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Multiscale analysis of equatorial sclera anisotropy:
Revealing discrepancies in fiber orientation and

mechanical properties
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The sclera, the eye’s primary load-bearing tissue, substantially influences the globe’s response to intraocular pres-
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sure. Although the mechanical properties of the anterior and posterior segments have been extensively studied, the
equatorial sclera’s properties remain underexplored, limiting our understanding of ocular conditions like myopia,
ocular trauma, and glaucoma. Traditional studies that rely solely on fiber orientation to explain scleral mechanics
may overlook the tissue’s complex biomechanical behavior. To address this gap, we conducted a comprehensive
investigation using ultrasonic elastography, optical coherence elastography, and polarizing light microscopy to
analyze the equatorial sclera’s anisotropic properties. Our findings reveal a counterintuitive result: Mechanical an-
isotropy in the equatorial sclera contradicts preferred fiber orientation. This integrated approach not only challenges
prevailing models of scleral biomechanics but also provides fundamental insights into the mechanisms underlying key
ocular conditions, highlighting the importance of multimodal and multiscale analyses in biological tissue research.

INTRODUCTION

The eye is composed of several anisotropic tissues, cornea (1), iris (2),
ciliary body (3), lens (4), retina (5), and sclera (6), whose directional
mechanical properties are integral to their specific physiological func-
tions. Among these, the sclera, a resilient fibrous tissue extending
from the cornea in the front, to the optic nerve head (ONH) in the
back, serves as the eye’s primary shield against external damage while
concurrently withstanding internal fluctuations in intraocular pres-
sure (IOP) (7). The biomechanical role of the sclera, particularly in the
posterior region and around the ONH, has attracted considerable
interest due to its association with susceptibility to glaucoma. The
anisotropy of the posterior sclera, understood to influence biome-
chanical changes during glaucoma progression, reinforces circum-
ferential mechanical properties and curtails scleral canal expansion
(8-11). However, the biomechanics of the equatorial sclera remain
critically understudied, despite its relevance in protecting the retina
from mechanical strain (12). A detailed understanding of biomechan-
ical changes during IOP elevation or disease progression is essential
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not only for glaucoma but also for other vision-threatening disorders
such as myopia.

Myopia is a common ocular disorder caused by a mismatch be-
tween the optical path and axial length; distant objects are imaged
beyond the plane of the retina, resulting in reduced visual acuity (13).
Global estimates highlight that nearly 1 billion individuals grapple
with myopia, particularly in developed regions (14, 15). A hallmark
clinical feature of myopia is the axial elongation of the ocular globe.
Some studies suggest that changes in the biomechanics of the sclera
might contribute to this eye shape alteration in myopia (16). Given
that myopic eyes tend to have thinner and more flexible sclera in the
posterior pole (17), it is plausible that the biomechanical properties
of the equatorial sclera are also involved in the progression of myo-
pic deformation (14).

Ocular trauma further underscores the importance of understanding
the biomechanics of the equatorial sclera. In the United States, eye inju-
ries account for ~3% of emergency visits (18). Prompt intervention
is critical, particularly in cases involving a sudden drop in IOP or
risk of retinal detachment (19). Although traditional suturing re-
mains the standard of care, it is time-consuming, motivating the
development of faster alternatives such as thermoresponsive seal-
ants (20). These sealants are designed to simplify the clinical work-
flow and reduce closure time during surgical repair. When trauma
involves the equatorial sclera, understanding of its anisotropic me-
chanical properties is essential for informing the design and ap-
plication of these materials, ultimately improving their mechanical
integration and therapeutic performance.

A variety of tools and techniques have been developed to investi-
gate scleral biomechanics. Although computational simulations offer
valuable insights into its behavior under different stress conditions
(21), experimental methods include tensile testing (22), atomic force
microscopy (23), magnetic resonance imaging (MRI) (24), and nota-
bly, elastography (25), have been used to directly characterize its bio-
mechanical properties. Wave-based elastography enables the induction
and tracking of elastic wave propagation, which can be quantitatively
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correlated with the mechanical properties of biological tissues (26).
This technique is especially advantageous for its ability to noninva-
sively assess biomechanical changes in the sclera under varying IOP
conditions, offering significant promise for in vivo and clinical ap-
plications. Within this domain, ultrasonic elastography (UE) and op-
tical coherence elastography (OCE) are widely used in ocular studies
due to their suitability for resolving the fine structures of ocular
tissues (27-32).

Elastography offers direct mesoscale biomechanical insights into
biological tissues, but its findings can be further contextualized and
interpreted through complementary micro- to nanoscale imaging
methods such as polarized light microscopy (PLM), scanning elec-
tron microscopy (SEM), and transmission electron microscopy (TEM),
which allow for detailed analysis of fiber orientation and ultra-
structural features. In the sclera, collagen fibers are the primary
load-bearing components, and their orientation and waviness are
believed to significantly influence both mechanical and anisotropic
properties, due to their greater tensile strength compared to the sur-
rounding interfibrillar matrix (33-35). Mechanical anisotropic prop-
erties of the equatorial sclera, characterized by lower stiffness in the
meridional direction, have been observed in human eyes through
mechanical testing (36). A similar anisotropic behavior has also been
measured using UE and OCE by our group, with initial results previ-
ously reported (37-39), as well as by others (40). However, in con-
trast, structural analyses show that collagen fibers in this region are
predominantly aligned in the meridional direction—both in pig eyes,
as demonstrated by our group using PLM with preliminary findings
reported earlier (41), and in rat eyes using small-angle light scatter-
ing (42). However, the dependence of equatorial scleral anisotropy
on IOP, as well as its correlation with underlying microstructure and
a unified mechanistic interpretation, remains poorly understood.
Addressing these gaps is essential for advancing our understanding
of ocular diseases such as glaucoma, myopia, and ocular trauma,
where anisotropic biomechanics may significantly influence disease
progression, diagnosis, and treatment strategies.

