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PURPOSE. To validate the ability of visible-light optical coherence tomography (vis-OCT)
in imaging the full Schlemm’s canal (SC) and its surrounding limbal vascular network in
mice in vivo through a compound circumlimbal scan.

METHODS. We developed an anterior segment vis-OCT system and a compound circum-
limbal scanning method, which montages eight rotated raster scans. We calibrated the
circumlimbal scan geometry using a three-dimensional printed phantom eyeball before
imaging wild-type C57BL/6J mice. We measured SC size by segmenting SC cross sections
from vis-OCT B-scan images and imaged the limbal microvascular network using vis-OCT
angiography (vis-OCTA). To introduce changes in SC size, we used a manometer to adjust
the intraocular pressure (IOP) to different levels. To create additional optical scattering
contrast to enhance SC imaging, we surgically increased the episcleral venous pressure
(EVP) and caused blood reflux into SC.

RESULTS. Using the compound circumlimbal scan, our anterior segment vis-OCT noninva-
sively imaged the full SC and limbal microvascular network in mouse for the first time.
We observed an average 123% increase in SC volume when we decreased the IOP by
10 mm Hg from the baseline IOP of 7 to 10 mm Hg and an average 72% decrease in SC
volume when the IOP level was elevated by 10 mm Hg from the baseline IOP. We also
observed location-dependent SC size responses to IOP changes. Blood reflux caused by
increased EVP enabled vis-OCTA to directly visualize SC, which matched well with the
segmented SC.

CONCLUSIONS. Vis-OCT and vis-OCTA can accurately image the entire SC and limbal
microvascular network in vivo using the compound circumlimbal scan. Vis-OCT is also
able to quantitatively measure SC responses to changing IOP levels.
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Glaucoma is the second most common cause of irre-
versible blindness, impairing 80 million people world-

wide.1 Elevated intraocular pressure (IOP) is the most
common indicator for diagnosis and progression of glau-
coma, with reduction of IOP the only proven glaucoma inter-
vention.2–4 IOP is controlled by the balance between produc-
tion and outflow of aqueous humor. In the conventional
outflow pathway, the aqueous humor travels through the
trabecular meshwork and juxtacanalicular connective tissue
(JCT), into Schlemm’s canal (SC), through collector channels
(CCs) passing through the sclera, and finally emptying into
the episcleral veins.5,6 The increased IOP characteristic of

primary open-angle glaucoma is caused by increased resis-
tance to aqueous humor outflow.7,8 Most investigations of
outflow resistance have focused on the JCT and inner wall
of SC, which are widely regarded as the principal sites of
outflow resistance.9 However, flow resistance is also gener-
ated in SC and CCs, particularly in the former as IOP is
increased.8,9

In primate, humans, and mice, SC is essentially a flat
tube traveling circumferentially around the limbus of the eye,
whose opening thickness, the distance from the inner wall
to outer wall, decreases as IOP increases.9 Greater lengths
of SC are collapsed in glaucomatous eyes than healthy eyes,
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even when perfused at the same IOP,10 and such collapse
has been speculated to contribute to the elevated IOP char-
acteristic of glaucoma.11–13

A clinical practice to improve visualization of SC is to
increase pressure of the downstream episcleral veins so
that blood flows backward from the normal path and into
SC. Recent studies have shown that the quality of such
blood reflux into SC immediately before or during surgery
(both selective laser trabeculoplasty and canaloplasty) corre-
lates with the success of the surgery and postsurgery IOP
levels.14,15 As a result, a method that can noninvasively image
the outflow pathway will bring significant benefits to both
clinical and preclinical investigations. We seek to image SC
and associated limbal microvascular network in the mouse
using optical coherence tomography (OCT).

