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Purrose. To investigate the collagen fiber arrangement around emissary canals in the
posterior sclera.

MerHops. One hundred sixty-five eyes of 93 patients who underwent polarization-
sensitive optical coherence tomography (PS-OCT) examinations in 2019 in the Institute
of Science Tokyo were studied. Multimodal imaging, including streamline images derived
from PS-OCT data, B-scan images, and indocyanine green angiography (ICGA) images,
was used to investigate the collagen fiber arrangement around emissary canals and scleral
pits in vivo. Additionally, the collagen fiber arrangement around the emissary canals in
porcine sclera was examined using scanning electron microscopy and light microscopy.

Resurrs. Streamline images showed whorl-like collagen fiber arrangements on all eyes,
and 25 eyes were selected for the analysis. All whorls corresponded to emissary canals on
B-scan images. The whorls were confirmed to correspond to the posterior ciliary artery
entries in three eyes and posterior vortex vein exits in three eyes with available ICGA
images. Streamline cutaway images showed that the whorls surrounded the emissary
canals throughout the entire course. In 16 eyes with 20 scleral pits, whorls were seen
surrounding all the pits. Microscopic study using porcine sclera confirmed the whorl-like
structures around the emissary canals ex vivo and demonstrated tangentially arranged
collagen fiber bundles forming the circle.

Concrusions. The collagen fibers are arranged as whorl-like structures around the vessel
emissary canals in the posterior sclera, which is a knowledge gap for basic scleral histol-
ogy. Additionally, this study demonstrated a strong correlation between PS-OCT findings
and microscopic histology, underscoring PS-OCT’s utility in detecting scleral collagen
fiber arrangements.

Keywords: polarization-sensitive optical coherence tomography, scleral collagen fiber,
emissary canals

he sclera, forming the outer coat of the eye, is a fibrous

connective tissue composed of dense bundles of colla-
gen, a few elastic fibers, fibroblasts, and a moderate amount
of amorphous ground substance, such as proteoglycans
and glycoproteins.!~3 The scleral collagen fibers are consid-
ered to be crucial in determining the biomechanical behav-
ior of the eye, playing a critical role in maintaining the
shape of the eye and protecting the eye from mechanical
insults.

There are areas of discontinuity of the posterior sclera.
The largest foramen is the optic nerve head (ONH) canal,
which allows the passage of the optic nerve and central reti-
nal artery and vein. In addition, there are 15 to 20 emis-
sary canals where perforating scleral vessels (PSVs) pene-
trate the sclera, including posterior ciliary arteries (PCAs)*
and posterior vortex veins (VVs).>° These areas with discon-
tinuous sclera are considered structurally vulnerable against
mechanical insults especially in highly myopic eyes involv-
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ing an increase of axial length and significant thinning of the
sclera. Previous studies, both in vivo’™ and ex vivo,'*'!! have
documented a circumferential collagen fiber arrangement
around the ONH canal,’~!! which are believed to provide
biomechanical support to the lamina cribrosa, and to the
nerves and vessels that pass through it.'> For the emissary
canals, however, the scleral collagen fiber arrangements have
not been thoroughly investigated.

Polarization-sensitive optical coherence tomography (PS-
OCT) is a functionally extended OCT device. Unlike conven-
tional OCT devices, which are limited to assessing the thick-
ness and the curvature of the sclera, PS-OCT can obtain
additional information on the tissue that alters the polariza-
tion state of the light. One of the optical properties that can
be measured by PS-OCT is birefringence, an optical prop-
erty exhibited by tissues like smooth muscles and colla-
gen fibers, where the medium has varying refractive indices
based on the state of polarized light."> The optic axis of
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a birefringent medium is the direction where light waves
propagate at a consistent velocity, regardless of polarization.
Birefringent media generally have multiple optic axes, with
the “slow axis” (higher refractive index) aligning with the
long axis of biological fibers. Thus PS-OCT can determine
collagen fiber orientation by measuring these axes. This
technique is widely used to study ocular structures, includ-
ing the cornea, retinal nerve fiber layer, and sclera.®!4-17
In the posterior segment, the attenuation of signal pene-
tration by the thick choroid often prevents the full thick-
ness of normal sclera from being visualized in vivo, and
highly myopic eyes, with substantially thinner choroid and
sclera, are ideal for analyzing scleral structure in vivo using
PS-OCT.