In this study, we used both UE and OCE to thoroughly investi-
gate the biomechanical and anisotropic properties of the equatorial
sclera. The complementary strengths of these techniques, with OCE
providing high spatial resolution and UE offering a broad field of
view (FOV), enabled both detailed regional analysis and quadrant-
wide mechanical assessment (43-45). We characterized the equato-
rial sclera across four quadrants (nasal, superior, temporal, and
inferior), two orthogonal directions (equatorial and meridional), and
multiple IOP levels ranging from 10 to 30 mmHg in 5-mmHg incre-
ments. To assess the underlying microstructure, we used PLM to
quantify collagen fiber orientation, supported by high-resolution
ultrastructural imaging from SEM and TEM. This multimodal and
multiscale approach allowed us to evaluate how scleral anisotropy
depends on IOP and correlates with tissue microarchitecture. These
findings improve our understanding of equatorial scleral mechanics
and address important clinical concerns. More broadly, this inte-
grated strategy offers a useful framework for characterizing the me-
chanical behavior of complex biological tissues.

RESULTS

Imaging systems design

Elastography systems fundamentally consist of an excitation com-
ponent, responsible for instigating elastic wave propagation, and a
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detection component tasked with capturing these waves (see the
Supplementary Materials). The measurement directions in porcine
eyes used in this study were defined as shown in fig. S1. The lateral
and axial resolutions of the ultrasound imaging system were mea-
sured to be 90 and 110 pm, respectively (fig. S2). For the optical
coherence tomography (OCT) system, the lateral and axial spatial
resolutions in air were 15.3 and 2.4 pm, respectively (Supplementary
Note 2). The UE system provided a lateral FOV of 12.8 mm, suffi-
cient to cover an entire quadrant of the equatorial sclera (fig. S3),
whereas the OCE system had a lateral FOV of 3 mm, enabling only
regional imaging of the equatorial sclera. In the UE setup, elastic
waves were induced by a mechanical shaker, and the resulting radio
frequency (rf) data were acquired using the ultrasound research plat-
form (Vantage 256, Verasonics, Kirkland, WA, USA) as illustrated
in Fig. 1A. These data were transmitted to the host PC, converted into
in-phase and quadrature (IQ) data, and stored for offline analysis. A one-
dimensional (1D) autocorrelation algorithm was applied to the IQ data
to reconstruct a 3D matrix of axial displacement. From this matrix,
spatial-temporal maps were extracted to visualize wave propagation
at various depths (Fig. 1B). The elastic wave speed was calculated from
the slope of the wavefront in the spatial-temporal map. A more detailed
visualization of a spatial-temporal map is shown in fig. S4. To generate
elastic wave speed mappings, an additional 1D autocorrelation was
performed between displacement profiles at neighboring lateral po-
sitions at the same depth (fig. S5). The synchronization procedure
for the UE system is detailed in fig. S6. During each measurement,
the imaging target was excited with a single pulse for 1 ms, and the
imaging array captured data across all lateral and depth positions,
resulting in up to 200 frames per measurement session.

The OCE system uses an ultrasonic transducer for wave genera-
tion and a Doppler OCT system for wave detection (Fig. 1C). The
OCT scanning beam passes through the central aperture of the
ring transducer and interacts confocally with the ultrasound field,
enabling both beams to converge within the same imaging plane at
the target tissue at the beginning of the experiment. The trans-
ducer remains stationary while the OCT beam scans across each
lateral position. At each lateral position, the transducer delivers a
modulated excitation push for 2 ms, whereas the OCT system re-
cords an M-B mode image capturing both depth and time infor-
mation (fig. S7). These sequential measurements are compiled into
a 3D phase dataset. Spatial-temporal maps are then generated by
reslicing this dataset along the depth axis, from which the elastic
wave speed is calculated. For volumetric (4D) imaging, the sample
was translated azimuthally with a 10-pm step size using a transla-
tion motorized linear stage (SGSP33-200, OptoSigma Corporation,
Santa Ana, CA, USA) over 300 positions.

PLM leverages the birefringence of collagen fibers to determine
their orientation (46, 47). Although light passes through the polar-
izer and a birefringent material, the light intensity changes with the
orientations of the sample and filter, thus providing the collagen fiber
distribution and orientation (Fig. 1D). We have previously demon-
strated that fixation, cryopreparation, and sectioning do not signifi-
cantly alter tissue dimensions or geometry at the scales relevant to this
study (48). Serial sections of the sclera, spanning from the exterior to
the interior surface, were collected and imaged. These images were
registered using fiducial markers applied prior to sectioning, allowing
for reconstruction of a 3D volume. Fiber orientations were then re-
calculated to ensure that all in-plane measurements were accurately
aligned and comparable across sections (49, 50).
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Fig. 1. System setup of UE, OCE, and PLM. (A) Workflow of UE. rf data were acquired, transmitted, and processed into 1Q data using the hardware sequencer and host
PC. During offline processing, 3D axial displacement data—comprising depth (2), lateral position (x), and time (t)—were reconstructed (dimension: 20 mm by 12.8 mm by 14 ms).
Spatial-temporal maps at various depths were generated, where the slope angle (6) represented the elastic wave speed in the target. The color map indicates normalized axial
displacement. Final elastic wave maps were reconstructed using a 1D autocorrelation algorithm across four quadrants: temporal (T), nasal (N), inferior (1), and superior (S). Scale
bar, 2 mm. (B) Input IQ data and reconstructed axial displacement profiles at different depths. a.u., arbitrary units. (C) Schematic of the OCE system. At each lateral position,
M-mode images were acquired by measuring phase shifts using Doppler OCT. These M-mode images were then used to reconstruct 3D axial displacement data. Scale
bars, 50 pm (z) and 500 ps (t). UT, ultrasonic transducer; OC, optical coupler; CCD, charge-coupled device; SLD, superluminescent diode. (D) Schematic of the PLM setup.