OCT is widely used in noninvasive ophthalmic imaging,16

which provides in vivo anatomical and functional informa-
tion of both the anterior and posterior eyes at an axial reso-
lution of several micrometers.17,18 Researchers have used
OCT to investigate properties of SC in vivo in mice and
humans.17,19–26 These studies were limited in axial resolu-
tion (2–5 μm) and field of view (0.5–3 mm). Imaging the
detailed structure of SC in mice requires overcoming several
hurdles. First, the relatively small size of SC, especially in
mice, requires a higher resolution to reveal the details of SC
and to investigate the variation of SC in different conditions.
Second, SC is a circular channel located around the limbus,
with optimal image quality occurring when the OCT prob-
ing light is perpendicular to the curvature of the eye at the
location of SC. However, existing OCT systems are usually
designed such that the incident light is along the optical axis
of the eye, requiring the mouse to be tilted significantly to
optimally image SC. Third, the extreme variations in SC size
and shape within a single mouse eye suggest that it is impor-
tant to image the entire SC instead of a certain section of SC.
If the entire SC is imaged with a traditional OCT system, the
mouse must be rotated. When rotating the mouse, the IOP
and SC size become unstable, where mouse demonstrates
higher IOP and smaller SC when the head is lower than the
body.27 Additionally, it has previously been shown that epis-
cleral venous pressure (EVP) can also vary with the angle
of the mouse body, affecting the natural outflow of aqueous
humor.27

To overcome these challenges, we developed an anterior
segment visible-light OCT (vis-OCT) to conduct a circumlim-
bal scan and image the whole SC without rotating the mouse.
Vis-OCT is a newly developed OCT technology, which uses
visible light as its light source rather than the commonly
used near-infrared light in commercial OCT systems.28–30

Using shorter wavelengths allows for higher axial resolution
for a given bandwidth and higher backscattering sensitivity
in tissue.31,32 The higher axial resolution allows more precise
measurement of SC anatomy as well as SC changes. Addition-
ally, taking advantage of improved sensitivity to slow blood
flow, vis-OCT angiography (vis-OCTA) has the potential to
better visualize the superficial limbal microvasculature and
the outflow veins downstream from SC.

In this study, we first validated our vis-OCT’s capability
to measure the morphology of SC at an axial resolution of
approximately 1 μm in a three-dimensional (3D) printed
phantom eyeball and in wild-type mice. Then, we artifi-
cially adjusted the IOPs in wild-type mice using a manome-
ter and investigated SC cross-sectional size change with
IOP. In addition, we introduced blood reflux into SC and
showed that the backscattering contrast provided by blood

reflux into SC allows for direct visualization of SC using vis-
OCTA. Finally, we visualized the entire SC and its surround-
ing limbal microvascular network in 3D using a compound
circumlimbal scan.

METHODS AND MATERIALS

Animal Preparation

Our experimental protocol was approved by the Northwest-
ern University Institutional Animal Care and Use Committee
and conformed to the Association for Research in Vision
and Ophthalmology Statement on Animal Research. We
used adult wild-type C57BL/6 mice approximately 3 months
old in our experiments. The mice were kept under normal
lighting conditions with 12-hour-on, 12-hour-off cycles
in the Center for Comparative Medicine at Northwestern
University. Prior to any imaging or procedure, the mice were
anesthetized by intraperitoneal injection (10 mL/kg body
weight) of a ketamine/xylazine cocktail (ketamine: 11.45
mg/mL; xylazine: 1.7 mg/mL, in saline). During imaging,
the mouse’s body temperature was maintained by a heating
lamp, and a pulse oximeter was attached to the left rear paw
to monitor peripheral arterial sO2 and heart rate. After imag-
ing, the animals were placed in a warm cage for recovery,
and toe/tail pinch withdrawal, heart rate, breath rate, and
sO2 were monitored every 20 minutes until fully recovered.

Experimental System Setup

Figure 1a shows the schematic of the experimental vis-
OCT system. Briefly, light from a supercontinuum laser
(SuperK EXTREME; NKT Photonics, Birkerød, Denmark)
was filtered and sent to a 30:70 fiber coupler (Gould Fiber
Optics, Millersville, MD). A pair of galvanometer mirrors
(Nutfield Technology, Londonderry, NH) scanned the beam
through an objective lens (LSM03, ThorLabs, Newton, NJ; SL
in Fig. 1a), which focused the light onto the sample. Prior to
the objective lens, the beam diameter was 2 mm. A visible
light spectrometer (Blizzard SR; Opticent Health, Evanston,
IL) operating from 510 to 610 nm detected the interfero-
gram signals for image reconstruction. The theoretical axial
and lateral resolutions of the system were 1.3 and 6.8 μm,
respectively.

