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ARTICLE INFO ABSTRACT

Keywords: Objective: Aging results in significant structural and functional changes in the anterior segment of the eye,
Aging influencing intraocular pressure (IOP) and overall ocular health. Although aging is a well-established risk factor
Anterior Segment . for primary open-angle glaucoma, a leading cause of irreversible blindness, the specific mechanisms through
]A:gﬂéoille;tuizﬁrgsC::I;‘;Clsmcmsmpy which aging drives morphological changes in anterior segment tissues and affects aqueous humor dynamics
Computational Flu}i,d Dynamics remain incompletely understood.
p Y
Methods: In this study, we employed cutting-edge light sheet fluorescence microscopy (LSFM) to capture high-
resolution, volumetric images of cleared human donor eyes’ anterior segment tissues. This advanced imaging
enabled a comprehensive morphological analysis of key parameters, including central and peripheral corneal
thickness (CCT and PCT), iris thickness, anterior chamber area (ACA), and ciliary body area (CBA). By inte-
grating these morphological parameters with computational fluid dynamics (CFD) models, we analyzed aqueous
humor dynamics across n = 6 female human donor eyes, spanning a wide age range of 5 to 94 years (all of
Caucasian descent).
Results: The CCT and PCT demonstrated thinning with age, accompanied by a reduction in ACA. In contrast, the
CBA remained relatively stable across all age groups. Computational fluid dynamics analysis showed a decline in
aqueous humor velocity and wall shear stress, with younger eyes exhibiting higher velocities and shear stress,
compared to older eyes.
Conclusion: These findings emphasize the value of integrating LSFM and CFD approaches to provide a detailed
understanding of how aging impacts the anterior segment and its fluid dynamics. This study contributes to the
understanding of age-related ocular changes, highlighting the importance of considering these changes in the
diagnosis and management of age-related eye diseases.

1. Introduction

Primary open-angle glaucoma (POAG) is an age-related condition
[1-3], where the aging processes may contribute to the onset and pro-
gression of the disease. Aging significantly impacts the elasticity or
stiffness of soft biological tissues [4-7], particularly the muscle fibers

[8] of the ciliary muscle (CM). As we age, protein cross-linking and a loss
of elasticity alter the relationship between the CM and trabecular
meshwork (TM) in the conventional aqueous outflow pathway, given
their close anatomical connection. Aging also affects the surrounding
ocular structures, such as the collagen fibers in the choroid and sclera,
which thicken with age [9].
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In addition to affecting tissue elasticity, aging has broader effects on
various other functions within the eye. For example, in studies in many
Western populations, IOP in healthy individuals remains stable or
slightly increases with age [10-13]. A study of aqueous humor dynamics
in healthy subjects aged 20-30 and over 60 found no significant age-
related increase in IOP (14.7 + 2.6 mm Hg vs 14.3 + 2.6 mm Hg)
[14]. A study in a Japanese population reported a decrease in IOP with
age, attributed to factors such as blood pressure, obesity, and other
cardiac risk variables [15,16]. In contrast, large demographic studies in
the United States, which included all eye conditions, observed an in-
crease in IOP with age [17,18]. Moreover, total outflow facility also
decreases with age [11,19]. Tonographic studies have consistently
shown age-related declines in trabecular facility, pseudofacility, and
overall facility, with about a 30% decrease from those under 40 to those
over 60 years of age [11,19,20], confirmed by other studies [14,21].

Early studies in elderly individuals with posterior segment tumors
suggested that uveoscleral outflow accounts for no more than 25% of
total aqueous outflow, whereas research in young, healthy individuals
estimated it at about 36% [22]. Fluorophotometric studies showed that
uveoscleral outflow contributes 54% of total aqueous drainage in young
subjects, compared to 46% in older adults [14]. Also, there is a gradual
decline in aqueous humor production with age, decreasing by ~15-35%
between the ages of 20 and 80, around 2.4% per decade
[11,12,14,19,20,23,24]. This reduction becomes more noticeable after
age 60, accelerating to 1-2% per year [11,12]. Interestingly, this
reduction in aqueous humor formation with age helps to balance the
increasing resistance to outflow, preventing a significant rise in IOP as
people age.

Ocular rigidity also increases by about 25% in older individuals
compared to younger ones [19,25]. While iris permeability to fluores-
cein tends to rise by around 13% per decade between ages 20 and 80,
this increase is not statistically significant [24]. Although total aqueous
humor flow decreases with age, the turnover rate of anterior chamber
aqueous humor actually increases slightly, by about 5% per decade,
possibly due to a reduction in anterior chamber depth and volume
[12,26]. Furthermore, it has been shown that corneal thickness de-
creases with age [27,28], as with advancing age, there is a loss of elas-
ticity and increased stiffness in the cornea, leading to thinner corneas.

