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Purrose. To investigate the effect of crypts during pupil constriction and dilation on
the potential for angle closure by performing finite element analysis using clinical and
experimental data on human tissues.

MerHops. A computational model was developed to determine the influence of small
crypts (surface area of ~0.015 mm?) and large crypts (surface area of 0.300 mm?) on the
anterior chamber angles during pupil dilation. The model needed permeability data from
human subjects; hence, 21 enucleated human eyes (72 hours postmortem) were procured
and subjected to a flow setup previously reported. Finally, 66 subjects were recruited to
measure pupil constriction and dilation levels from optical coherence tomography (OCT)
videos.

Resurrs. The hydraulic permeability of the human iris stroma was determined to be
2.55 + 1.93 x 107> mm?/Pa - s. The average iris constriction and dilation durations
were 0.710 £ 0.213 seconds and 1.24 £ 0.401 seconds, respectively, with pupil diameter
changes of 1.16 + 0.39 mm and 0.75 + 0.27 mm, respectively. The computational models
had starting anterior chamber angles of 51.30° and final anterior chamber angles of 26.81°
once steady state had been reached. In an extreme case with decreased anterior border
layer (ABL) permeability, the anterior chamber angle narrowed to 12.37°, but the presence
of crypts kept the angle above 20.36°, highlighting the potential of crypts in preventing
angle closure.

Concrusions. Our findings on the biomechanics of crypts in the iris may drive the
development of novel treatments by altering ABL morphology, providing an alternative
bypass for angle closure prevention in high-risk patients.
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ngle closure glaucoma occurs when the anterior cham-

ber drainage angle becomes obstructed, leading to a
rise in intraocular pressure, which damages the cells in the
optic nerve, leading to vision loss.!> The underlying mecha-
nism of angle closure involves restricted trabecular aqueous
humor outflow, which can be influenced by both anatomic
and dynamic factors.>* Therefore, it is crucial to explore
the factors and processes within the anterior chamber that
contribute to this phenomenon.

Movement of the iris during pupil dilation differs for
each individual, and the presence of surface features such as
crypts had been hypothesized to play a part in angle closure.
The morphology of the anterior border layer (ABL) is a dense
matrix, comprising discontinuous collagen fibrils, fibrob-
lasts, and melanocytes.” Underneath lies the iris stroma with
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a similar composition, albeit with a much lower density.°
Aqueous humor freely moves within the pores of these
layers and makes up to 40% of the stroma layer.®” This
combination of tissue, along with the dilator muscle poste-
rior to the stroma and sphincter muscle at the iris margin,
forms a unique composition with physiological movements
greater than most other tissues in the human body. During
pupil dilation, the pupil diameter in dark conditions could
double when transitioning from light conditions, and like-
wise, the tissue at the iris margin stretches to twice the
length at the iris margin. This causes a large displace-
ment of aqueous humor in a relatively short duration,?°
which could be the basis for angle closure to occur
from excessive bowing when the fluid shift is abnormally
slow.
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Investigating the various contributing factors for angle
closure includes methods such as optical coherence tomog-
raphy (OCT)!® and ultrasound biomicroscopy'! to obtain
images or videos of the anterior segment. Subsequently, a
noninvasive method to observe various scenarios in vivo is
to apply biomechanical principles in computational simu-
lations, such as finite element modeling of re-created ante-
rior chambers.'>"!> Previously, we investigated six parame-
ters (anterior chamber depth and width, iris convexity, thick-
ness, stiffness, and Poisson’s ratio) and found anterior cham-
ber interactions to be highly complex, with each parameter
disproportionately contributing to narrowing of the anterior
chamber angle.'® However, movements in the anterior cham-
ber occur constantly from aqueous flows and iris accom-
modative muscle actions. Crypts, which are discontinuities of
the anterior border layer, could offer alternative pathways for
aqueous humor to escape,'’'!® leading to smaller dilated iris
volumes. In fact, Tun et al.'? found that higher crypt grade
(i.e., size) was associated with a smaller iris volume and a
less convex iris. Similarly, Chua et al.!® found that a high
crypt grade was associated with a smaller iris volume and
greater reduction of iris volume on pupil dilation. However,
research on crypts is scarce, and the relationship between
crypt location and the size of the anterior chamber angles
remains unavailable. Therefore, the aim of this study is to
re-create the in vivo conditions of the anterior chamber to
investigate the effect of crypts in physiological and angle
closure scenarios. Specifically, we aimed to determine (1) the
permeability of the human iris stroma using ex vivo tissues,
(2) the speed of the iris during pupil constriction and dila-
tion, and (3) effect of crypts in vivo by performing tran-
sient computational analysis using clinical and experimental
data.
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METHODS