Due to the anatomical location of SC in the anterior
segment, either the mouse eye or the vis-OCT light beam
needs to tilt approximately 60° from the optical axis of the
eye to best image SC and the limbus. Because tilting the
mouse by such a large angle has been shown to affect EVP,27

we chose to tilt the light beam 60° using a two-mirror assem-
bly (Fig. 1b) to avoid unwanted EVP elevation-induced SC
perturbation. We mounted this assembly and the objective
lens on a motorized rotational stage (PRM1Z8; ThorLabs).
We rotated the two-mirror assemble and objective lens eight
times at a step size of 45° about the ocular axis (Fig. 1a,
dashed line) and performed a raster scan at each rotational
step. As a result, we created a compound circumlimbal scan
to image the full SC and limbal microvascular network while
the mouse stayed stationary.

IOP-Level Control

We cannulated the anterior chamber and manometrically set
the IOP level in the mouse (Fig. 1c). We first used a 33-
gauge lancet to create a hole near the limbus, then placed
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FIGURE 1. (a) Schematic of the vis-OCT system. DC, dispersion
compensation; FC, fiber coupler; GM, galvanometer mirrors; M,
mirror; MRM, motorized rotational mount; SCL, supercontinuum
light source; SL, scan lens; SM, spectrometer; OA, optical axis of
the eye, which is also the axis of rotation of the motorized rota-
tional mount. (b) Detailed illustration of the components being high-
lighted by the red dashed box in panel (a). M, mirror; OA, optical
axis; SC, Schlemm’s canal. The incident light reflects off both the
mirrors after the SL, such that it is angled perpendicularly to the
surface of the eye at SC, as shown in the blue inset. (c) Illustration
of the cannulation of the anterior chamber with an open syringe
filled with physiologic saline, whose height can be adjusted to set
IOP levels in the mouse eye. (d) Illustration of sutures to cause
blood reflux into SC.

a blunt 34-gauge needle through that hole. This 34-gauge
needle was stabilized by attaching it to an external support.
As shown in Figure 1c, we connected the needle to an
open syringe filled with physiologic saline. The height of
the syringe manometrically controlled the IOP. We used a
tonometer (TonoLab Tonometer, Icare, Finland) to measure
the IOP values of the mouse eyes. We confirmed the height
to set the saline column for baseline (�0) IOP position by
using the tonometer. In our study, we adjusted the IOP to be
±10 mm Hg and ±5 mm Hg with respect to the baseline IOP,
which varied from 7 to 10 mm Hg and agreed with a previ-
ously published average baseline IOP in wild-type C57BL/6
mice anesthetized with ketamine and xylazine.33 Using our
real-time vis-OCT preview, we found that the shape and size
of SC stabilized approximately 1 minute after changing the
IOP. We allowed the eye to adjust to the each new IOP level
for 3 minutes before acquiring a vis-OCT or vis-OCTA image.
We also note that because of the needle in the anterior cham-
ber, we will be unable to image the entire SC in manometry
studies.

Episcleral Vein Blockage to Cause Blood Reflux

We cut approximately 1 to 2 mm at the outer canthus
and added a suture (7-0 thread, using a round-tip needle)
approximately 1 mm nasal of the original outer canthus
(Fig. 1d). We then used forceps to gently squeeze the skin

around the eyelid, causing the eye to slightly pop out of the
eyelid. We then tightened the suture so that the eye could
not fall back into the socket but remained slightly exposed.

Phantom Eyeball and Compound Circumlimbal
Scan Calibration

To calibrate geometries of the eight raster scans to form a
montage circumlimbal scan, we made a 3D-printed phan-
tom eyeball, which had comparable size and geometry
to a mouse eyeball (sphere, diameter: 3 mm). The phan-
tom eyeball was also 3D printed to include an annular
groove around the sphere at the approximate position of
SC in the anterior segment. We heated a polyethylene (PE-
50) tube and pulled it over a flame to reduce the inner
diameter from approximately 530 μm to approximately 150
μm. Then we laid the tube into the groove to mimic SC
and connected it via a blunt 23-gauge needle to a syringe
placed in a micro pump (Harvard Apparatus, Holliston, MA).
The mechanical drawing of the phantom eyeball is shown
in Figure 2a, where the tube is colored yellow and flow direc-
tion is highlighted by the blue dashed arrows. We coated
the phantom eyeball with ultraviolet-cured optical adhe-
sive (Norland Optical Adhesive 81; Norland Products, Inc.),
which contained ceramic scattering particles (200 nm) to
mimic the highly scattering sclera.