To effectively study the morphological changes associated with
aging and their correlation to aqueous humor dynamics, high-resolution
imaging of the anterior segment tissues is crucial. Clearing is a special-
ized tissue processing technique that removes light-obstructing lipids,
making tissues optically transparent for more precise imaging. Our
recently developed advanced light sheet fluorescence microscopy
(LSFM) technique has significantly enhanced this process, enabling
volumetric imaging of immunolabeled, cleared samples with far quicker
acquisition times compared to traditional confocal microscopy [29-32].
LSFM excels in analyzing large and complex structures, offering a more
efficient and detailed alternative to the time-consuming and often
artifact-prone reconstruction methods that rely on traditional histolog-
ical tissue sections [33,34]. Various protocols for tissue clearing and
labeling have been established, with CLARITY, BABB, 3DISCO, and
CUBIC being among the most widely used [35-38]. Conducting histo-
pathological analysis of the entire eye is particularly challenging due to
its intricate composition, where neuronal, vascular, glial, pigmented,
mesenchymal, and immune cells are interwoven within a collagenous
shield and vitreous gel [39]. The spherical shape of the eye further
complicates three-dimensional reconstructions from traditional sec-
tions, often leading to distortions. Tissue clearing provides an elegant
solution to these challenges, enabling the study of intact eyes without
the limitations of section-based analysis. Despite its potential, the
application of tissue clearing to ocular tissues has been limited. Recent
advancements have successfully utilized LSFM to image entire murine
eyes, capturing the detailed organization of vascular development,
particularly the hyaloid vessels [40-45]. However, the use of tissue
clearing in human eyes has primarily focused on specific regions, such as
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the anterior segment and the sclera [46,47].

In this study, we aim to expand the application of LSFM to investigate
aging-related changes in the anterior segment of human eyes. By
employing this advanced imaging technique, we aim to reconstruct the
morphology of the anterior segment tissues, and then calculate the
morphological parameters, i.e., central and peripheral corneal thickness
(CCT & PCT), iris thickness (IT), anterior chamber area (ACA), and
ciliary body area (CBA). Integrating these morphological findings with
computational fluid dynamics (CFD) models of aqueous humor flow, we
will explore how structural changes correlate with functional outcomes
across different ages (5 to 94 years old). Our group has successfully
applied dynamic fluid—structure interaction and CFD to model fluid flow
within the human TM [48-55]. However, we have yet to conduct
morphological studies that correlate these hydrodynamic parameters
with the specific morphological characteristics of the anterior segment
tissues. Our approach in this study offers a significant advantage over
traditional histological methods, providing a more accurate and undis-
torted view of the complex relationships between ocular structures. By
enabling the study of large, intact portions of the eye in three di-
mensions, LSFM allows for a more thorough investigation of how aging
influences ocular function, particularly in relation to conditions like
glaucoma.

2. Materials and methods
2.1. Human donor eyes

Eye samples from n=6 female donors (Caucasian descent, 5-94
years-old) were obtained through the Lion’s Gift of Sight (Saint Paul,
Minnesota, USA), in accordance with the regulations set forth by the U.
S. Food and Drug Administration (FDA) and the Eye Bank Association of
America. Demographic and clinical information of donor samples,
including cause of death and ocular donation status are summarized in
Table 1. The study included paired donor eyes (OD and OS) from donors
aged 5, 40, 47, and 75 years, while only the OD was available for the 16-
and 94-year-old donors. This resulted in a total of 12 eyes analyzed.
Informed consent was obtained from the donors’ families, and the next
of kin did not receive any financial compensation for the donation. The
eye samples were harvested within 24 h post-mortem and were
confirmed to be grossly normal under a dissecting microscope. The use
of these samples adhered to the ethical guidelines for human subjects
and tissues as outlined in the Declaration of Helsinki. By “normal”
human donor eye, we refer to eyes that showed no signs of ocular dis-
eases, deformities, or abnormalities based on the donor’s comprehensive
ophthalmological records. The eyes had not undergone any prior sur-
geries and were free from conditions such as glaucoma, age-related
macular degeneration, and corneal diseases. The lens was extracted
through a corneal incision due to its tendency to reopacify over time
after clearing, and the samples were fixed overnight at room tempera-
ture in 4% paraformaldehyde (15710, ThermoFisher Scientific) in PBS.

Table 1
Demographic and clinical information of donor samples, including cause of
death and ocular donation status.

Sample Age  Ethnicity Gender OD/OS Cause of Death

A 5 Caucasian  Female OD & Brain hypoxia
0os

B 16 Caucasian  Female  OD Unknown

C 40 Caucasian  Female OD & Breast cancer
oS

D 47 Caucasian Female oD & Pneumonia
0os

E 75 Caucasian  Female OD & Unknown
0os

F 94 Caucasian ~ Female  OD Sepsis due to acute kidney

injury
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Importation of these samples into France was conducted in compliance
with the relevant regulations governing the transfer of human tissues
(CODECOH DC-2015-2400). All applicable ethical guidelines related to
research involving human participants were strictly followed [56].

