relaxing incisions on the eyelids
to visualize SC on a posteriorly positioned mouse limbus,
which could have impacted IOP and AHO. For humans, as
demonstrated by the greater amount of visible post-limbal
white sclera (Fig. 1), the limbus is more anterior on the
eye and thus more easily visualized in awake, unperturbed,
and relaxed forward-looking individuals. Thus, if eyes are
widely opened, clinical robotic AS-OCT imaging of AHO
pathways will not require systemic anesthetics or incisions of
the eyelid. However, clinical AS-OCT imaging of AHO path-
ways comes with its separate challenges, including deeper
tissue penetration required to reach the AHO pathway and
increased motion artifacts. Although perpendicular illumina-
tion by robotic OCT reduces attenuation by minimizing the
distance light takes to reach the AHO pathway (Fig. 1) and
diminishes the need for eccentric gazes, translational AHO
pathway imaging remains an ongoing process.

In conclusion, high-resolution circumferential imaging of
the anterior segment and AHO pathways is possible using
robotic AS-OCT. Observation of segmental SC anatomy is
consistent with known segmental AHO seen in flow-based
imaging studies. Segmental AHO anatomical response to a
muscarinic agonist was seen, and this result opens the door
to a better understanding of baseline segmental AHO path-
way characteristics. Studying drug-responsive and nonre-
sponsive regions may lead to an improved understanding
of how ocular hypertension arises in the first place, why
there is variable patient response to IOP-lowering drugs,
and identification of potential new drug targets by specifi-
cally understanding rescuable regions. Circumferential imag-
ing may also allow for OCT-only determination of segmental
LF and HF regions in the future. With this knowledge, there
is the potential for not only improved glaucoma pharmaco-
logical and surgical treatment but personalized therapy.
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