Figure 2b shows a cross-sectional vis-OCT B-scan of the
phantom eyeball, with highlighted hollow tube and coating
layer.We diluted Intralipid (Millipore Sigma, Burlington,MA)
to 2% with phosphate-buffered saline and flowed it through
the tube (Fig. 2c) to create a positive contrast to image SC
using vis-OCTA (Fig. 2d). We acquired eight raster scans,
each after rotating the motorized mount 45°. In each raster
scan, the two-mirror assembly tilted the beam 60° from the
optical axis. To match this, each OCTA en face image was
projected from a plane angled 60° from the optical axis and
radially spaced 45° apart (Fig. 2e). Each projected image was
manually fine adjusted to produce the final montaged image
(Fig. 2f).

Finally, we quantified the accuracy of the montaged
image. The defining characteristic of the phantom eyeball
is the angle of the inlet and outlet grooves, which were
designed to be precisely 45°. Using ImageJ (National Insti-
tutes of Health, Bethesda, MD, USA), we measured the angle
of both the inlet and outlet tubing five times each in the final
montaged image. The inlet tubing has a measured mean path
angle of 45.1° ± 0.5° and the outlet tubing has a measured
mean path angle of 44.4° ± 12°. To validate the accuracy
of vis-OCT measurement of tube cross-sectional areas, we
imaged a glass capillary tube (#1-000-800; Drummond Scien-
tific Co., Broomall, PA) filled with water. Our measured inner
diameter was 392 μm, which agreed well with the manufac-
turer’s specified diameter of 400 μm.

Vis-OCT Imaging

Prior to vis-OCT imaging, we immobilized the mouse on
a homemade holder. We first aligned the vis-OCT system
without the two-mirror assembly so that the optical axis
of the mouse eye aligned with the vis-OCT probing beam
and the pupil was centralized. After we centered the eye,
we mounted the two-mirror assembly for SC imaging, and if
needed, we readjusted the vertical position of the mouse for
better optical focusing. The oblique-incident vis-OCT beam
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FIGURE 2. (a) Schematic of the 3D-printed phantom eyeball, with tube inset into groove shown in yellow. Direction of the Intralipid flow is
shown with the blue dashed line. (b) Vis-OCT B-scan image of the phantom eyeball without flowing Intralipid. (c) Vis-OCT B-scan image of
the phantom eyeball with flow Intralipid. (d) Vis-OCTA B-scan image of the phantom eyeball with flowing Intralipid. (e) Geometry of how
the eight raster scans are montaged onto a sphere. (f) 3D visualization of the montaged image of the phantom eyeball.

was approximately perpendicular to the scleral plane. In
the compound circumlimbal scan, each raster scan area was
1.8 × 1.8 mm2, which covered roughly 20% of the perimeter
of SC. For anatomical imaging, each raster scan contained
512 B-scans, and each B-scan contained 512 A-lines. For
vis-OCTA imaging, we repeated each B-scan five times. The
spectrometer integration time was 40 μs, and the vis-OCT
illumination power was approximately 1.0 mW.

Image Processing and Montage

We developed a semiautomatic method to segment SC in vis-
OCT B-scan using a custom MATLAB (Mathworks, Natick,
MA, USA) program. Briefly, we upsampled the vis-OCT B-
scan image 1580 × 2000 pixels and applied a mean filter
(10 × 10 pixels). We then binarized the B-scan image based
on a user-specified intensity threshold and automatically
removed small structures that were less than 25 pixels in
area. The user then clicks inside SC, and an automatic filling
algorithm, based on morphologic reconstruction, extends
from the pixel the user clicked outward until boundaries are