System accuracy validation

To assess the accuracy of the UE and OCE systems, a uniform tissue-
mimicking phantom was tested with both modalities, and the results
were compared (Fig. 2A). In a homogeneous, isotropic medium, elas-
tic waves are expected to propagate the same distance in any direction
over an equal time interval (Fig. 2D), and the measured propagation
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speed should be consistent across repeated trials. Elastic wave propa-
gation maps generated by UE and OCE showed closely matched wave
speeds (Fig. 2, F and I), and the spatial-temporal maps further con-
firmed system reliability (fig. S8). The measured elastic wave speeds
were 2.48 + 0.04 m/s for UE and 2.58 + 0.03 m/s for OCE. To further
confirm the UE and OCE systems’ ability in discerning anisotropic
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Fig. 2. Validation of UE, OCE, and PLM systems. (A) Accuracy test: UE and OCE measure wave speed in the same isotropic and homogeneous gelatin phantom. (B) Anisotropy test:
Both modalities probe chicken breast with the scanning axis parallel (6 = 0°) or perpendicular (6 = 90°) to muscle-fiber alignment. (C) PLM calibration: A sheep tendon is imaged
every 10° while rotated 0° to 180° to compare measured and true fiber angles. (D) Top-view schematic of wavefronts in the same imaging phantom: equal travel distances (Ax = Ay)
for a fixed time At. (E) Top-view schematic of wavefronts in anisotropic chicken breast: farther propagation along fibers (Ax > Ay). (F to H) UE results: induced elastic wave propaga-
tion in the phantom (F), chicken breast at 6 = 0° (G) and 6 = 90° (H). (I to K) OCE results: elastic wave propagation in the phantom (I) and chicken breast at 6 = 0° (J) and 6 = 90°
(K). (L) Elastic wave speeds in the imaging phantom measured by UE and OCE. (M) Elastic wave speeds in the chicken breast along the two directions, measured by UE and
OCE. (N) Comparison between PLM-measured and known fiber orientations in a sheep tendon. Scale bars, 2 mm [(F) to (H)] and 0.5 mm [(I) to (K)]. Time intervals between two
elastic wave propagation maps in (F): 1.29 ms; [(G) and (H)]: 0.43 ms; (I): 0.24 ms; and [(J) and (K)]: 0.1 ms. Panels (A) and (B) were created in BioRender. Li, R. (2023) BioRender.com.
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properties in biological tissues, chicken breast was used as it is a
known anisotropic material. The ultrasound array and OCT beam
scanned the same chicken breast in parallel (6 = 0°) and perpendicu-
lar (8 = 90°) of the fiber orientation (Fig. 2B). In the anisotropic me-
dium, chicken breast in this case, elastic waves are anticipated to
propagate faster along fiber orientations (Fig. 2E). Although fiber
alignment can be partially observed during ultrasound imaging, it is
still necessary to quantify the biomechanical properties using elastog-
raphy (fig. S9, A and B). The elastic wave propagation maps in 6 = 0°
direction (Fig. 2, G and J) and the maps in © = 90° direction (Fig. 2, H
and K) verified that the elastic wave was faster along with the fiber
orientation. For UE measurement, the elastic wave speed in 6 = 90°
and 0 = 0°directions were 4.59 + 0.03 and 5.72 + 0.16 m/s, respec-
tively (fig. S9, C and D). For OCE measurement, the elastic wave
speeds were 4.2 + 0.08 and 5.56 + 0.03 m/s in two directions, respec-
tively (fig. S10). The statistical data were summarized in Fig. 2M.

The PLM system was validated using a standard approach de-
scribed previously (46). Briefly, a sheep tendon sample was imaged
at multiple known orientations. The tendon had been fixed under
sufficient tensile load to ensure maximum fiber alignment without
inducing fiber damage (24). We then compared the averaged PLM-
determined orientations to the actual, known orientations. Figure 2C
shows PLM-colored images corresponding to four representative ac-
tual orientations. With measurements repeated in 10° increments
from 0° to 180°, the accuracy of the PLM system was clearly demon-
strated (Fig. 2N).

UE measurements

Elastographic measurements of the equatorial sclera were performed
in four quadrants, along two orthogonal directions, and across five
IOP levels using nine porcine eyes. Guided by real-time B-mode im-
aging, the equatorial sclera was precisely placed within the ultrasonic
array’s focal area. For each measurement, a specific quadrant and
direction was chosen. IOP was systematically adjusted from 10 to
30 mmHg in 5-mmHg increments. After scanning one direction, the
orientation was switched, and the imaging protocol was repeated for
the remaining three quadrants.