This study consisted of two investigational components to
determine data that are unavailable in existing literature:
permeability of the human iris stroma and the time taken for
pupil dilation. These data were crucial for creating a realis-
tic and complex computational model that can closely reflect
the behavior of the iris in vivo.

Permeability of the Human Iris Stroma

Twenty-one enucleated healthy Caucasian human eyes (9
male, 12 female, aged 64.3 + 13.1years) were purchased
from Saving Sights (De-identified whole globes; Saving
Sights, Kansas City, MO, USA). The human eyes were enucle-
ated and placed in a moist chamber at approximately 0°C to
4°C within 12 hours postmortem. The shipment was kept
cold in ice and delivered to the Singapore Eye Research
Institute (Singapore National Eye Centre, Singapore) within
72 hours after enucleation.

The procedure for separating the stroma and dilator
tissues was similar to our previous study,?>*! which was
validated through histologic analysis. First, for each eye,
the entire iris was isolated from the human globe, and the
iris pigmented epithelium was gently scraped off. Next, a
discontinuous cut was made to the iris. Using a combina-
tion of tying forceps (2-500-2E; Duckworth & Kent, Hertford-
shire, UK), jewellers forceps (2-900E; Duckworth & Kent),
and Chihara conjunctival forceps (2-500-4E; Duckworth &
Kent), the dilator was removed in small pieces and peeled
away from the stroma outward radially up to the sphinc-
ter, where the tissue was trimmed using a pair of vannas
scissors (1-111; Duckworth & Kent). After tissue isola-
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(A) Anterior chamber parameters for the computational model. (B) A nonlinear dilator muscle contraction force of 94 kPa widened

the pupil by 2.5 mm in 1.2 seconds. (C) The simulation was performed using transient analysis with a custom step size profile.
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FiGure 2. Anterior images of the human iris with (A) large crypts
and (B) small crypts. The simulation models contained either
(C) three large crypts or (D) three small crypts, located at either
the central or peripheral locations at approximately 2.7 mm and
4.4 mm radii.

tion, the samples were stored in phosphate-buffered saline
(PBS).

The isolated stroma samples (1 = 21) were subjected to
a flow experiment to assess their permeability. The prin-
ciple of the permeability experiment was similar to that
described in our previous study?’?! using Darcy’s law.?*?
The hydraulic permeability is defined by the permeability of
the tissue divided by the viscosity of the fluid, which in this
case is PBS:

QAx

= AP (mmz/[Pa . s]) (€))

Hydraulic Permeability = hd
7

where « is the permeability (mm?), i is the dynamic viscosity
of the fluid (Pa - s), Q is the flow rate (mm?/s), Ax is the
thickness of the tissue (mm), A is the surface area of flow
(mm?), and AP is the pressure drop across the tissue in the
direction of flow (Pa). For our experiments, the hydraulic
permeability of the iris stroma is determined by setting a
specific pressure difference and measuring the resulting flow
rate. This setup is identical to our previous study,?! except for
the custom three-dimensional (3D)-printed holder used to
position the stroma tissue. This area was increased to reduce
variance caused by setup misalignments.