reached on all sides. A change in intensity between a pixel
and any of its four vertically or horizontally adjacent pixels
creates a boundary.34 If necessary, the user can manually
modify the segmented boundary. For 3D visualization and
volume measurement, we segmented SC from every other
vis-OCT B-scan image. The spacing between segmented B-
scan images is 7.4 μm, matching well with the theoreti-
cal lateral resolution (6.8 μm, Rayleigh criteria under Gaus-
sian beam profile) of the vis-OCT system. As a result, the
segmented B-scans are very close to both nonoverlapping
and without gaps. After SC was segmented from all B-scans,
we used open-source software (3D Slicer) to visualize it in
3D. To calculate cross-sectional area of SC, we multiplied
the vis-OCT pixel size within a B-scan image with the total
number of pixels within the segmented SC. To calculate SC
volume, we summed all the cross-sectional areas within a
selected SC segment and multiplied the total area with the
corresponding B-scan thickness.

We validated the repeatability of our segmentation using
a test-retest method, where we repeated the IOP-level
control sequence twice back to back: first decreasing from
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FIGURE 3. (a) Illustration of a top view of the mouse eye with positions and directions of three B-scans (blue arrow) shown within a raster
scan (red box). (b) 3D visualization of the segmented SC from 270 adjacent B-scans, equivalent to 1 mm in length, with x:y:z aspect ratios
of 1:2:3 (see Supplementary Video S1). Panels (c), (d), and (e) are vis-OCT B-scan images from the three positions highlighted in panel
(a); SC is outlined in red. (i) sclera, (ii) limbus, (iii) cornea, (iv) ciliary body, and (v) iris. Panels (f), (g), and (h) are magnified views of SC
corresponding to the areas highlighted in panels (c), (d), and (e), respectively.

�+10 mm Hg to �–10 mm Hg in steps of 5 mm Hg, then
increasing from �–10 mm Hg to �+10 mm Hg in steps of
5 mm Hg. Before comparing the two data sets, we corrected
lateral displacement through cross-correlation across 400
B-scans. We calculated the Pearson correlation coefficient
between the two �–10-mm Hg data sets and between the
two �+5-mm Hg data sets. The two �–10-mm Hg data sets
were acquired successively without changing IOP values
between two acquisitions. Their Pearson correlation coeffi-
cient was 0.81, representing a good match.35 The two �+5-
mm Hg data sets were acquired with a 24-minute delay and
the six distinct IOP-level changes. The Pearson correlation
coefficient between the two �+5 data sets was 0.66, repre-
senting a moderate match.35 Please refer to Supplementary
Figure S1 for more details.

For processing vis-OCTA data, we followed the method
described by Chen et al.36 To create a full-view SC image, we
montaged and mapped the individual raster scans vis-OCTA
en face images taken at different positions onto a sphere
using Solidworks (Dassault Systems, Vélizy-Villacoublay,

France) as illustrated in Figure 2e. Specifically, en face vis-
OCTA images were projected onto the surface of a 3-mm-
diameter sphere. To match the scanning geometry, each en
face image was projected from a plane angled 60˚ from the
vertical axis with each subsequent plane radially spaced
45˚ from the other. If needed, we manually readjust each
projected image for better alignment as shown in Figure 2f.
We compared the measured SC from both segmentation and
vis-OCTA by calculating the Dice coefficient37 in the respec-
tively projected images.

RESULTS

Figure 3 shows that the ultrahigh resolution vis-OCT
imaging of the anterior segment reveals the large variation
in the shape and size of SC, even within a 1-mm section.
In Figure 3a, the red box highlights the approximate loca-
tion of the imaged SC section and the three blue arrows
highlight the scanning direction and locations of the B-scan
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FIGURE 4. (a, b) Illustrations of a top view of the mouse eye with positions and directions of the parallel-view and perpendicular-view
B-scan images, respectively. (c–g) Parallel-view vis-OCT images under different IOP levels from the position highlighted in panel (a). (h–l)
Parallel-view vis-OCT images under different IOP levels from the position highlighted in panel (b). The red arrowheads highlight SC in the
B-scan images. (m) Examples of SC cross-sectional area changes at different positions along the canal under different IOP levels. (n) Mean ±
standard deviation volumes of 1.5-mm SC segments at IOP levels of –10 mm Hg, –5 mm Hg, 0 mm Hg, +5 mm Hg, and +10 mm Hg with
respect to the baseline IOP.