2.2. ClearEye protocol and bleaching

The ClearEye for intact human eyes was developed in our prior
publication [56] as schematically shown in Fig. 1. Samples were dehy-
drated in successive baths of phosphate buffered saline (PBS)/methanol
(322415, Sigma Aldrich) (50%, 80%, and 100% methanol, 2 h each).
Bleaching was done with 11% hydrogen peroxide (23613.297, vWR) in
methanol, under white light (A025416, Manutan, 11 W) for 10 days
with agitation.

To assist with pigment elimination, the bleaching solution was
refreshed daily. During each renewal, a gentle flow toward the interior
of the eye was created using a pipette. After the bleaching process,
rehydration in PBS was carried out through a series of successive baths:
100% Methanol, followed by 80%, 50%, and finally 0% Methanol/PBS,
each for 2 h. This was followed by four to six iterative PBS washes, each
lasting 90 min, over the course of one day [56].

2.3. Labeling and clearing

To improve antibody penetration, we adapted an immunolabeling
protocol from the SWITCH method [57], which enhances antibody
diffusion by modulating the antibody-antigen interaction using sodium
dodecyl sulfate (SDS). Samples were first permeabilized and equili-
brated for four days in PBSGT-Sw solution (PBS with 0.2% gelatin, 5%
Triton X-100, and 10 mM SDS) at 37°C with gentle agitation. Primary
antibodies, including goat anti-Collagen IV, mouse anti-alpha-smooth
muscle actin (SMA), and rabbit anti-Tubulin III, were pre-incubated
separately in PBSGT-Sw for 2 h, then applied to the samples for 20
days under similar conditions. After incubation, samples were rinsed
and incubated in PBSGT without SDS for 4 days to facilitate antibody
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binding. Secondary antibodies, filtered and diluted in PBSGT, were then
incubated with the samples in darkness for 48 h at 37°C. Post-
incubation, samples were washed and re-fixed in 4% para-
formaldehyde for 45 min to prevent tissue softening during clearing.

For the clearing process, samples were dehydrated through a series of
PBS/methanol baths, starting with 20% methanol overnight, followed
by sequential baths of 40%, 60%, 80%, and twice in 100% methanol for
2 h each. The samples were then soaked overnight in a solution of two-
thirds dichloromethane (DCM) and one-third methanol. Afterward, they
were immersed in 100% DCM for 45 min, followed by dibenzyl Ether
(DBE). The DBE baths were refreshed every 2 h until the solution
appeared clear with no visible swirls upon gentle agitation. Finally, the
cleared samples were stored in DBE in the dark, where they remained
stable and retained transparency and immunofluorescence for at least
one year [56].

2.4. Imaging

For imaging, the cleared human eyes were placed in an immersion
quartz cuvette (3 cm x 3 cm x 4 cm) filled with DBE as the imaging
medium [45,56]. Imaging was conducted using a custom-made meso-
scale selective plane-illumination microscope (mesoSPIM) at the Wyss
Center in Geneva, enabling full-eye imaging with a travel range of 44 x
44 x 100 mm, producing near-isotropic resolution 3D datasets [58]. The
sample was illuminated by one of two digitally scanned light sheets from
opposite directions, with galvo scanners integrated into the excitation
paths to generate the light sheet and minimize shadow artifacts. The
beam waist was scanned using electrically tunable lenses synchronized
with the sCMOS camera’s rolling shutter, resulting in uniform axial
resolution across the field of view (FOV).

Fluorescence emissions were captured using an Olympus MVX-10
zoom microscope with a 1x objective (Olympus MVPLAPO 1x) and
recorded on a Hamamatsu ORCA-Flash 4.0 digital camera at 5 frames
per second. The excitation wavelengths for autofluorescence, and 561
and 647 nm labels were set at 488, 561, and 647 nm, respectively, with

Cornea

Anterior
Chamber

20 days + 2 days of
ImmunoLabeling
Primary + Secondary,

Fig. 1. Schematic representation of the ClearEye protocol for preparing whole human eyes for light sheet fluorescence microscopy (LSFM). The process begins with
15 h of fixation, followed by 10 days of bleaching to remove pigmentation. After bleaching, the sample undergoes 4 days of pre-labeling with primary antibodies. This
is followed by 20 days of primary immunolabeling and an additional 2 days for secondary antibody labeling. The eye is then cleared over 2.5 days to achieve optical
transparency. Finally, the prepared eye is imaged using LSFM, enabling detailed 3D visualization of the ocular structures. This figure is adapted from the concept of
Fig. 1a in our recent publication [56], with rights and permissions already obtained.
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emission filters of 530/40 nm bandpass, 593/40 bandpass, and 663 LP
(BrightLine HC, AHF). All acquisitions were performed from a single
orientation of the eye using a multi-tile setup (2 x 2) with dual-side
illumination to enhance image quality and light penetration. To
accommodate the large sample size, z-sub-stacks were acquired at
different focal ranges with a zoom setting of 0.8X at 5 pm spacing,
resulting in an in-plane pixel size of 8.2 x 8.2 pm (2048 x 2048 pixels).
This resulted in an undersampled 3D image based on the Nyquist sam-
pling rule, with the effective detection numerical aperture (NA) of the
MVX-10/MVPLAPO estimated at 0.065 at 0.8X, yielding a diffraction-
limited lateral resolution of 3.8 pm. The data acquisition for a single
eye took less than half a day, including the setup, multi-tile imaging, and
z-stack acquisition. This timeframe ensured high-resolution and
comprehensive datasets while maintaining tissue integrity.