Investigating Human Iris Constriction and
Dilation Duration

The pupillary light response has been extensively stud-
ied,>*?> but data on the duration of iris constriction and dila-
tion are less readily available. Hence, a total of 66 patients of
Indian and Chinese ethnicities with angle closure, aged 60.2
+ 8.7 years, were recruited for this study at the Singapore
Eye Research Institute, Singapore. Prior informed consent
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was obtained for all patients. The study was conducted
following the tenets of the World Medical Association’s
Declaration of Helsinki and received ethics approval from
the SingHealth Centralized Institutional Review Board. All
subjects underwent anterior segment imaging using swept-
source OCT (SS-1000 CASIA; Tomey Corporation, Nagoya,
Japan) while positioned in the primary gaze position. The
OCT imaging was performed with the “angle analysis”
protocol in the video mode setting. The anterior segment
scan covered 0° to 180°, from limbus to limbus, with an
acquisition time of 0.125 seconds per line, and the video
was captured at eight frames per second. The recording
of the OCT video started 1 minute after dark adaptation
using a standard protocol, with the light intensity approx-
imately 20 lux measured by a light meter (Studio Deluxe II
L-398; Sekonic, Tokyo, Japan). Subsequently, a light source
(approximately 1700 lux) was used to flash the subject’s eye
from the temporal side, 150° off-axis, to capture the transi-
tion from dark to light. The light was turned off after approx-
imately 2 seconds to capture the transition from light to
dark. If motion artifacts were observed, the procedure was
repeated, but no more than three times to prevent iris muscle
fatigue. Each OCT B-scan was 16 mm in width and 6 mm in
depth.

The videos were processed using Adobe Premiere Pro
(v25.0; Adobe Inc., San Jose, CA, USA) after exporting the
uncompressed data from the CASIA OCT. The start and
end points for both constriction and dilation were identi-
fied by evaluating the B-scans frame-by-frame to measure
the constriction and dilation durations, and the pupil diam-
eters were evaluated by measuring the horizontal opening
between the iris margins. Since the level of pupil dilation
is less in angle closure subjects,?® only the duration would
be used for the finite element simulation, but with a larger
prescribed dilation matching healthy subjects.?

Finite Element Simulation

3D Model. The anterior chamber model consisted
of the cornea, sclera, lens, iris (consisting of the ABL,
stroma, sphincter muscle, and dilator muscle), and ciliary
body. The model, created with SolidWorks (2023; Dassault
Systemes, Vélizy-Villacoublay, France), was designed based
on average healthy literature values: cornea thickness of
0.50 mm,?”-?® cornea radius of curvature of 7.50 mm,* sclera
radius of curvature of 12.00 mm,*® anterior chamber depth
(ACD) of 3.00 mm,>'-3% anterior chamber width (ACW) of
11.50 mm,**-3¢ and only the anterior lens of radii of 1.5 mm
and 4.75 mm®3® (Fig. 1A). The cornea and sclera were
combined as a single tissue since the stiffness of the tissues
was similar and far greater than the iris (essentially a rigid
body). The trabecular meshwork region was also combined
with the cornea and sclera, and it was angled 15° from the
cornea at a small curvature. The lens, intended to be a rigid
body during iris sliding in pupil dilation, was simplified as
a shell with a thickness of 0.10 mm.

The iris was attached to the sclera at the root, which was
consistently set at 0.20 mm thickness for all cases. Iris tissue
thickness was defined as the distance from the iris margin
to the mid-periphery, and it decreased from 0.40 mm at the
mid-periphery to the iris root. The iris tissue had a convex-
ity of 0.10 mm, was rounded at the margin, and had a pupil
opening of 3.00 mm. The iris contained the sphincter muscle
with a thickness of 0.10 mm, located 0.04 mm away from
the posterior surface. The dilator muscle was located poste-
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rior to the iris, with a thickness of 0.04 mm, spanning from
the midportion of the sphincter muscle to the iris root. The
ABL, spanning the entire anterior surface up to the sphincter
muscle, had a thickness of 0.04 mm. The ciliary body was
included for illustration purposes but did not influence the
simulation results.