images. Figure 3b shows the final result after surface render-
ing of a segmented 1-mm SC section using 3D Slicer, an
open-source software.38 The x:y:z aspect ratio was stretched
to 1:2:3 for visualization purposes. Additionally, the model
was smoothed along the y-axis (B-scan direction) across five
B-scans. The two ends were not smoothed. Figures 3c–3e
show three representative vis-OCT B-scan images (from the
positions highlighted in Fig. 3a) used for segmentation and
3D visualization. We refer to these B-scan images as perpen-
dicular views of SC. The segmented SC is outlined in red in
each B-scan image. Due to lack of optical scattering contrast,
the area inside SC shows noticeably lower vis-OCT intensity
than the surrounding regions. We highlight the (i) sclera, (ii)
limbus, (iii) cornea, (iv) ciliary body, and (v) iris in Figure 3c,
which are landmarks to facilitate locating SC. The magni-
fied views of the areas highlighted by the blue dashed
boxes in Figures 3c–3e are respectively shown in Figures
3f–3h, where segmented SC sizes are 8743 μm2, 8168 μm2,
and 4047 μm2, respectively. The pixel size is approximately
1.1 μm along both the axial and lateral directions.

Figure 4 shows the results of imaging SC size variation
under different monometrically set IOP levels. We visual-
ized SC size variations along the canal (parallel view) and
perpendicular to the canal (perpendicular view) from the
approximate positions illustrated in Figures 4a and 4b,
respectively. Figures 4c–4g show the parallel-view B-scan
images of SC from the same position when we changed
the IOP from –10 mm Hg to +10 mm Hg with respect
to the baseline IOP at a step size of 5 mm Hg. In these
parallel-view images, we can see the elongated cross
section of the imaged SC (dark area highlighted by red
arrowheads). Figures 4h–4l show perpendicular-view B-scan
images taken from the position highlighted in Figure 4b
under the same five different IOP levels. In both the paral-
lel and perpendicular views, SC cross-sectional areas were
obviously larger at a lower IOP and decreased in size as IOP
increased. When the IOP was 10 mm Hg above the baseline
IOP, SC nearly collapsed completely (Figs. 4g and 4l). At
higher IOP levels (Figs. 4f–g, 4k–l), entire sections of SC
appeared collapsed, for up to tens of microns in length.
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FIGURE 5. (a, b) Photos of mouse eyes without and with the episcleral vein blocked. The red arrows in (b) highlight SC after it is filled with
blood. (c, d) Vis-OCT parallel-view B-scan images before and after blood reflux. The red arrows in both the photos and vis-OCT parallel-view
B-scan images point to SC. (e) 3D visualization of SC with blood reflux imaged by vis-OCTA directly (gray) and overlaid segmentation result
(yellow).

At each of the five IOP levels, we segmented an approx-
imately 1.5-mm length of SC acquired in the perpendicu-
lar view, with a spacing of 7.4 μm between segmented B-
scans. We calculated the cross-sectional area of SC (in μm2)
for each B-scan analyzed. The results of this analysis in one
representative mouse are shown in Figure 4m, with SC areas
plotted against B-scan positions. There appears to be a peri-
odic pattern to the area increasing and decreasing, which
remains true across all the IOP levels. This observation is
consistent among all the mice imaged (n = 8). In addi-
tion, the change in SC volume against IOP level is further
illustrated in Figure 4n.