From these assessments, spatial-temporal maps were generated,
allowing for the computation of elastic wave speed (figs. S11 and S12).
These elastic wave maps present detailed biomechanical property
visualizations. To compute the wave speed, axial displacement pro-
files from adjacent lateral positions at the same depth were analyzed
using a 1D autocorrelation algorithm to extract time delays. Given
the known lateral spacing, local wave speed was calculated across
the entire image. Representative fused images combining B-mode
anatomy and wave speed maps are shown in Fig. 3 (A to D). To im-
prove contrast, dual color maps were applied. Figure 3 (E to H) sum-
marizes the measured elastic wave speeds across all IOP levels and
quadrants. Anisotropy was defined as the ratio of wave speeds mea-
sured in the equatorial versus meridional directions. The correspond-
ing anisotropy data for each quadrant at different IOP levels are
presented in Fig. 3 (I to L).

OCE measurement

Similar to the UE measurements, OCE was used to assess elastic
wave speeds across four quadrants of the equatorial sclera under
varying directions and IOP levels, using six porcine eyes. Confocal
alignment of the ultrasound excitation and OCT detection beams
was achieved through real-time Doppler imaging, ensuring precise
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positioning of the equatorial sclera within the focal zone to optimize
phase signal quality.

Elastic wave propagation maps highlighted the speed variations
of wave propagation across distinct directions (fig. S13). Unlike the
UE’s ultrasonic array, OCE uses a noncontact approach, making
4D elastographic measurements more accessible. To achieve this, a
motor controlled the azimuthal movement of the equatorial sclera.
Each azimuthal position’s elastic wave propagation maps were then
compiled into a comprehensive 3D representation (fig. S14).

Figure 4 (A to D) displays 3D wave propagation maps acquired at
10 mmHg, highlighting directional differences in the temporal and
inferior quadrants. In both regions, wave propagation was faster in
the equatorial direction. Because axial displacement is related to
phase shift, a stiffer medium subjected to the same acoustic force ex-
hibits smaller phase changes. Consistent with this, we observed reduced
phase shifts in the equatorial direction, corroborating the direction-
al stiffness differences. Last, Fig. 4 (E to H) summarizes the elastic
wave speeds measured across all quadrants and IOP levels, and Fig. 4
(Ito L) presents the corresponding anisotropy values.

PLM, SEM, and TEM measurement
To investigate the fiber orientation of the equatorial sclera, three
porcine eyes were analyzed in the PLM study. Figure 5A illustrates
the definition of the equatorial and meridional directions, whereas
fig. S15 shows the dissection approach: Each globe was opened into
four quadrants and cut into a trapezoidal shape, with the anterior
edge shorter than the posterior. This geometry preserved orientation
even if surface fiducial markers were lost or became difficult to dis-
cern. Figure 5B displays a representative PLM image from the tempo-
ral quadrant. Pixel brightness indicates birefringence strength—high
values reflect dense, well-aligned in-plane collagen—whereas pixel
color represents local fiber orientation based on the accompanying
color wheel. Although a broad distribution of fiber orientations is
observed, the section shown is predominantly green, indicating a
dominant meridional alignment. To assess whether depth-dependent
inhomogeneities influence the observed fiber orientation patterns,
we performed an in-depth analysis of PLM data by segmenting the
30-pm sections into 10 equally spaced layers from the interior to
the exterior scleral surface. The orientation distributions for each depth
layer were extracted and are presented in Fig. 5C. Although minor
differences were observed between layers, particularly a slightly stron-
ger anisotropy in the interior sclera, the dominant fiber orientations
remained consistent throughout the depth of the tissue. This consis-
tency suggests that the fiber alignment trends observed in our main
PLM analysis are representative of the overall tissue architecture.
Orientation distributions for each quadrant are summarized in
Fig. 5D. All four quadrants from one eye exhibited generally well-
aligned fibers. The nasal, superior, and temporal quadrants showed
a predominant meridional alignment, whereas the Inferior quadrant
demonstrated a preferred orientation ~30° off the meridional axis.
These plots were generated using all PLM data from each quadrant.
On average, 14 sections per quadrant were analyzed (range: 8 to 19).
Specifically, the number of sections used in Fig. 5D were as follows:
nasal, 11; superior, 10; temporal, 9; inferior, 13. Each 30-pum-thick sec-
tion yielded ~2 million measurements (orientation and birefringence
energy per pixel), resulting in roughly 28 million data points per
quadrant. Orientation histograms were computed with 1° resolution
by weighting each orientation value by its energy and normalizing to
the total number of measurements.
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Fig. 3. Fusion images of the equatorial sclera in different quadrants, directions, and IOPs from UE measurements and statistical analysis. (A to D) Fusion images
combining B-mode structural images with elastic wave speed maps in the nasal, superior, temporal, and inferior quadrants, respectively. The top and bottom rows cor-
respond to the meridional and equatorial directions. The color map range is 0 to 30 m/s for the meridional direction and 0 to 45 m/s for the equatorial direction. Color map
indicates elastic wave speed (unit: m/s). (E to H) Statistical distributions of elastic wave speeds in the meridional and equatorial directions of the equatorial sclera at vary-
ing IOP levels. (I to L) Quantitative analysis of anisotropy between the meridional and equatorial directions in the equatorial sclera at different IOPs. Quadrant mapping:
[(E) and (I)] nasal; [(F) and (J)] superior; [(G) and (K)] temporal; and [(H) and (L)] inferior.
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[(F) and (J)] superior; [(G) and (K)] temporal; [(H) and (L)] inferior. Scale bar, 1 mm?.
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Fig. 5. Multiscale characterization of collagen architecture in the equatorial sclera. (A) Schematic illustrating the two principal directions in the equatorial sclera: the
equatorial (circumferential) direction, corresponding to 0° and 180° (gray arrows), and the meridional (anterior-posterior) direction, corresponding to 90° (blue arrows).
These orientations and color schemes are consistent across (A) to (C). (B) Representative PLM image of a scleral section. (C) Depth-resolved analysis of collagen fiber ori-
entation in the inferior quadrant of equatorial sclera using PLM. (D) Orientation distributions from each of the four quadrants of a globe. Red and blue labels indicate
equatorial (0° and 180°) and meridional (90°) directions, respectively. (E and F) Representative SEM images. (G and H) Representative TEM images. Scale bars, 1.5 mm (B),

0.1 mm (E), 1.5 pm (F), 1 pm (G), and 0.2 pm (H).