Mesh and Convergence. The 3D model was exported
from SolidWorks as a STEP (AP203) file and imported into
Abaqus FEA (2021; Dassault Systemes) for meshing. Eight-
node hexahedral elements were used for each model to
capture the geometry accurately. A convergence study was
performed on an average model with mesh sizes of 6800,
23,730, 53,120, and 344,960. The convergence test showed
that the result for the selected mesh density differed <0.8%
from the result of the most refined mesh, and therefore, the
selected mesh (approximately 23,730) was deemed numeri-
cally acceptable.

Biomechanical Parameters. The finite element
model contained six parts, each with the following material
parameters: the corneo-scleral shell was modeled using an
incompressible neo-Hookean formulation, with a Young’s
modulus of 500 kPa.** The lens was modeled as a rigid
body and fixed for all scenarios. The sphincter and dilator
muscles were described as incompressible neo-Hookean
materials, with a Young’s modulus of 40 kPa assigned to
each.’® To induce pupil dilation, the dilator muscle was
also described with a uniaxial muscle contraction force
of 94 kPa (Fig. 1B) to dilate the pupil by approximately
2.5 mm. The direction of contraction was along the radial
direction of the iris, specified using the element’s local
coordinates. Finally, the ABL and iris stroma were described
as a biphasic material consisting of a solid incompressible
neo-Hookean material with a stiffness of 10 kPa'®?! and
an incompressible fluid component with solid fractions of
0.9 and 0.5, respectively.®” To mimic the volume changes
due to fluid movement during pupil dilation, the ABL and
iris stroma were assigned Poisson’s ratios of 0.3 and 0.1,
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respectively.?! Notably, the neo-Hookean formulation was
selected in this study primarily for its stability and accuracy
when performing large deformations in FEBio.

Using results from the permeability experiments, we
assumed that the permeability of the stroma was approxi-
mately two orders of magnitude larger than that of the ABL.
We then used the harmonic-average permeability to calcu-
late that of the individual layers. Increased cross-linking and
changes in tissue composition as part of aging are likely to
decrease the permeability of the iris tissues, 4! with vari-
ous studies showing a marked decrease in volume change
between healthy subjects and those with angle closure.®?
Therefore, permeabilities (1) of the ABL and stroma were
varied to investigate the effect of crypts in various possible
transient scenarios: (1) physiological state, where uap. = 3
x 107° mm?/Pa - s and fgoma = 3 X 1074 mm?/Pa - s; (2)
reduced stroma permeability at 1 X papr and 0.1 X fhsroma;
(3) reduced ABL permeability at 0.1 x papL and 1 X Usroma;
and (4) reduced stroma and ABL permeability at 0.1 X papr
and 0.1 X [goma- The steady state was determined by using
ABL and stroma permeabilities at 1 mm?/Pa - s.

Crypts. Images of donor irides were captured and re-
created in the computational model with either small or
large crypt sizes (Figs. 2A, 2B). The small crypts had surface
areas of 0.015 mm?, and the large crypts had surface areas
of 0.300 mm?, with three crypts present on each quadrant
model situated either toward the central or peripheral region
of the iris at approximately 2.7 mm and 4.4 mm pupil radii,
respectively (Figs. 2C, 2D).

Boundary Conditions. Constraints along the axisym-
metric planes of the quadrant anterior chamber model were
applied, and a zero-friction contact interface was assumed
between the iris and lens, as well as between the iris and
the corneal endothelium surface. The lens was fixed, and so
was the outer boundary of the corneo-scleral shell.