During our preliminary study of the posterior sclera with
PS-OCT in highly myopic patients, we observed whorl-like
collagen fiber arrangements that we suspected to be associ-
ated with the emissary canals of the PSVs. The primary aim
of this study was to verify this hypothesis and to explore the
potential structural and functional roles that these arrange-
ments may play within the scleral matrix. To achieve this
objective, we first compared multimodal in vivo imaging for
highly myopic eyes and then verified the histological config-
uration under microscopy using porcine eyes ex vivo.

METHODS
Subject Enrollment

The study protocol was in strict adherence to the tenets of
the Declaration of Helsinki and received approval from the
Ethics Committee of Institute of Science Tokyo. We retro-
spectively analyzed the medical records of 165 eyes of 93
patients who underwent PS-OCT examinations in May and
June 2019 at the Advanced Center of High Myopia at the
Institute of Science Tokyo. To select cases that would allow
optimal analysis of posterior scleral configuration under
conditions closely resembling normal physiology, we imple-
mented stringent exclusion criteria, including images with
poor quality, such as images affected by media opacities
including dense cataracts or vitreous opacity and images
compromised by excessive motion or blinking artifacts; eyes
with conditions that affect the performance of the segmenta-
tion algorithm and signal detection, including but not limited
to extensive retinoschisis, myopic neovascularization, trac-
tional detachment of retina, and large intrachoroidal cavita-

TaBLe. Demographic Information of Subjects

Parameter

Subjects for Normal
Emissary Canal Analysis
(25 Eyes of 16 Patients)
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tion; eyes with highly irregular scleral shape or highly steep
curvature; and significant scleral signal attenuation caused
by thick overlying choroid.

During data screening, whorl-like collagen fiber arrange-
ments were observed on all eyes. Because of the stringent
exclusion criteria, 25 eyes from 16 patients met the inclusion
criteria and were selected for further analysis. All patients
were Japanese. The demographic information is shown in
the Table.

PS-OCT Examination and Image Processing

In this study, we employed a prototype PS-OCT system
(Tomey Co., Nagoya, Japan) using a swept laser at a 1050 nm
center wavelength with 100 kHz A-scan rate. The details
of this system have been described previously,'® where
the depth-resolved polarization properties are measured
without compromising the effective A-scan rate, enabling
wide-field imaging of the fundus as well as conventional
swept-source OCT. The raw PS-OCT data contained polar-
ization properties of the target in a mathematical form
called Jones matrix, which has complex-valued 2 x 2 matrix
at each spatial pixel. The measured data were processed
to obtain the optic axis by algorithms developed earlier.®
The contrast mechanism of birefringent collagen fiber is as
follows briefly: when the propagating direction of the light
is oblique or perpendicular to the optic axis, which is the
case of the fundus imaging, the medium exhibits two differ-
ent refractive indices that result in alteration of the state
of polarization along the axial depth. The orientations of
the optic axes projected on the plane perpendicular to the
propagating direction of the light are determined mathe-
matically by PS-OCT.2 Strictly speaking, the above descrip-
tion is for the case of perfectly aligned fibers. In practice,
however, the scleral collagen fibers have interwoven struc-
ture, which is mostly beyond the resolution of OCT.” As
a result, we observe net birefringence created by the inter-
woven fibers, where birefringence of the individual fibers
is partially cancelled out. The optic axis of the net birefrin-
gence is attributed as preferential orientation, which have
been studied using wide-angle X-ray scattering, small-angle
light scattering, second harmonic generation microscopy,
and polarized light microscopy.l®!1?° Compared to these
techniques, a unique feature of PS-OCT is the depth-resolved
measurement in vivo.