The SEM images in Fig. 5 (E and F) reveal that collagen fibers
exhibit a woven, nonuniform alignment, suggesting complex mi-
crostructural organization. TEM images (Fig. 5, G and H) further dem-
onstrate that collagen fibers are arranged across multiple planes, with
clear evidence of twisting, interweaving, and perpendicular orienta-
tion. These features underscore the hierarchical architecture of the
equatorial sclera and likely play a critical role in modulating its me-
chanical properties by redistributing local stress and strain.

DISCUSSION

The sclera functions as the eye’s primary protective and load-bearing
tissue, and its biomechanics have been investigated using a range of
techniques (51-54). Given the challenges of directly measuring scleral
mechanical properties in vivo, finite element modeling (FEM) is com-
monly used as a complementary method to simulate how the sclera

Lietal, Sci. Adv. 11, eadp8631 (2025) 9 July 2025

responds to elevated IOP. Although FEM provides useful insights, it
often relies on assumptions that may not reflect physiological condi-
tions, such as treating surrounding scleral regions as isotropic (55).
Uniaxial and biaxial mechanical testings have also been used to char-
acterize the stress-strain relationship of scleral tissue (36). However,
these methods require excising and cutting the sclera into strips,
which removes physiological boundary conditions and may affect
the accuracy of the measurements. Moreover, these tests do not per-
mit manipulation of IOP during experimentation. Inflation testing
enables IOP modulation, but it only provides relative strain changes
and does not offer direct measurement of stiffness (56).
Elastography was extensively used in this study to investigate the
mechanical properties of the equatorial sclera under different quad-
rants and conditions. In this study, we did not convert wave speed to
Young’s modulus due to limitations posed by physical conditions
such as unrealistic assumptions of the biological tissues (57). This
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topic is challenging and beyond the scope of this study. Neverthe-
less, it is clear that the elastic wave speed is positively correlated with
the mechanical properties.

For UE and OCE measurements, inherent variability among the
samples must be considered. Factors such as age influence the me-
chanical properties of the sclera, introducing variability in measure-
ments. In addition, within the equatorial sclera, nonhomogeneity and
variations in properties like thickness and curvature also affect the
elastic wave speed. Given these complexities, the data on elastic wave
speed and anisotropy may not show statistical significance, and a de-
finitive linear regression model was not asserted on the relationship
between elastic wave speed and IOP levels. Moreover, quadrant-to-
quadrant comparisons of anisotropy were not performed as such
analyses would require detailed anatomical control and fall beyond
the scope of the present study. For instance, UE measurements in this
study involved scanning only a single azimuthal position per quad-
rant due to hardware limitations. Because scleral thickness and curva-
ture vary along the azimuthal axis, measurements from one location
cannot be assumed to represent the mechanical behavior of the entire
quadrant, making intraquadrant comparisons unreliable. Instead, our
experimental design focused on comparing elastic wave propagation
along orthogonal directions (meridional versus equatorial) within the
same quadrant. This approach minimizes the influence of local geo-
metric variability and allows directional differences in wave speed to
be primarily attributed to differences in mechanical properties, such
as collagen fiber orientation. Therefore, we believe that the observed
directional differences in wave speed primarily reflect differences in
mechanical properties, such as collagen fiber orientation, rather than
geometric effects. Future work using larger sample sizes, controlled
anatomical stratification, and multidirectional elastographic scanning
with coregistered thickness and curvature mapping will be essential to
better understand how elastic wave speed relates to geometry, quad-
rant, and IOP.

A sclera that is mechanically softer in the meridional direction
may predispose the eye to elongate along the anterior-posterior axis in
response to elevated IOP, without a corresponding increase in equato-
rial diameter. This hypothesis aligns with prior MRI findings showing
that the equatorial diameter of sheep eyes remained unchanged as
IOP increased from 0 to 40 mmHg (12). Such a behavior may be rel-
evant to the pathophysiology of myopia, where the sclera undergoes
substantial, often irreversible, axial elongation (14). As IOP increases,
the anisotropy of the equatorial sclera may also change, suggesting an
adaptive mechanism by which the tissue redistributes mechanical
stress. These findings highlight the potential role of the equatorial
sclera in protecting the globe under load and its contribution to ocu-
lar structural integrity in the context of glaucoma progression.

It was unexpected to find that the equatorial sclera mechanical
anisotropy did not concur with the primary collagen fiber orienta-
tions observed with PLM. This mismatch was particularly pronounced
in the superior and inferior quadrants, although some level of dis-
crepancy was evident in all quadrants. The origin of this divergence
remains uncertain. One possibility is that not all collagen fibers con-
tribute equally to mechanical stiffness. For example, meridional fi-
bers may be more compliant than circumferential fibers, potentially
due to greater crimp, which delays their recruitment under stretch.
Alternatively, meridional fibers might be thinner or less densely packed
but still exhibit similar birefringence, thereby masking structural dif-
ferences in PLM. Despite differing in excitation mechanisms, spatial
resolution, and coupling conditions, both UE and OCE yielded
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consistent anisotropy patterns across independent samples. This
cross-modal agreement supports the conclusion that the observed
mechanical anisotropy is not a methodological artifact but rather an
intrinsic property of the equatorial sclera.