Finite Element Processing. All finite element (FE)
models were solved using FEBio (FEBio Studio v1.8,

TasLe. Changes in Anterior Chamber Angles (A /) From the Initial Nondilated (ACA;) State at ¢ = 0 to Immediately After Dilator Muscle

Activity (ACA12s) at t = 1.2s

Iris Feature Permeabilities ACA; (© AZ(©) ACA;.2s (© Z minimum ()
NA Steady state 51.30 24.49 26.81 26.81
No crypts 1 X papr and 1 X Ustroma 51.30 27.18 24.12 23.47
1 x papr and 0.1 X [stroma 51.30 28.55 22.75 21.59
0.1 x papr and 1 X Lstroma 51.30 38.37 12.93 12.37
0.1 x papL and 0.1 X fsgroma 51.30 48.29 3.00 2.03
Three small crypts Central region 1 x uapL and 1 X fsroma 51.30 26.89 24.41 23.76
1 x papr and 0.1 X [stgroma 51.30 28.54 22.76 21.61
0.1 x papL and 1 X Lstroma 51.30 36.53 14.77 13.78
0.1 x papL and 0.1 X fsgroma 51.30 48.26 3.04 2.03
Three large crypts Central region 1 X papr and 1 X Usgroma 51.30 26.57 24.73 24.10
1 x papr and 0.1 X [stroma 51.30 28.62 22.68 21.51
0.1 x papL and 1 X LUstroma 51.30 34.16 17.14 15.58
0.1 x papL and 0.1 X fsgroma 51.30 48.18 3.12 2.11
Three small crypts Peripheral region 1 x papr and 1 X [lstroma 51.30 26.55 24.75 24.15
1 x papr and 0.1 X [lstroma 51.30 28.55 22.75 21.60
0.1 x papr and 1 X fstroma 51.30 33.71 17.59 16.40
0.1 x papL and 0.1 X fsgroma 51.30 48.12 3.18 2.21
Three large crypts Peripheral region 1 x papr and 1 X [stroma 51.30 25.97 25.33 24.87
1 X papr and 0.1 X [stroma 51.30 28.56 22.74 21.58
0.1 x papr and 1 X fstroma 51.30 29.65 21.65 20.36
0.1 x papr and 0.1 X [stroma 51.30 47.70 3.60 2.56

The minimum anterior chamber angle (Zminimum) Occurs in this duration, determined using the transient analysis. 1 X papL = 3 X
10~% mm?2/Pa - s, 0.1 x uaBL = 3 x 1077 mm3/Pa - s, 1 X sgoma = 3 X 1074 mm?2/Pa - s, and 0.1 X isroma = 3 x 1075 mm?/Pa - s.
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University of Utah, Salt Lake, UT, USA), a nonlinear FE
solver designed for biomechanical studies. Transient anal-
ysis was conducted with dilator muscle contraction lasting
1.2 seconds and subsequently held for the next 8.8 seconds,
for a total of 10 seconds at appropriate step sizes (Fig. 1C) for
the model to reach equilibrium. The anterior chamber angles
were determined using the coordinates of the nodes at the
scleral spur and its adjacent nodes to calculate the angles.
We reported the anterior chamber angles at the minimum
and after 1.2 seconds of contraction.
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REsuLTs
Permeability of the Human Iris Stroma

The 3D tissue holder area was evaluated using OCT and
determined to be 0.538 mm?. The average thickness of the
stroma tissue samples was 0.210 + 0.0523 mm. The PBS
flow through the stroma samples was slow and laminar at
0.123 + 0.094 mm?/s, with a Reynold’s number <10, thus
satisfying Darcy’s law approximation. The hydraulic perme-