Subjects for
Scleral Pits Analysis
(16 Eyes of 14 Patients)

Age (years)
Gender (Number of patients)
Male
Female
Axial length (mm)
Refractive error (spherical equivalent, diopters)”
Best corrected visual acuity (lIogMAR unit)
META-PM classification (Number of eyes)"
Tessellated fundus
Diffuse choroidal atrophy
Patchy choroidal atrophy
Macular atrophy

57.50 + 14.16 65.47 + 8.360

5 5

11 9
29.72 + 1.26 31.17 + 1.62
—12.83 £+ 4.59 —13.42 + 4.65
0.13 + 0.34 0.66 + 0.62

1 0

14 0

5 4

5 12

" Eyes with intraocular lenses were excluded from this calculation.
T Grading system of pathologic myopia developed by the Meta-analysis for Pathologic Myopia (META-PM) Study Group.
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A

Figure 1. (A, B) The B-scan OCT intensity image and en face OCT intensity image at the CSI extracted from polarization-sensitive OCT
(PS-OCT) data, respectively. (C) The optic axis image with a cyclic colormap to indicate the orientation of local birefringence, where the
pixels above thresholds of the signal intensity and local retardation are shown and other pixels are replaced with the gray-scaled intensity.
(D) The en face optic axis image of the sclera under the CSI with an axial averaging for 15 pixels (67 pm). (E) En face streamline image where
upper layers of the volumetric data is cropped at the CSI level. (F) En face streamline image cropped at the level of 5 pixels (22.35 pm) lower
than the CSI. (G) En face streamline image cropped at the level of 10 pixels (44.7 um) lower than the CSI. (H) Outside view (i.e., viewing
from the outer surface of the sclera). The red arrows indicate the whorl-like structures of fiber arrangements, which became increasingly
obvious at deeper levels.
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A

Ficure 2. Identification of emissary canals on OCT intensity B-scan images and ICGA images. (A) Image showing the three-dimensional
(3D) structure of the streamline rendering of the scleral fibers viewed from an oblique camera angle. (B) En face view with red and light
blue reference lines crossing at the center of the whorl-like fiber arrangement (white arrow); A magnified image showing the whorl-like
structure at the crossing of the red and blue reference lines is shown on the right upper corner. ONH indicates the optic nerve head.
(C) Same 3D structure as image A, displaying the specific horizontal B-scan corresponding to the red reference line in images A and
B. (D) OCT intensity B-scan image viewed from the camera angle indicated by the white arrow in image C. On this image, color rendering
of the scleral fibers are hidden, leaving only the B-scan image and the light blue reference line, and an vessel emissary canal (red arrow)
can be seen at the site indicated by the light blue line. (E) En face OCT intensity image at the CSI showing the location of the center of the
whorl-like structure. (F) Cropped image of the ICGA arterial phase with horizontal (red) and vertical (light blue) dashed lines to indicate
the same entry site of the PCA by referring to retinal vessels and choroidal vessels as the landmarks.



Investigative Ophthalmology & Visual Science

Whorl-Like Structures Around Emissary Canals

The retinal scans covered an area of 9 x 9 mm?, centered
on the macula, and were acquired using a raster scanning
protocol with 1024 x 256 A-scans in the horizontal and verti-
cal directions. The system provided an axial resolution of
7.3 ym and a depth measurement range of 4.49 mm within
the tissue. Figures 1A and 1B show the OCT intensity B-scan
image and en face OCT intensity image extracted from PS-
OCT data, respectively. Figure 1C shows the optic axis image
with a cyclic colormap indicating the orientation of net bire-
fringence. Figure 1D shows the en face optic axis image of
the sclera under the choroid-sclera interface (CSI) with an
axial averaging for 15 pixels (67 pm), where the axial digital
resolution of 4.47 pm/pix is smaller than the optical resolu-
tion.

Because the optic axis is a vectorial contrast that shows
the orientation of the net birefringence created by the
fibrous tissues, plotting or rendering methods dedicated to
the vectorial data are preferred. Streamline rendering is one
of such methods, and it has been used to visualize scle-
ral collagen fibers in previous studies using polarized light
microscopy ex vivo!® and PS-OCT in vivo.® In the current
study, we used ParaView 5.12.0 (Kitware Inc., New York,
NY, USA) for volumetric streamline rendering of the optic
axis, and the method was the same as the previous study.®
Figure 1E shows the streamline image of the optic axis under
the CSI.