In this study, we used 30-pm-thick cryosections for PLM imag-
ing. This thickness was chosen to balance two important factors:
maintaining sufficient signal strength for accurate birefringence de-
tection and minimizing artifacts caused by mechanical distortion
during sectioning. Because PLM is based on transmitted light, each
pixel’s orientation measurement reflects the cumulative optical prop-
erties along the full depth of the section (46, 47). Although our pre-
vious study has demonstrated that orientation measurements from
30-pm-thick sections are accurate to within a few degrees, we ac-
knowledge that local inhomogeneities in scleral composition and la-
mellar organization may still introduce small deviations (33). As a
result, the orientation distributions reported here should be inter-
preted as approximations, accurate to within a few degrees of the
true in-plane fiber architecture. To further assess whether depth-
dependent variation might influence our findings, we performed a
depth-resolved analysis by dividing each 30-pm section into 10 equally
spaced layers (Fig. 5C). Although slight variations in anisotropy were
observed—particularly a trend toward stronger alignment in the inte-
rior layers—the dominant fiber orientation remained consistent
across the full depth of the tissue. This result supports the interpreta-
tion that our measurements reliably capture the principal orientation
trends and are not significantly biased by through-thickness variation.
Together, these analyses validate the use of 30-pum sections for charac-
terizing fiber orientation in equatorial sclera. Nonetheless, future
studies may benefit from either thinner sections or advanced volu-
metric imaging and computational approaches that can better ac-
count for tissue heterogeneity and 3D architecture (58, 59).

A comprehensive set of approaches was used to characterize the
equatorial sclera, spanning mechanical response and collagen fiber
orientation. The equatorial sclera was evaluated across four quad-
rants, two directions, and five different IOP levels. Four key findings
emerged from this study: First, the equatorial sclera was consistently
stiffer in the equatorial direction, confirming mechanical anisotropy.
Second, this mechanical anisotropy did not align with the dominant
collagen fiber orientations identified by PLM. Third, the degree of an-
isotropy varied across quadrants and with changing IOP. Fourth, the
elastic wave speed increased linearly with IOP in both directions, sug-
gesting that the equatorial sclera exhibits a pressure-dependent bio-
mechanical response similar to that of the posterior sclera. Together,
these findings help explain how the equatorial sclera accommodates
elevated IOP without large equatorial expansion, why axial elongation
dominates in myopia, and what mechanical benchmarks should guide
the design of rapid ocular sealants.

There are several limitations to this study. First, all measure-
ments were performed on ex vivo porcine eyes, and in vivo valida-
tion remains lacking. This limitation is primarily due to the size and
mounting constraints of the ultrasonic array, which currently makes
perpendicular placement at specific eye locations challenging. OCE,
with its noncontact nature and smaller footprint, has greater potential
for in vivo application and will be explored in future studies. Second,
measurements were limited to two orthogonal directions per quad-
rant rather than a full range of angles. This constraint stems from the
use of a linear array transducer, which does not easily permit angular
manipulation. A 2D matrix array could overcome this limitation by
enabling targeted imaging across multiple planes and directions. Third,
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although the OCE system enabled the acquisition of volumetric (4D)
data, the high data volume posed a bottleneck for full-scale process-
ing. For each quadrant, IOP level, and propagation direction, 300
azimuthal positions were scanned with a 10-pm step size. Although
we did not analyze the entire dataset, the reconstructed 3D elastic
wave propagation images (e.g., Fig. 4, A and B) already reveal azi-
muthal variations in wave speed that may correlate with local fiber
alignment and structural anisotropy. To facilitate comprehensive data
utilization in future studies, we plan to implement autonomous, high-
throughput processing algorithms. Last, the mechanical anisotropy
and structural anisotropy were measured in different sets of eyes.
Because both procedures obtained fairly consistent measurements
across globes, it seems unlikely that the discrepancies are because
of interglobe variability. Nevertheless, the possibility remains, and fu-
ture studies should be done on the same globe. We posit that a dis-
crepancy between mechanical and microstructural anisotropy is
potentially crucial to understanding the eye and the effectiveness of
UE and OCE techniques, even if it only occurs sporadically. Despite
these limitations, our results consistently demonstrate that the an-
isotropy of the equatorial sclera is not an artifact of imaging mo-
dality, geometry, or specimen variability. Instead, it appears to be
an intrinsic property governed by collagen fiber architecture and
local microstructure.

MATERIALS AND METHODS

Imaging phantom, chicken breast, and sheep tendon
preparation for validation

The imaging phantom was fabricated to validate the accuracy of the
UE and OCE systems. Gelatin (Gelatin G8-500, Fisher Scientific, USA)
was used to control stiffness, and silicon carbide powder (S5631, Sigma-
Aldrich, St. Louis, MO, USA) was added for acoustic scattering,
Intralipid was included for optical scattering, and 1-propanol (9086-
01, J.T. Baker, Center Valley, PA, USA) was incorporated to adjust
sound speed.