>

AC Angles with Varying Crypt Sizes and Locations

B AC Angles with Varying Crypt Sizes and Locations

30 | (Scenario 1: Py = 3x10° mm?/Pa's, poms = 310 mm?/Pa-s) 30, (Scenario 2: pyg = 3x10° mm?/Pa-s, Py oms = 3%¥10° mm?/Pa-s)
|
29 —~ 29 [
— [ |
) - |
o Q 28 |
%ﬁ 28 %o |
c < 27 ! e
<y 5 i
5} — | 8 |
< [
g 26 E 25 |
|
< 5 o
k;) 25 Y, 7 —— No crypts 5 24 I —— No crypts
o V) -------= Small Crypts, Central Region = 23 | ------- Small Crypts, Central Region
E 24 | ——=—Large Crypts, Central Region *g Large Crypts, Central Region
é : o Small Crypts, Peripheral Region < 22 : Small Crypts, Peripheral Region
23 : —..—- Large Crypts, Peripheral Region 2 = : —..—. Large Crypts, Peripheral Region
| |
22 L 20 I
0 05 1 15 2 25 3 35 4 4.5 5 0 0.5 1 1.5 2 25 3 35 4 4.5 5
Time (s) Time (s)

C AC Angles with Varying Crypt Sizes and Locations

30 1 (Scenario 3: g = 3X107 mm?/Pa-s, Uyroma = 3¥10* mm?/Pa-s)

22

—— No crypts

Anterior Chamber Angle (°)
N
o

Anterior Chamber Angle (°)

(W)

AC Angles with Varying Crypt Sizes and Locations
(Scenario 4: pyg, = 3x107 mm?2/Pa-s, pyoma = 3%10° mm?2/Pa-s)

w
o

N
a

N
o

—— No crypts
=== Small Crypts, Central Region
———Large Crypts, Central Region

-
S}

Time (s)

) - Small Crypts, Central Region
14 : Large Crypts, Central Region 5 + Small Crypts, Peripheral Region
1 | «we Small Crypts, Peripheral Region —-— Large Crypts, Peripheral Region
: —..—. Large Crypts, Peripheral Region o
10
0 05 1 15 2 25 3 35 2 45 s 0 05 1 15 2 25 3 35 4 45 5
Time (s) Time (s)
E AC Angles with Varying Iris Permeabilities F AC Angles with Varying Iris Permeabilities and
50 i (No crypts) 50 | Crypt Presence
I I
& I MagL = 3%10°° mMM2/Pa-s, Ugom, = 3310 mm?/Pa-s & | Nocrypts, tyg, = 3x10°° MM?/Pa-s, figom, = 3x 10 mm?/Pa-s
@ 40 : weeeeeees Upgy = 3% 10 MM2/Pa-s, Pyoma = 3%10°° mm?/Pa-s @ 40 I e NO CIYPLS, Magy = 3x107 MM2/Pass, by, = 3x10* mm2/Pacs
:%D : ——— Mg = 3x107 mm?/Pa-s, pgom, = 3x10% mm?/Pa-s :c: : —..—. Large Crypts, Peripheral Region,
o | —— Hag = 3x107 MM2/Pass, Ugoma = 3%10° mm?/Pa-s = | MagL = 3x107 mm2/Pa-s, Pyoms = 3x10* mm?2/Pa-s
@ I 9] I
o 30 | o 30 |
€ \ I 1S [
ks AN | & | W\ L—===
5 AN _____—--1|8 e
5 20 \\\ | DT 5 20 N R
= . [ - = \ [
g VN - - g [
c . -~ _ - c Sl b
< 10 \ : - < 10 '
" e !
e |
'~ A |
0 L 0 1
0 05 1 15 2 25 3 35 4 45 5 0 05 1 15 2 25 3 35 4 45 5

Timé (s)

Ficure 3. Graphs of anterior chamber (AC) angles with varying crypt sizes and locations in (A) scenario 1: uapL = 3 X 10~° mm?/Pa - s
and Usgroma = 3 X 10~* mm?/Pa - s, (B) scenario 2: uapy = 3 X 10-° mm?/Pa - s and Isiroma = 3 X 107> mm?/Pa - s, (C) scenario 3: jLapL =
3 x 1077 mm?/Pa - s and fsroma = 3 x 10~% mm?2/Pa - s, and (D) scenario 4: puapr = 3 x 107 mm?2/Pa - s and isroma = 3 X 107> mm?2/Pa
- 5. (E) AC angles in the scenario with no crypts at various ABL and stroma permeabilities and (F) AC angles showing the effectiveness of

large crypts in scenario 3 in preventing narrow angles.
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Posterior View

| AnteriorVievoi

Ficure 4. (A) The anterior and (B) posterior views of the human
iris samples. The areas left of the dotted red lines contain the ABL
and dilator muscle, respectively, and the areas on the right of the
dotted red lines show the visible sparse stroma fibers comprising
mainly collagen strands and iris blood vessels.