Throughout the entire thickness of the sclera, the colla-
gen fiber arrangements are not uniform as seen in Figure 1C
and reported in previous studies.!®?! In addition to visual-
izing the en face streamline image at the level of CSI, we
also created cutaway images at different depths from CSI
(Figs. 1F-H).

Correspondence of Emissary Canals With
Whorl-Like Structures

Figure 2 showed the procedure to investigate the structural
relationship between multimodal images at the site of whorl-
like collagen fiber arrangements. The volumetric stream-
line rendering of the optic axis was created by ParaView
(Fig. 2A). A horizontal (red) and vertical (blue) reference
lines were introduced to pinpoint the center of the whorl-
like structures (Fig. 2B). By displaying the horizontal OCT
B-scan corresponding to the red reference line (Fig. 2C), the
structure of the sclera at the site of the whorl center can be
observed on B-scan images, indicated by the blue reference
line (Fig. 2D). Characteristic hyporeflective areas indicative
of PSVs were observed, as reported by the previous study.?
The same site can also be pinpointed on the intensity image
(Fig. 2E), and the retinal vessel and choroidal vessels were
used as landmarks to manually crop the indocyanine green
angiography (ICGA) images, and reference lines were manu-
ally added on the ICGA images to further verify if the whorl-
like structures corresponded to PCA emissaries or posterior
VV exits (Fig. 2F).

Collagen Fiber Arrangements Around Scleral Pits
at the Site Of PSV Emissaries

As vulnerable points of the sclera, previous studies have
identified focal scleral ectasia or scleral pits at the sites
of emissary canals within areas of extensive choroidal
patchy atrophy.?>4 To study the collagen fiber arrangements
around these particularly fragile sites, we included cases
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with choroidal patchy atrophy and scleral pits at the sites
of PSV emissary canals. Because scleral pits usually occur
in cases with severe conditions, the above exclusion criteria
did not apply to these cases, and we included all available
cases as long as the area of interest was unaffected. In this
study, scleral pits were detected in 16 eyes of 14 patients.
The demographic information is also shown in the Table.

Basic Clinical Data Collection

The age and gender of patients were collected. All subjects
underwent comprehensive ophthalmic examinations. Data
included best-corrected visual acuity, refractive error (spher-
ical equivalent), axial length (IOL Master 700; Carl Zeiss
Meditec Co., Jena, Germany), and myopic maculopathy
according to META-PM classification®® based on fundus
photos were recorded and analyzed. ICGA images were
obtained with Heidelberg Spectralis HRA system (Heidel-
berg Engineering, Heidelberg, Germany). The largest width
of the scleral opening on B-scan images at the CSI level was
measured using an in-house developed analyzing software
(Owl Eye, version 1.6.5; Tomey Co., Nagoya, Japan).

Ex Vivo Verification of the Whorl-Like Structures
Using Porcine Eyes

Porcine eyes were obtained from a local slaughterhouse
within two hours postmortem. The eyeballs were dissected
into scleral eyecups, and a 4 x 4 mm? area of the poste-
rior scleral containing the PSVs was excised under a surgical
microscope. For hematoxylin and eosin (H&E) staining, the
tissue was treated by the following protocol: The tissue was
first fixed with 4% paraformaldehyde and stored under 4°C
overnight, dehydrated by 30% sucrose, and cryosectioned
into 10 pm slices. For scanning electron microscopy (SEM)
observation, the scleral tissue was fixed in 2.5% glutaralde-
hyde in 0.1 M phosphate buffer and stored overnight at
4°C. Because the lamina fusca is relatively loosely connected
to the scleral stroma, it can get easily displaced and even
detached during the dehydration process. Therefore the
lamina fusca together with some superficial scleral layers
were removed with a blade, and collagen fiber arrange-
ments within the scleral stroma were observed. The tissue
was then post-fixed with 1% osmium tetroxide (OsOy) in
0.1 M phosphate buffer for two hours. After fixation, the
tissue was gradually dehydrated in a graded ethanol series,
starting from 50% to 90%, with each concentration applied
for 10 minutes. This was followed by three consecutive 10-
minute treatments in 100% ethanol. The tissues were then
dried using a critical point drying apparatus (HCP-2; Hitachi
Ltd., Tokyo, Japan) with liquid CO,. Finally, the specimen
was sputter-coated with platinum before scanning electron
microscope (JSM7900F; JEOL, Tokyo, Japan) observation.
Cryo-sectioned slides from one eye were also treated with
the SEM preparation protocol and observed under SEM.