Chicken breast tissue was obtained from a local vendor. The dom-
inant fiber orientation was visually identified on the tissue surface,
and fiducial markers were placed in two orthogonal directions to en-
sure consistent alignment during UE and OCE measurements.

Sheep Achilles tendons were acquired from a local abattoir, rinsed
in phosphate-buffered saline (PBS), and dissected into thin strips for
analysis (24). The strips were mounted in a custom uniaxial loading
device and stretched until all visible collagen crimp patterns disap-
peared while avoiding fiber failure. While under tension, the tissues
were immersion fixed in 10% formalin for 1 hour. Following fixation,
formalin was replaced with PBS and the load was released. Samples
were cryoprotected in 30% sucrose, sectioned into 30-pm slices,
washed in PBS, and mounted onto glass slides for imaging.

Porcine eye preparation for the measurements

All experiments were conducted on the same day upon receiving of
the porcine eyes. Unscalded porcine eyes used for UE and OCE
measurements were obtained from a research-grade vendor (Sierra
for Medical Science, Whittier, CA, USA). A total of nine eyes were
used for UE and six eyes for OCE. The specimen preparation proce-
dures were identical for both elastography methods. The conjuncti-
va and surrounding tissues, including the muscle, were removed
using a blade, whereas the globe remained intact. Eyes were then
secured in a custom-designed holder for imaging. To control and
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monitor the IOP, two 23-gauge trocars (Bausch & Lomb, Bridgewater,
NJ, USA) were inserted into the posterior sclera ~1.5 mm adjacent
to the ONH to establish ports. An infusion line that contained bal-
anced salt solution (BSS) was inserted into one port, and IOP can
be controlled by changing the height of the infusion line. A pressure
sensor (model SPR-524, Millar Inc., Pearland, TX, USA) was in-
serted to the other port to monitor the IOP level in real time. Air
bubbles occasionally entered the globe during IOP manipulation—
either through the infusion line or access ports in the equatorial
sclera—and interfered with wave propagation. If present, these
bubbles tended to float toward and adhere to the scleral surface,
leading to disruption of elastic wave transmission. Spatial-temporal
maps exhibiting reversed wavefront directions, inconsistent propa-
gation, or other anomalies were deemed artifactual and excluded
from analysis. For each IOP level, direction, and quadrant, three
measurements were performed. To ensure consistency between UE
and OCE results, only one verified, artifact-free dataset was retained
for analysis per condition. In UE measurements, the mechanical
shaker was placed perpendicular to the scleral surface and aligned
with the imaging array within the same plane. For PLM measure-
ments, three unscalded porcine eyes from three animals were ob-
tained from a local slaughterhouse in Pittsburgh. The globes were
cleaned of external tissues, and square samples (~11 mm by 11 mm)
of equatorial sclera were dissected from the superior, inferior, nasal,
and temporal quadrants. Samples were trimmed into trapezoidal
shapes with the anterior side shorter than the posterior to preserve
orientation during processing. Tissues were fixed in 10% formalin
for 2 hours and cryosectioned into 30-pm-thick sections.

UE data collection and processing

The Vantage 256 system was used to control the linear array trans-
ducer and synchronize the elastography system. The platform gen-
erated a trigger signal sent to a function generator (AFG 3252C,
Tektronix, Beaverton, OR, USA), which was connected to a power
amplifier (type 2718, Briiel & Kjaer, Duluth, GA, USA). The ampli-
fier drove a mechanical shaker (type 4810, Briiel & Kjeer) that deliv-
ered a single-cycle pulse at 1 kHz (1-ms duration) to initiate elastic
wave propagation.

A rigid rod with a diameter of 0.3 mm was affixed to the shaker
and aligned within the imaging plane of the array. It was positioned
perpendicular to the tissue surface to apply localized indentation
and generate elastic wave propagation. Because of the simultaneous
A-line acquisition capability of the 128-element linear array, only a
single vibration was required to capture the full wave propagation
across the FOV.

Both B-mode imaging and ultrafast elastography were performed
using an 18-MHz linear array transducer (L22-14v, Verasonics,
Kirkland, WA, USA) with a —6-dB bandwidth of 67%, as specified by
the manufacturer. The pulse repetition frequency (PRF) was set to
7 kHz to enable high—temporal resolution tracking of the elastic wave.
Three-angle plane wave compounding was used to enhance image
quality and displacement sensitivity.

After each scan, the IQ data were saved for offline processing.
Axial displacement Ad was estimated using the 1D autocorrela-
tion method, based on the phase shift A between two consecu-
tive A-lines

A
=29
2n

Ad (1)
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where A = ¢/f is the axial wavelength, f is the center frequency of the
ultrasound transducer, and c is the longitudinal wave speed and is
typically 1540 m/s in soft tissue.

A 3D data matrix was reconstructed, containing the lateral posi-
tion, depth position, and time, with axial displacement as the value
at each voxel. To calculate the elastic wave speed, spatial-temporal
maps (axial displacement versus lateral position and time) were gen-
erated at each depth. These maps were averaged along the depth di-
rection of the equatorial sclera to improve signal-to-noise ratio (SNR)
and measurement accuracy.

Elastic wave speed was estimated by calculating the slope of the
wavefront in the averaged spatial-temporal maps. Linear regres-
sion was applied to the peak axial displacements across lateral po-
sitions to determine propagation time delays. Known propagation
distances and calculated time delays were used to compute the elastic
wave speed.