2.5. Data analysis

Following data acquisition, the z-sub-stacks were concatenated using
Image J, and the tiles were assembled into 3D models with the Grid
Collection Stitching plugin in TeraStitcher (BMC Bioinformatics, Italy).
The resulting HAF5 files were converted to.ims format for further anal-
ysis using ImarisBitplane software or the virtual reality platform Syglass.
Imaris software (versions 10.1, Bitplane) was utilized to render and
examine the samples in 3D as displayed in Fig. 2. To isolate specific
ocular structures and vascular beds, built-in tools for slicing, manual
segmentation, and 3D rendering were employed. Imaris also provided
animation and snapshot tools for capturing video and images. Fig. 3 il-
lustrates the cross-sectional images of the anterior segment from human
donor eyes across various age groups. To quantitatively compare the
morphological characteristics between these groups, we defined several
key parameters, including central corneal thickness (CCT), peripheral
corneal thickness (PCT), anterior chamber area (ACA), iris thickness
(IT), and ciliary body area (CBA), as displayed in Fig. 4. These param-
eters were measured at the corneal apex in the cross-sectional images of
the donor eyes, providing a detailed assessment of age-related changes
in anterior segment morphology. The ACA was measured after the lens
was removed using the remaining anatomical landmarks to ensure
consistent and reproducible measurements. Specifically, the boundaries
for ACA were defined as the area enclosed by the posterior corneal
surface, the anterior surface of the iris, and the plane of the iridocorneal
angle. This approach allowed us to maintain uniformity in ACA mea-
surements across all samples. Regarding the measurement of the CBA.
After lens removal, CBA was defined and measured using consistent
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anatomical boundaries, specifically the posterior surface of the iris and
the inner scleral wall, extending to the outermost boundary of the ciliary
body. These landmarks were selected to ensure accurate and reproduc-
ible measurements across all samples. To ensure the reliability of our
measurements, we assessed reproducibility by performing repeated
analyses on a single sample per age group. These analyses were con-
ducted using a Python-based program to standardize measurements and
minimize user bias. The results demonstrated high consistency, con-
firming the robustness of our methodology.

2.6. Segmentation and 3D Finite Element mesh reconstruction

A custom Python program was developed to segment the flow region
within the anterior chamber, extending from the ciliary body to the SC
lumen based on the cross-sectional images of the human donor eyes at
different age groups (Fig. 3). Given that the TM lies between the anterior
chamber and the SC lumen, it was excluded from the segmentation to
establish a direct connection for the flow between the anterior chamber
and the very simplified SC lumen structure. The segmented flow regions
were then volume-meshed with a uniform thickness of 40 ym [59-61].
This resulting volume mesh accurately represented the flow regions
within our eye models at an aqueous humor pressure of 0 mm Hg. The
lens geometry was added to the model based on the data in the literature
[62]. We want to acknowledge that the geometry of the TM region used
in this study is highly simplified. Specifically, we connected the ele-
ments in the iridocorneal angle to the SC lumen through a porous rep-
resentation of the TM/JCT/SC complex. This approach was chosen
deliberately, as the primary focus of this study is to explore the effects of
aging on anterior segment morphology and its general impact on
aqueous humor dynamics, rather than providing a detailed analysis of
the hydrodynamics within the outflow pathway. A more refined repre-
sentation of this region would be necessary for future studies focusing
specifically on outflow resistance and related mechanisms.

2.7. Computational fluid dynamics (CFD)

Our CFD models employed 8-noded hexahedral elements. A constant
IOP of 15 mm Hg was applied to all models across different ages, with an
outlet pressure of 9 mm Hg at the episcleral venous. This approach was
intentionally chosen to isolate the effects of age-related geometric
changes on aqueous humor dynamics. By maintaining consistent inlet
and outlet pressures across models, we aimed to ensure that the results
primarily reflect morphological differences due to aging, rather than

r-old

75-yea

2

Fig. 2. 3D segmented images of the anterior segment tissues from donor eyes aged 40, 47, and 75 years, generated using Imaris software.
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Cross-Section of the Anterior Segment in Human Donor Eyes

5-year-old

16-year-old

40-year-old

94-year-old

"/ 1000 ym
—

Fig. 3. Cross-sectional images of the anterior segment in human donor eyes across different ages, ranging from 5 years to 94 years old. The images reveal age-related
morphological changes, including variations in corneal thickness, anterior chamber area, iris thickness, and ciliary body morphology. These alterations may reflect
the natural aging process of ocular tissues and their implications for conditions such as glaucoma. Scale bar: 1000 um.