RESULTS

Comparison of Multimodal Imaging (Streamline
Images, B-Scan Intensity Images, and ICGA
Images)

The average number of whorl-like structures was 8.9 + 2.4
per eye on streamline images, ranging from six to 16 (Fig. 3).
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Ficure 3. Whorl-like structures (arrows) visualized on streamline images of three typical cases viewed from the inside the eye. The streamline
images were cropped at 20 pixels (89.4 nm) (A), 20 pixels (89.4 ym) (B), and 10 pixels (44.7 ym) (C) from choroid-sclera interface.

These structures were universally verified by B-scan inten-
sity images to correspond to the emissary canals of PSVs
(Fig. 4). Additionally, three eyes had arterial phase ICGA
images, and all whorl-like structures were confirmed to
encircle the PCAs (Fig. 4); in another three eyes with poste-
rior VVs on venous phase ICGA images, exits of all poste-
rior VVs were also observed to be surrounded by whorl-like
structures (Fig. 5). The mean largest width measured on B-
scan images at the level of CSI was 274.63 + 189.55 um
(range 70.31 pm to 843.75 pym) for PSV emissary canals.

Whorl-Like Structures Surrounding the Entire
Course of the Emissary Canals

Because the scleral emissary canals may follow various
courses, including perpendicular, spiral, or oblique,! we
observed the whorl-like structures at different depths in
the sclera along the entire course of the emissary canals
(Fig. 6 and Supplementary Video S1). Furthermore, in four
eyes, two whorl-like structures observed on the inner side of
the streamline image merged into a single larger whorl-like
structure on the outer side. This merger was corroborated
by B-scan images, which confirmed the convergence of two
emissary canals at a deeper level of the sclera (Supplemen-
tary Fig. SD1).

Whorl-Like Structures Surrounding Scleral Pits at
PSV Emissaries

Scleral pits are full-thickness focal scleral excavation around
the PSV emissaries in pathologically myopic eyes with exten-
sive choroidal atrophy.?3?% In the 16 eyes, a total of 20
pits were identified. Whorl-like structures encircled each
pit, regardless of their sizes (Fig. 7). The average maximum
width of the scleral pits at CSI was 471.68 + 219.06 um,
ranging from 149.41 pm to 896.48 pm.

Microscopic Examination of Posterior Emissary
Canals of Porcine Eyes

SEM and H&E staining images (Figs. 8A-E) vividly illus-
trated collagen bundles encircling the emissary canals.
Under higher magnification, these bundles appear tangen-

tially arranged, forming a distinctive ring around the canals
(Fig. 8F). Notably, one or more vessels may share a single
emissary canal, and when a single vessel traverses the canal,
it often adheres to one side rather than positioning centrally
(Fig. 80). In addition to the vessels, longitudinally aligned
collagen fibers are observed along the vessels’ path within
the emissary canal (Figs. 8C, 8D).