Figure 5 shows the comparison between directly visual-
ized SC based on blood reflux and results from segmenting
the canal. We introduced blood reflux into SC through
episcleral vein blockage to create optical scattering contrast
inside SC as described in the Methods and Materials section
and illustrated in Figure 1d. Taking advantage of the motion
of refluxed red blood cells in SC, vis-OCTA can directly
visualize SC. Figure 5a shows a normal mouse eye, with SC
nearly invisible. After episcleral vein blockage, SC became
bright red and clearly visible, confirming that blood was
pushed back into SC (Fig. 5b). Figures 5c and 5d show
the parallel-view vis-OCT B-scan images of SC from the
same location before and after suturing. SC (dark region
highlighted by the red arrowheads) is enlarged after EVP
increase, indicating that SC is no longer in its natural
physiologic state after blood reflux. With blood reflux, the
size and shape of SC are similar to what we observed when
IOP was 10 mm Hg below the baseline IOP level. A 3D
visualization of vis-OCTA images covering a 1.8 mm × 1.8
mm area is shown in Figure 5e. SC is clearly visualized by
vis-OCTA, which relies on motion contrast, confirming that
blood reflux enhanced the imaging contrast of SC as a result
of blood cells flowing inside SC. We also segmented SC from
half of the vis-OCT volume and overlaid the segmented
SC (pseudo-colored in yellow) onto the vis-OCTA volume
(semitransparent gray). Both the segmented results and vis-
OCTA results of the blood-refluxed SC showed near-perfect
overlap, confirming that our semiautomatic segmentation
faithfully detected SC from vis-OCT images. Indeed, after
segmenting the projected vis-OCTA volume to remove most
of the vessels surrounding SC, the overlap between the
projected vis-OCTA SC and the projected segmented SC, as

quantified by the Dice coefficient, was 0.87, implying good
agreement.

Figure 6 shows the results of imaging the full SC
under elevated EVP and the associated limbal microvascu-
lar network using our compound circumlimbal scan as illus-
trated in Figure 2e. We acquired eight raster scans using vis-
OCTA, rotating the attachment 45° between each raster scan.
The final montaged images projected onto a sphere, form-
ing the circumlimbal view, are shown in Figure 6a. Figure 6b
is a projection view of the four quadrants of the entire
SC and limbal microvascular network, mimicking the
commonly used flat-mount microscopic images.39 The super-
ficial limbus vasculature is color-coded in the left quadrant,
by matching anatomical features with previously published
histologic studies.40

DISCUSSION

We demonstrate, for the first time, in vivo imaging of the
entire SC and its surrounding limbal microvascular network
in mice. We developed an oblique-incident vis-OCT system
to accommodate the curvature of the eyeball for the best
SC imaging quality. We empirically identified that the best
imaging angle between the vis-OCT incident light beam
and the optical axis of the eye is approximately 60° from
the optical axis. To avoid rotating the mouse and the asso-
ciated unwanted perturbations in both IOP and EVP, we
added a two-mirror assembly that was rotated about the
optical axis of the eye. We used a 3D-printed phantom
eyeball to calibrate the geometries of this rotational scan-
ning setup for full-field SC structure reconstruction. We
found that each raster scan of 1.8 × 1.8 mm2 can cover
approximately 20% of the total SC perimeter, and eight rota-
tions of the raster scan will ensure adjacent images to have
sufficient overlap for circumlimbal 3D reconstruction and
montage.

In our study, we used two methods, manometry to change
IOP and blood reflux, to validate the capability of our vis-
OCT system on noninvasive imaging of SC and its size alter-
ations. Several studies on both mouse and human support
the observation that there is a large variation in SC cross-
sectional area in a single subject, which is further dependent
upon IOP, physical exercises, glaucomatous status, blood
reflux, and congenital abnormalities.41–45 We visualized such
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FIGURE 6. (a) 3D visualization of montaged vis-OCTA circumlimbal image of SC under elevated EVP and the surrounding limbal microvascular
network (see Supplementary Video S2). (b) Projection view of the imaged entire SC and limbal microvascular network in the flat-mount style
four quadrants. The left quadrant is pseudo-colored to highlight different anatomical features of the limbal microvessels. PLV, perilimbal
vein; CLA, circular limbal artery; CA, corneal arcades; SC, Schlemm’s canal.

rapid changes in SC cross-sectional area within a 1-mm
section of the mouse SC in the 3D surface rendering (Fig. 3b).