IT(L)

IT(R)

Fig. 4. Cross-sectional representation of the morphological parameters of the
anterior segment. PCT-: Peripheral corneal thickness (left); PCT+: Peripheral
corneal thickness (right); CCT: Central corneal thickness; ACA: Anterior
chamber area; IT(L): Iris thickness (left); IT(R): Iris thickness (right); CBA:
Ciliary body area.

being influenced by variations in boundary conditions.

The permeability was also added to the fluid across the TM/JCT/SC
complex. Thus, our model incorporated both porous and non-porous
domains with appropriately defined interfaces to ensure accurate
interaction between the regions. The permeability characterizes the
ability of a porous material to diffuse fluids. This parameter is used to
define the resistance of the outflow through the TM. Darcy’s law defines
permeability [63]:

u
=—AeV
a e

M
where a is the permeability, AP is the pressure change, y is the viscosity,
Ae is the thickness of the porous domain, and V is the velocity compo-
nent. The dynamic viscosity (i) is considered 0.7185x10° Pa-s, the
thickness of the tissue in the flow direction (Ae) is ~30-80 pm, the
pressure drop is assumed to be ~ 6 mm Hg, and the velocity component
reflects a 0.008 mm/s (decided after several trial and errors based on
[64]) of value in the modeling to calculate the porosity coefficient (a).
The viscous resistance (inverse absolute permeability) is given to Ansys
Fluent software with a specific flow direction in the performed simula-
tion to determine flow behavior in a porous model of the tissue and a
proper pressure drop along the porous material. The TM/JCT/SC com-
plex resistance to outflow determines the pressure drop between the
anterior chamber and the episcleral veins. Several permeability values
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were tested to drop the IOP through the domain. In this model, the
permeability coefficient (@) was set to 2 x 1015 m?

Our CFD simulation was conducted on a workstation equipped with a
112-core Intel® Xeon® Gold 6258R CPU clocked at 2.70 GHz and 1 TB
of RAM, using Ansys/Fluent. The loading was applied incrementally
over a 0.5-second period. On average, the simulations took ~30 min to

complete on this workstation [49-52,54,55].

2.8. Statistical analyses

Data was collected on the following metrics: CCT, PCT (420, —20,
+40, and —40), IT (L and R), CBA, ACA, velocity, and wall shear stress.
Mixed-effects models were used to find the mean and standard error for
each metric. Mixed-effects models were used to see if any of the metrics
were associated with the patient’s age. Mixed-effects models were used
to see if any of the metrics were associated with one another. x10 for
Bonferroni corrections were used when comparing metric to one
another, but x11 Bonferroni correction was used for comparing age to
each metric. Mixed-effects models were created using the Imer function
from the ImerTest package (version 3.1-3) in R version 4.4.1.

3. Results and Discussions
The analysis of the CCT shows a clear trend of thinning with

increasing age. As observed in Table 2, the slope of —0.323 (p > 0.99)
suggests a decrease in CCT with advancing age, although the change is

Table 2

Summary of associations between metrics and patient’s age.
Variable Slope (SE)"* Marginal R- Conditional R- P-

Squared' Squared' Value'
CCT —0.3232 (0.2364) 0.1719 0.1719 > 0.99
PCT + 20 —0.2792 (0.2137) 0.1688 0.2705 > 0.99
PCT —-20 0.07266 (0.1841) 0.0216 0.5655 > 0.99
PCT + 40 —0.2631 (0.2087) 0.1507 0.1579 > 0.99
PCT —40 —0.1868 (0.1905) 0.1163 0.5117 > 0.99
IT (L) —0.4575 (0.1393) 0.5453 0.5453 0.122
IT (R) —0.03931 (0.2482) 0.0032 0.2954 > 0.99
CBA 25.35 (207.1) 0.0017 0.0017 > 0.99
ACA —1274 (1752) 0.0555 0.0555 > 0.99
Velocity —7.68e-04 0.665 0.8675 0.174
(mm/s) (0.0002071)

Shear (Pa) —4.75e-07 0.6542 0.9999 > 0.99

(0.0000001426)