DISCUSSION

In this study, we used PS-OCT to analyze the posterior
scleral collagen fiber arrangements in highly myopic eyes,
highlighting whorl-like collagen fiber configurations around
the emissary canals of PSVs, mainly comprising PCAs and
posterior VVs. Furthermore, our study revealed that while
scleral collagen fiber arrangements were depth-dependent
and exhibited significant differences between the inner and
outer layers,'%2! the whorl-like structures around the emis-
sary canals persisted throughout the entire thickness of the
sclera and consistently aligned with the courses of the emis-
sary canals. Even in cases with scleral pits at the emis-
sary canals in eyes with extensive myopic choroidal atro-
phy, whorl-like structures remained undestroyed. Based on
these findings, we hypothesize that the whorl-like structures
maintain structural consistency and adaptability under both
normal and pathological conditions. However, further inves-
tigations, particularly histological studies using microscopy,
are necessary to verify this hypothesis across various disease
states. Moreover, we examined posterior porcine sclera using
H&E staining and SEM and verified the whorl-like struc-
ture around the emissary canals ex vivo. Detailed observa-
tions using SEM revealed that the whorl-like structures were
tangential configuration of collagen bundles encircling the
canals. The correspondence between in vivo and ex vivo
results demonstrated the reliability of PS-OCT as a valu-
able tool to provide accurate information on the scleral
structure.

Our research distinguishes itself from prior studies using
PS-OCT’* by using streamline images, which provide a
clearer and more intuitive depiction of the preferential
orientation formed by the interwoven collagen fibers in
the posterior sclera. Additionally, whereas previous stud-
ies predominantly focused on the peripapillary region,
our study encompassed a broader 9 x 9 mm? area
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Ficure 4. Correspondence of whorl-like structures and emissary canals of PCAs verified by both B-scan OCT intensity images and ICGA
scans. (A) Right fundus of a 54-year-old highly myopic woman with an axial length of 30.63 mm shows diffuse choroidal atrophy around the
optic nerve. The red rectangle indicates the capture area of image B. (B) The en face OCT intensity image of the sclera under CSI. (C) The
en face streamline cutaway (20 pixels (89.4 pm) below CSI image. Red arrows indicate the whorl-like structures. The arrows and numbers
match with those on image D. (D) Arterial phase ICGA image cropped to the same area as in B using the retinal vessels as landmarks.
Arrows indicate the point where PCAs entered the eye. The whorl-like structures on image C all corresponded to PCA emissaries on the
ICGA image. (E-J) Horizontal B-scan images showing the intrascleral course of PCA (red arrows) corresponding to the numbers from 1-6
on images C and D.
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Ficure 5. A whorl-like structure surrounding the exit of the posterior VV. (A) Venous phase ICGA image from a 54-year-old woman with
an axial length of 30.02 mm shows a posterior VV with dilated and tortuous branches. The original ICGA image was cropped to show the
area detected by PS-OCT. The red arrow indicates the exit of a large posterior VV. (B) The en face OCT intensity image at the CSI. The red
arrow indicates a large hyporeflective area corresponding to the exit of this posterior VV. (C) The streamline image viewed from inside the
eye shows a large whorl-like structure (arrow) corresponding to the site of posterior VV exit. Many other small whorl-like structures were
also seen. (D) Horizontal B-scan OCT intensity image showing the largest width of the posterior VV. Posterior VV starts from the choroid
and courses intrasclerally (between dotted lines). The red arrow indicates the site where this posterior VV exits the eye.

centered on the fovea and shed light on the macroscopic
observation of fiber arrangement in the wider area of
sclera.

The emissary canals of PSVs may be structurally vulner-
able because they are full-thickness scleral discontinuities,
and this vulnerability becomes more pronounced as the
posterior sclera stretches and thins in eyes with pathologic
myopia. This process can lead to a marked expansion of
the canals into scleral pits.?*?4?’ However, previous stud-
ies had not thoroughly explored the collagen fiber arrange-
ments around vessel emissary canals within the sclera. In
the book The Sclera,' it is mentioned that “The fibrils at
the emissary canals run parallel to the direction of the
canal”; however, this assertion lacks supporting citations or
illustrative figures and does not provide a clear picture of
how the fibrils are arranged around the emissary canals.
Our findings contribute to a more detailed understanding
of this anatomical configuration, presenting a clearer and
more accurate depiction of the collagen fiber orientations