For localized elastic wave speed mapping across four quadrants,
two imaging directions, and five IOP levels, additional steps were per-
formed. The 3D data matrix was first interpolated in the time domain
to refine temporal resolution. Then, axial displacement time series
between adjacent lateral positions was autocorrelated to calculate
local time shifts, enabling point-by-point reconstruction of local-
ized elastic wave speeds at each depth. Gaussian and median filters
were applied to the resulting localized maps to further enhance sig-
nal quality.

OCE data collection and processing

A custom phase-resolved spectral-domain OCT (SD-OCT) system
integrated with a 6.8-MHz ring transducer was used for elastic wave
detection and excitation, respectively. The OCT beam had a center
wavelength of 890 nm, a bandwidth of 144 nm, and an output power
of 9 mW. A superluminescent diode (Superlum Diodes Ltd., Carri-
gtwohill, Co. Cork, Ireland) provided the light source, with a 20/80
optical coupler splitting the beam into sample and reference arms.
Lateral scanning for OCE was performed using a dual-axis galva-
nometer with a 3-pum step size across 1000 lateral positions. At each
position, a 2-ms acoustic radiation force (ARF) burst was applied
using a ring transducer to induce elastic wave propagation. The
transducer was driven by a function generator and a power ampli-
fier (100A250A, AR RF/Microwave Instrumentation, Souderton, PA,
USA). Because OCT acquisition is point-by-point, a separate ARF
excitation was required at each lateral location. The resulting wave
propagation was tracked by OCT through 400 A-lines per position,
forming M-B mode data used to reconstruct spatial-temporal displace-
ment maps. The A-line acquisition rate was 50 kHz, and the entire OCE
system was synchronized by a global clock to ensure temporal consis-
tency across measurements.

The ring transducer used for ARF generation was custom fabri-
cated, with its piezoelectric material composed of modified PZT-4
ceramic. It had an aperture of 23 mm and a central hole diameter of
10 mm (fig. S16). A two-way pulse-echo test was performed to char-
acterize its acoustic properties. The transducer was immersed in
deionized, degassed water and mounted on customized translation
stages with five degrees of freedom. A quartz plate placed beneath
the transducer served as the acoustic reflector. The transducer was
driven by a pulser receiver (JSR500, Ultrasonics, Pittsford, NY, USA)
at a PRF of 20 kHz. rf signals were captured using a 12-bit digitizer
(ATS9360, Alazartech, Montreal, QC, Canada) at a sampling rate of
1.8 GHz for offline analysis. The focal distance was determined to be
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23.17 mm based on the time-of-flight corresponding to the maxi-
mum echo signal. The —6-dB bandwidth, obtained from the Fourier
transform of the echo waveform, was 12.07%.

Acoustic field measurements were carried out using a hydrophone
(HGL-0085, ONDA Corporation, Sunnyvale, CA, USA), with data
recorded by the same digitizer. The measured —3-dB lateral and axial
beam widths were 0.22 and 1.97 mm, respectively. After calibrating
the acoustic output with a hydrophone, the derated mechanical index
was determined to be 1.48 during OCE measurements.

Axial displacements were extracted by calculating the phase shift
A ¢ between consecutive A-lines

Agp=arg(I,xI* )

m+1 (2)
where I, and I, | represents the complex signal at the same depth
of two consecutive A-lines, and I’ , | represents the complex conju-
gate. The axial displacement A d resulting from the elastic wave was

calculated by

Mg

Ad=
4ntn

3)
where A is the center wavelength of the OCT system, and n is the
refractive index of the tissue. Spatial-temporal displacement profiles
were visualized in M-B mode to capture elastic wave propagation.

PLM data collection and processing

In PLM, linear polarizer filters are placed before and after samples.
In this case, the samples were histological cryosections of pig equa-
torial sclera. Images at multiple filter orientations 45° apart were ac-
quired using a dissecting upright microscope (MVX10 MacroView
Zoom Microscope, Olympus Corporation, Tokyo, Japan) with a
Hamamatsu Flash 4.0 LT and a 1x objective numerical aperture of
0.25, at an effective magnification of 0.8x for a resolution of 4.02 pm
per pixel. Four filter orientations were used for each section to quan-
tify collagen crimp orientation at each pixel.

For analysis, orientation distributions were first computed for each
section and then integrated over the volume. A masking technique
was used to focus the quantitative analysis on collagenous tissues
that were primarily aligned in the plane of the sclera (46). This was
done by computing an energy parameter. The energy signal was
small where there is no collagen, such as outside of the sample, or if
fibers have a large inclination relative to the local plane. In the equa-
torial sclera, most of the fibers are well aligned with the scleral shell
plane (60). The energy parameter was particularly helpful for the
visualization by making tissue regions easily distinguishable from
the background.

Multiple sections were obtained from each eye, with the number
of sections varying depending on local tissue thickness and curva-
ture. On average, each sample yielded 14 sections (range: 8 to 19).
All sections obtained from each sample were included in the analy-
sis. To obtain a representative orientation distribution for a given
sample, orientation data from all sections were combined.

Statistical analysis

The UE data were processed by MATLAB 2021a (MathWorks, Natick,
MA, USA); OCE data were processed by MATLAB 2021a, Image]
(National Institutes of Health, Bethesda, MD, USA); and PLM images
were processed using custom code in Fiji (61). Error bar denotes
means + SD. The statistical analysis was conducted by ordinary one-way
analysis of variance (ANOVA), and linear regression was performed in
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the corresponding sections. Significance values were labeled with
no significance (n.s.), *P < 0.05, **P < 0.01, ***P < 0.001, and
FaxEP < 0.0001.

Supplementary Materials
This PDF file includes:
Supplementary Notes 1 to 3

Figs.S1to S16
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