The measurements are based on Pixel.
! Values obtained from mixed-effects models.
2 Values represent the change in each variable with a one-year increase in age.
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not statistically significant in this case. The linear regression in Fig. 5
further supports this inverse relationship, showing a downward trend of
CCT as age increases. This age-related thinning of the central cornea is
consistent with previous studies and is significant for understanding age-
related biomechanical changes in the corneal structure, which might
affect IOP regulation and overall corneal health. The PCT was analyzed
at different peripheral positions: +20, —20, +40, and —40 degrees.
Table 2 provides the slopes indicating the changes in PCT at these po-
sitions with age. For example, PCT +20 and PCT +40 both show nega-
tive slopes (—0.2792 and —0.2631 respectively), suggesting a decrease
in thickness with age, although these changes are not statistically sig-
nificant (p > 0.05). However, PCT —20 shows a positive slope of 0.072,
indicating a slight increase with age, but again, this result is not sig-
nificant (p > 0.05). The marginal R-squared values in Table 2 suggest
that changes in PCT at different angles are not well explained by age
alone. For instance, PCT +20 has a marginal R-squared of 0.1688,
indicating that age only accounts for about 16.88% of the variability in
PCT +20, and even less in PCT —20. This suggests that factors other than
age may contribute to changes in peripheral corneal thickness. Inter-
estingly, Table 3 highlights a positive association between CCT and PCT
+20, PCT+40, PCT-40, and ACA, indicating that thicker central corneas
tend to have thicker peripheral corneal regions, particularly in the su-
perior aspect of the cornea. These findings suggest that while age is an
influencing factor, the central and peripheral corneal thicknesses are
interrelated, indicating a more complex biomechanical relationship
within the corneal structure. Our findings revealed that both CCT and
PCT tend to decrease with age, but their changes are not uniformly
distributed across different peripheral positions. The significant corre-
lations between CCT and PCT imply that changes in central corneal
structure may influence the peripheral corneal regions. Understanding
these relationships can be crucial for clinical assessments, as alterations
in corneal thickness with age may affect ocular biomechanics and visual
outcomes. Our results emphasize the importance of considering both
CCT and PCT when evaluating corneal health, especially in age-related
conditions such as glaucoma.

Biocybernetics and Biomedical Engineering 45 (2025) 62-73

The angle between the cornea and iris (iridocorneal angle) demon-
strates a clear age-dependent decline, with measurements of 44.06°,
41.19°, 37.77°, 38.71°, 30.51°, and 28.82° for eyes aged 5, 16, 40, 47,
75, and 94 years, respectively. This represents a total reduction of
15.24° (34.6%) over the age range. The decline is most noticeable
during mid-life and early older adulthood, with a reduction of 7.26°
(19.2%) between ages 40 and 75 years. In contrast, early life (5-40
years) and late adulthood (75-94 years) show smaller declines of 6.29°
(14.3%) and 1.69° (5.5%), respectively. The reduction in iridocorneal
angle observed in our study aligns with in vivo findings that show age-
related narrowing due to structural changes in the anterior segment,
such as lens thickening and anterior displacement of the lens-iris dia-
phragm [65,66]. These changes may contribute to increasing the resis-
tance to aqueous humor outflow and the risk of angle-closure glaucoma,
especially in older populations.

The analysis of velocity and shear stress across different age groups
reveals important understandings of corneal biomechanics as age pro-
gresses. Fig. 6 shows streamlines of aqueous humor velocity and wall
shear stress contours. It illustrates a gradual reduction in their magni-
tudes in older donor eyes compared to younger ones. This decline is
more apparent when comparing the velocity and shear stress values in
the 5-year-old eye versus the 94-year-old eye, suggesting age-related
changes in the corneal environment. This showed as a linear regres-
sion graph in Fig. 7, where a slight downward trend with advancing age
is observed. This trend suggests that as the eye ages, both velocity and
shear stress tend to decrease, indicating potential changes in the fluid
dynamics of the aqueous humor within the anterior chamber. From
Table 2, there was an insignificant negative association between patient
age with velocity and shear stress. Specifically, velocity within the
anterior chamber, especially the outflow region, decreases significantly,
with younger eyes (e.g., the 5-year-old eye) exhibiting higher velocities
(~0.18 mm/s) compared to older eyes (e.g., the 94-year-old eye) with
velocities below ~0.09 mm/s. Similarly, wall shear stress declines
moderately, decreasing from ~0.0001 Pa in younger eyes to ~0.00005
Pa in older eyes. These findings suggest that aging significantly impacts

Linear Regression of CCT on Age
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Fig. 5. Linear regression analysis showing the relationship between central corneal thickness (CCT) and age. The regression line indicates a decline in CCT with
increasing age, suggesting a potential age-related thinning of the cornea. The R? value of 0.189 suggests a moderate association between age and CCT, highlighting

individual variability within the data set.
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the fluid dynamics of the anterior segment, may contributing to
increased outflow resistance and dysregulated IOP. This aligns with
earlier studies highlighting the role of age-related changes in the outflow
pathway morphology in influencing outflow resistance and IOP regu-
lation [49-52,54,55]. The volumetric average shear stresses and veloc-
ity were used for comparison purposes.

The relationship between ACA and age, as observed in Table 3,
shows a negative slope of —1274 pixels per year, although this change
was not statistically significant (p > 0.99). This suggests that the ACA
may reduce slightly with increasing age, but the variability is high,
indicating considerable individual differences. Given that the ACA may
influences aqueous humor dynamics and IOP regulation, this age-related
trend might play a role in the biomechanical properties of the anterior
segment but warrants further investigation with a larger sample size. In
Table 3, ACA is shown to have correlations with both CCT and PCT
measurements, indicating that changes in the peripheral or central
corneal thickness correspond with variations in ACA. Our findings,
while insignificant, align with previous research indicating that older
eyes tend to have smaller anterior chamber volumes (160 =+ 39 vs 247 +
39 pl; p < 0.00001), reduced aqueous humor flow (2.4 + 0.6 vs 2.8 +
0.8 pl/min; p = 0.002), and lower uveoscleral outflow (1.10 + 0.81 vs
1.52 + 0.81 pl/min; p = 0.009) compared to younger eyes [14].