in relation to the emissary canals. The whorl-like struc-
tures formed by fibers encircling the canals may contribute
to maintaining a uniform stress distribution circumferen-
tially, thereby minimizing the risk of stress concentration at
any single point. This structural arrangement likely serves
a protective role, preserving the space required for vessel
passage and preventing potential rupture or significant
deformation in these regions under conditions of marked
scleral stretching. Scleral remodeling during the progres-
sion of myopia is characterized by the loss of collagen
tissue, a decrease in collagen fibril diameter, and a shift
from an interwoven to a lamellar arrangement of colla-
gen fiber bundles.?®-3? These changes collectively contribute
to the overall thinning of the scleral thickness. In the
present study, we demonstrated that the whorl-like colla-
gen fiber arrangements appear to remain largely unaffected
during this remodeling process. Future ex vivo studies are
needed to further investigate the associated microstructural
changes.
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Figure 6. The whorl-like structures observed to encircle the entire course of the emissary canals with the oblique perforation.
(A, B) En face OCT intensity image at CSI and streamline images of the sclera. The red and green rectangles indicate the areas shown
in images C and D, respectively. (C, D) The cropped images from the areas of A and B indicated by the red rectangle (C) and green
rectangle (D), respectively. The left column in each image shows the en face OCT intensity images extracted at the depths shifted from the
CSI for 0 pixel, 10 pixels (44.7 nm), 20 pixels (89.4 pm), and 30 pixels (134.1 pm), respectively. The right column in each image shows the
streamline images at the same depths of the respective intensity images in the left column. The yellow dotted lines connect the center of
the hyporeflective areas, which are indicative of the course of emissary canals, at the depths shifted from CSI for 0 and 30 pixels. It can
be observed that both emissary canals are oblique within the sclera, because they perforate the sclera temporally and inferiorly from CSI
to deeper levels. The black dotted lines connect the center of the whorl-like structures at the depths shifted from CSI for 0 and 30 pixels,
showing corresponding lateral shift along the depths in the sclera, as well as the OCT intensity images.

Additionally, tangentially arranged collagen bundles were
observed around the emissary canals under microscopy.
Similar tangentially arranged fibers have also been reported
to surround the ONH canal in a study by Voorhees and
colleagues,® they pointed out that the tangentially arranged
fiber might explain the expansion of the ONH canal under
elevated intraocular pressure. Moreover, they performed
computational modeling and demonstrated that tangentially
arranged fibers showed significantly superior profile of
circumferential and radial strains compared to traditional

circumferential fiber arrangement and radial fiber arrange-
ment models.>® Therefore the tangentially arranged fibers,
which provide flexibility of expansion and near-zero strain
profile,*> might be a more deep-seated factor for the mechan-
ical strength of such whorl-like configuration, especially in
cases of scleral pits. The persistence of whorl-like structures
around scleral pits, hypothesized to arise from the expan-
sion of tangentially arranged fibers, further supports the
role of collagen fiber sliding as a biomechanical mechanism
contributing to ocular expansion in myopic eyes.>
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Figure 7. A case with whorl-like structure surrounding a large scleral pit. (A) Left fundus of a 59-year-old woman with an axial length of
32.64 mm shows extensive atrophy. The red arrow indicates the scleral pit with slightly orange color. (B) A magnified image of the scleral
pit. Branches of the perforating scleral vessel emerges at the edge of the pit. (C) Streamline image of the sclera. The red arrow indicates a
large whorl-like structure corresponding to the pit area. (D) A vertical scan of swept-source OCT (SS-OCT) at the pit area shows that the
sclera is disrupted at the point indicated by arrowbeads. The width of the pit is 896.48 nm.

Scleral pits are larger full-thickness scleral excavation
occurring at the site of emissary canals in advanced patho-
logically myopic eyes with extensive choroid atrophy, which
are believed to be caused by a mechanical expansion of
the emissary canals as a result of axial elongation, scleral
thinning and loss of overlying choroid.?*?4?” It has been
reported to occur in 17.6% to 59% of pathologically myopic
eyes.??0 In our study, the largest widths measured ranged
from 150 to 900 um, while a previous small case series®
reported scleral pit sizes ranging from 0.5 to 1 disc diame-
ter (approximately 1500 nm). Both findings indicate a rela-
tively large scleral hole on a very thin sclera. Therefore it
is conceivable that these areas would be extremely vulnera-
ble, and the whorl-like structures around scleral pits demon-
strated by PS-OCT in our study may provide important

insights on how the eyes maintain integrate in such cases,
and no spontaneous eye rupture occurred in such cases in
our Advanced High Myopia Center.