Using manometry, we confirmed that cross-sectional area
can vary significantly even within a short 1.5-mm section
of SC (Fig. 4m). Indeed, periodic peaks are visible roughly
every 400 μm, and the locations of these peaks remain
consistent throughout the IOP-level changes. As it has been
reported in humans that aqueous outflow is increased near
the collector channels, and SC is known to have a larger
cross-sectional area near the collector channels,46 these
peaks may coincide with the locations of collector channels
in mouse. Thus, cautions should be taken when considering
tracking SC alterations according to only a few B-scans.
Instead, the volume of a given section of SC should be
more reliable for quantitative analysis of SC changes. Our
results show that SC volume significantly decreased with
the IOP elevation (Fig. 4n) and demonstrate that even in
wild-type mice, a 10-mm Hg increase in IOP leads to nearly
total collapse of SC according to vis-OCT image (Figs. 4g
and 4l). Figure 4n shows an average reduction of 72%
at �+10 mm Hg and 26% reduction at �+5 mm Hg. As
reported by Li et al.,25 the SC size reduces roughly 80% at
20 mm Hg and 37% at 15 mm Hg. Li et al.25 did not set the
IOP levels relative to baseline IOP but rather at absolute
values. Regardless, the values obtained are comparable to
the degree of collapse that we observed. We recognize that
there exists room for error in measuring SC cross-sectional
area due to segmentation inaccuracy, limitations of vis-OCT
resolution, and influence from signal-to-noise ratio and
speckles. The inverse relationship between IOP and SC
cross-sectional size in wild-type mice matches well with
previously published human studies.47,48 Several clinical
studies have shown that SC is smaller in glaucomatous
eyes as compared with normal eyes, and it is thought that
decreased SC lumen size contributes to the elevated pressure
characteristic of primary open-angle glaucoma.13,44,48,49

Some researchers consider visualization of the blood in
SC after sclera compression as a positive prognosis factor

of successful antiglaucoma surgery.14,15 Blood refluxed into
SC may reflect the communication between the episcleral
veins and SC. The mouse blood reflux test was performed
by increasing the pressure of the episcleral vein, causing the
blood to flow in the reverse direction of its usual flow and
enter SC. Through vis-OCT imaging, blood reflux directly
increased SC size after episcleral vein blockage. Addition-
ally, the refluxed blood in SC also shows positive signal in
vis-OCTA, thus allowing us to directly visualize SC with-
out segmentation or introducing any exogenous contrast
agent.50 Although several publications have used OCTA to
image the SC in mouse, only B-scan images were shown
and the angiography information was used as a tool in
segmenting the SC rather than enabling direct visualization
of SC.24–26 Although not in its natural physiologic state, the
entire structure of SC can be noninvasively and fully recon-
structed. Therefore, the enlargement of SC and its uniformity
under external perturbation imaged by OCT may be a poten-
tial measure to predict the success of certain antiglaucoma
surgeries such as laser trabeculoplasty and canaloplasty.14,15

The perilimbal vein (PLV), pseudo-colored in blue
in Figure 6b, has been described as a plexus forming a
continuous ring around the limbus.40 These features of the
PLV are evident in the circumlimbal scan. The circular limbal
artery (CLA), pseudo-colored in red in Figure 6a, is described
as a single narrow artery, which can often be found with
the PLV.40 The corneal arcades (CAs), pseudo-colored in
green, are looped vessels that anastomose with both CLA
and PLV.40 Therefore, the CAs can be considered capillary
equivalents in the limbal vasculature. Finally, SC (pseudo-
colored in orange) often but not always runs directly parallel
to the superficial limbal vasculature.

In summary, our findings demonstrate that we can image
the entirety of SC and its surrounding limbal microvascular
network in mice using vis-OCT and vis-OCTA. In agreement
with other investigations,51,52 we found that at normal IOP,
SC is a continuous structure that extends around the limbus.
In the future, we will investigate the size variation in normal
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SC and validate vis-OCT measurement by histologic anal-
ysis as well as electron microscopy. We will further investi-
gate the hemodynamics of the limbal microvascular network
under changing IOP levels. We believe that vis-OCT has the
potential to shed new light on investigating the conventional
outflow pathway in both healthy and glaucomatous eyes.
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SUPPLEMENTARY MATERIAL

SUPPLEMENTARY VIDEO S1. Video showing the 3D
visualization of the 1mm length of segmented SC
from Figure 3b.
SUPPLEMENTARY VIDEO S2. Video showing the 3D
visualization of the montaged vis-OCTA circum-
limbal image of SC under elevated EVP and the
surrounding limbal microvascular network from
Figure 6a.
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