For the CBA, Table 3 presents a very minimal positive slope of 25 per
year with age (p > 0.99), indicating almost no significant change in CBA
across different age groups. This suggests that, unlike other morpho-
logical parameters, CBA remains relatively stable over time. This sta-
bility might imply that the ciliary body’s role in aqueous humor
production and outflow is not as influenced by age-related changes
compared to other anterior segment structures in our data. The corre-
lations between CBA and corneal parameters in Table 3 were also non-
significant, suggesting that CBA’s role and its potential influence on
IOP and biomechanics may be relatively independent of corneal
morphological changes. ACA seems to exhibit a more evident, albeit
non-significant, trend with age compared to CBA, which remains largely
unchanged. This suggests that the anterior chamber’s ability to regulate
aqueous humor dynamics might be more susceptible to age-related shifts
than the ciliary body, potentially impacting IOP regulation and glau-
coma risk. Specifically, prior studies have demonstrated that both nasal
and temporal ciliary muscle thickness tend to increase with age (p =
0.004 and p < 0.001, respectively), which is consistent with the idea that
certain aspects of ciliary muscle morphology remain robust as in-
dividuals age. Also, nasal and temporal distance from the scleral spur to
the thickest point of the ciliary muscle were found to decrease with age
[65], highlighting that while some elements of the ciliary body exhibit
changes, the overall area (CBA) in our study did not significantly vary
with age. Considering the wide age of the range of our subject as well as
the lack of enough donor eyes, our conclusion may not be fully robust,
needing for future investigations.

At the end we provided a correlation matrix heatmap in Fig. 8, which
better represents the correlation between the parameters. The correla-
tions indicate that aging impacts various anterior segment parameters,
particularly with thinning of the cornea and iris. The strong associations
between CCT and PCT highlight the need to consider corneal thickness
measurements in a holistic manner rather than in isolation. Also, the
relationships between CBA and ACA, as well as the strong coupling
between velocity and shear stress, underscore the interconnectedness of
anterior segment structures and the influence of dynamic fluid proper-
ties. These findings have potential implications for age-related ocular
conditions, such as glaucoma and corneal diseases, where structural
changes in the anterior segment and altered fluid dynamics play a crit-
ical role. Understanding these correlations could inform clinical as-
sessments and treatment strategies in age-related ocular pathologies.

Data was collected from a relatively small sample of 10 eyes from
n=6 patients, with ages ranging from 5 to 94 years and a mean age of
44.4 years. Given this limited sample size, it is crucial to interpret the
correlations and findings with caution, as they may not be fully
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Fig. 6. (A) Velocity streamlines (mm/s) in the anterior segment of human donor eyes across different ages (5, 16, 40, 47, 75, and 94 years old), demonstrating the
distribution of aqueous humor flow. (B) Wall shear stress (Pa) in the anterior segment for the same age groups, illustrating how shear stress varies with age in the
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human eye. The color bars indicate the magnitude of velocity and shear stress, with warmer colors representing higher values.
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Linear Regression of Age on Velocity and Shear
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Fig. 7. Linear regression analysis of age on velocity (mm/s) and shear stress (Pa) in the anterior segment. The blue line represents the relationship between age and
velocity, while the green line represents the relationship between age and shear stress. The corresponding R-squared values indicate the degree of association for

each parameter.

representative of a larger or more diverse population. A larger cohort
could potentially alter the strength or direction of these correlations.
While we fully recognize the importance of gender as a biological var-
iable, this study did not specifically evaluate sex differences, which
could have a considerable influence on the ocular parameters observed.
To ensure a more accurate and comprehensive understanding of how
these factors impact ocular anatomy and physiology, future research
should include a larger, more diverse sample size that accounts for sex-
related variations. This approach will help clarify the potential influence
of sex differences on these parameters, ultimately enhancing the
robustness and applicability of the findings.

Compared to other high-resolution imaging modalities like OCT,
LSFM offers unique advantages for ex vivo studies. LSFM enables volu-
metric imaging with optical sectioning, providing detailed 3D visuali-
zation of complex structures such as the TM and ciliary body. Also, it
allows for a wide field of view and enhanced contrast when combined
with fluorescent labeling, enabling more precise analysis of cellular and
extracellular matrix features. These capabilities make LSFM particularly
well-suited for investigating age-related changes in ocular morphology.

A population-based study using swept-source OCT [65] demon-
strated significant reductions in anterior chamber depth and corneal
thickness, as well as thinning of the iris with advancing age. These
findings align with our observations of structural changes in the anterior
segment and provide further evidence of age-related remodeling of
ocular tissues. The consistency between in vivo and ex vivo results
highlights the robustness of our methodology and underscores the
importance of continued investigation into the biomechanical implica-
tions of these changes in the context of glaucoma and other age-related
eye diseases.