Additionally, when scleral pits are present, the vessels are
consistently located at the edge of the pits rather than at their
center in color fundus photographs (Fig. 7).23??7 Under
SEM examination of porcine eyes, vessels were observed to
be firmly attached to one side of the emissary canal eccentri-
cally, with many accompanying connective tissues (Fig. 8C).
This anatomical structure may explain the abovementioned
clinical findings.

This study has several limitations that must be acknowl-
edged. First, it focuses exclusively on highly myopic eyes,
which could exhibit different patterns of collagen fiber
arrangements from those in normal human eyes. However,
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Ficure 8. The arrangement of collagen fibers around the emissary canals in the posterior sclera of a porcine eye was examined using
microscopy techniques. (A, B) Light microscopic images of H&E-stained 10 pm-thick scleral sections reveal a circumferential organization
of collagen fibers encircling the emissary canals. Multiple vessels (V) are visible within a single canal, accompanied by surrounding collagen
fibers (C). Magnification x200. Scale bars: 50 pm. (C, D) SEM images display one (C) or two (D) vessels (V) within the emissary canals,
accompanied by collagen fibers (C). Collagen fibers around the emissary canals are arranged circumferentially. (C) A vessel is positioned
eccentrically, attaching to one side of the canal. Magnification x370 for C (Scale bar: 10 pm) and x 160 for D (Scale bar: 100 pm). (E) SEM
image of a 10 pm thick slice displaying an emissary canal without vessels inside. Magnification x200. Scale bar: 100 pm. (F) Close-up of
the lower left part of the emissary canal from image E, showing collagen fibers arranged tangentially around the canal. Magnification x500.

Scale bar: 10 pm.

by microscopic observation of porcine sclera, which shares
many structural similarities with human sclera and is widely
used as a model for studying ocular biomechanics*® we
confirmed that this configuration is a normal structure.
Second, the detailed structures of the sclera,” including the
hierarchical organization of collagen (from tropocollagen

molecules to microfibrils and fibrils), the crimp structures
of the fibers, and the variation in fiber and bundle diame-
ters across different scleral depths, exceed the resolution of
PS-OCT, and the streamline images represent only the pref-
erential collagen fiber orientations based on the net bire-
fringence detected by the device. Future ex vivo studies are
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needed to further investigate the associated microstructural
changes around emissary canals in myopic eyes.

In conclusion, our study demonstrated the presence of
whorl-like structures constructed by tangentially arranged
collagen fibers around PSV emissary canals in the poste-
rior sclera using PS-OCT in vivo and microscopy ex vivo,
thereby addressing a previously unexplored aspect of scle-
ral histology. The whorl-like structures around large scleral
pits highlighted the critical role of this configuration in the
structural integrity and physiological function of the eye in
extremely pathological conditions. These findings not only
fill a significant knowledge gap but also opens avenues for
further research into the biomechanical properties of the
sclera and their implications for ocular health. Further longi-
tudinal istudies using PS-OCT for highly myopic eyes might
be able to detect early changes of the sclera at structurally
vulnerable sites that predispose the patients to significant
morphological changes like deep staphyloma before devel-
oping vision-threatening complications.
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SUPPLEMENTARY MATERIAL

SupPLEMENTARY VIDEO. Video showing en face opti-
cal coherence tomography (OCT) intensity and
streamline images of the sclera extracted at the
shifted depths from the choroid-sclera interface
(CSD for 0 to 31 pixels (138.6 pm). From CSI to
deeper levels, the positions of the emissary canals
indicated by hypo-reflective area on the intensity
images shift laterally, and the respective whorl-like
structures on the corresponding streamline images
shift accordingly at each depth.


https://www-nrd.nhtsa.dot.gov10bio10Proceedings