This study uniquely integrates high-resolution LSFM with CFD
modeling to investigate age-related changes in the anterior segment of
the eye. By combining detailed morphological analysis with biome-
chanical simulations, we provided new understandings of structural
changes and their implications for aqueous humor dynamics. This
comprehensive approach represents a significant advancement in un-
derstanding the biomechanical effects of aging on ocular structures.
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3.1. Limitations

Despite the significant findings of this study, several limitations
should be acknowledged to provide a balanced understanding of the
results and to guide future research.

We had limited sample size and donor variability. Our study’s con-
clusions were based on a relatively small number of human donor eyes,
which may limit the generalizability of our findings. Also, the variability
among donors, including differences in age, health status, and post-
mortem intervals, could introduce variations in the data that may not
fully represent the broader population. To address this limitation, future
studies should include a larger and more diverse sample set, with
stratification based on donor characteristics such as age and health
status to better account for potential sources of variability.

The LSFM has its own inherent limitations. While LSFM provides
high-resolution imaging, it has limitations in capturing fine details
within highly complex structures or deep tissue regions, potentially
leading to incomplete morphological data. Also, the optical clearing
methods employed may not fully eliminate scattering and absorption,
which could result in artifacts or incomplete imaging in certain regions
of the eye. To overcome these issues, complementary imaging tech-
niques, such as confocal or multiphoton microscopy can be employed in
future to validate and cross-check LSFM results. Furthermore, opti-
mizing the clearing protocols for specific tissue types could enhance
imaging quality and reduce artifacts.

Tissue degradation post-mortem and potential artifacts introduced
during fixation and processing may affect the structural integrity of the
samples, leading to possible distortions in the morphological analysis.
Also, the removal of the lens to prevent reopacification may alter the
natural anatomy, potentially impacting the study of anterior chamber
dynamics. To minimize these issues, future studies should use the
freshest possible samples and standardize fixation and processing pro-
tocols across all specimens. Exploring alternative fixation methods that
better preserve tissue integrity or utilizing imaging techniques that
allow in situ analysis could further mitigate these challenges.

Our simulations of aqueous humor flow were conducted without
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Fig. 8. Correlation matrix illustrating the relationships between various anterior segment parameters, including central corneal thickness (CCT), peripheral corneal
thickness at different angles (PCT + 20, PCT —20, PCT + 40, PCT —40), iris thickness (IT), ciliary body area (CBA), anterior chamber area (ACA), velocity, shear, and
age. Color intensity and gradient indicate the strength and direction of the correlations, with red representing strong positive correlations and blue indicating strong

negative correlations.

direct access to lens morphology. To account for this limitation, we
utilized established anatomical parameters and literature-based
boundary conditions to approximate the natural flow dynamics. Lens
removal might also alter ACA measurements. While this approach pro-
vides valuable understandings of the anterior segment and conventional
outflow pathway, future studies incorporating lens morphology could
enhance the accuracy of flow simulations.

The morphological analyses and CFD simulations were all conducted
based on fixed ex vivo human donor eyes, which may not fully replicate
the in vivo environment. The absence of real-time physiological condi-
tions could limit the applicability of these findings to clinical practice.
Future research should aim to validate these findings with in vivo data,
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potentially through non-invasive imaging techniques, i.e., OCT, or ani-
mal models that allow for real-time observation of fluid dynamics and
tissue responses. Integrating in vivo conditions into computational
models could further enhance the relevance of the results to clinical
settings.

4. Conclusions

This study provides a detailed examination of the relationship be-
tween aging and changes in the anterior segment morphology, partic-
ularly focusing on the CCT, PCT, ACA, IT, and CBA. By integrating
advanced imaging techniques such as LSFM and CFD, we have captured
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significant age-related trends in these structures, offering new un-
derstandings of how aging may contribute to influencing IOP regulation
and the biomechanics of the anterior segment. Our findings reveal that
CCT and PCT exhibit a tendency to decrease with age, while the ACA
shows a potential decline that could possibly impact aqueous humor
dynamics. The correlation between CCT and PCT indicates a more
complex biomechanical relationship, suggesting that changes in central
corneal structure can influence peripheral corneal regions. Contrary to
expectations, the CBA displayed remarkable stability with age, indi-
cating that the ciliary body’s function in aqueous humor production may
be less affected by aging compared to other anterior segment structures.
This observation suggests that age-related changes in IOP regulation
might be driven more by alterations in the cornea and anterior chamber
than by the ciliary body itself. The fluid dynamics analysis demonstrated
that both velocity and wall shear stress decrease with age. While the
study offers valuable information, the small sample size and lack of
consideration for sex differences underscore the need for cautious
interpretation. Future research should involve a larger, more diverse
cohort, accounting for gender and other biological variables, to provide
a more comprehensive understanding of how aging affects anterior
segment morphology and aqueous humor dynamics. These findings have
significant implications for diagnosing and managing age-related ocular
conditions such as glaucoma, underscoring the importance of age-
specific considerations in clinical assessments and treatment strategies.
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