ability of the human iris stroma was determined to be 2.55
+ 1.93 x 107> mm?/Pa - s, with a total of 21 samples eval-
uated. Hence, the value used to calculate the harmonic-
average permeability for the finite element study is 2.5 x
10> mm?/Pa - s.

Investigating Human Iris Constriction and
Dilation Speeds

From the 66 samples evaluated, the average iris constric-
tion and dilation durations were 0.710 £ 0.213 seconds and
1.24 + 0.401 seconds, respectively. Constriction occurred
as the pupil diameter decreased from 3.53 + 0.60 mm to
2.37 + 0.38 mm, with the average constriction being 1.16 +
0.39 mm. Dilation occurred as the pupil diameter increased
from 2.39 + 0.383 mm to 3.14 £+ 0.45 mm, with the aver-
age dilation being 0.75 % 0.27 mm. Hence, the approximate
duration used for dilation in the finite element model was
1.2 seconds.

Finite Element Model

The starting anterior chamber angle for all models was
51.30°, which narrowed to a minimum (depending on the
scenario) after approximately 2.5 mm of pupil dilation but
then widened to a final angle of 26.81° once steady state
was reached (Table).

In the absence of crypts, the anterior chamber angles for
the four scenarios were 24.12°, 22.75°, 12.93°, and 3.00°
immediately after dilation at 1.2 seconds, with minimum
values of 23.47°, 21.59°, 12.37°, and 2.03°, respectively. For
small crypts located at the central region, the angles were
24.41°,22.76°,14.77°, and 3.04° immediately after dilation at
1.2 seconds, with minimum values of 23.76°, 21.61°, 13.78°,
and 2.03°, respectively. For large crypts located at the central
region, the angles were 24.73°, 22.68°, 17.14°, and 3.12°
immediately after dilation at 1.2 seconds, with minimum
values of 24.10°, 21.51°, 15.58°, and 2.11°, respectively. For
small crypts located at the peripheral region, the angles
were 24.75°,22.75°,17.59°, and 3.18° immediately after dila-
tion at 1.2 seconds, with minimum values of 24.15°, 21.60°,
16.40°, and 2.21°, respectively. For large crypts located
at the peripheral region, the angles were 25.33°, 22.74°,
21.65°, and 3.60° immediately after dilation at 1.2 seconds,
with minimum values of 24.87°, 21.58°, 20.36°, and 2.56°,
respectively.
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Di1scusSION

This study combined human tissue and clinical data into a
computational model to understand how crypts could influ-
ence angle closure. The models revealed changes in ante-
rior chamber angles with varying crypt sizes and locations,
suggesting that decreased permeability in the iris tissue may
lead to angle closure in the absence of crypts.

The Size and Location of Crypts Are Equally
Important

When we examined the physiological scenario where pispr
=3 x 10°° mm?/Pa - s and fsroma = 3 X 1074 mm?/Pa - s,
the model with no crypts showed the greatest fluctuation in
anterior chamber angles, with a minimum angle of 23.47°,
which increased to 24.12° when ¢ = 1.2 seconds. The pres-
ence of large peripheral crypts allowed for slightly larger
anterior chamber angles, with a minimum angle of 24.87°,
which increased to 25.33° when ¢ = 1.2 seconds. Although
the size difference between small and large crypts was about
20 times, the presence of small peripheral crypts had similar
effects to large central crypts, with minimum values of 24.15°
and 24.10°, respectively, increasing to 24.75° and 24.73° at
t = 1.2 seconds (Fig. 3A). Similarly at all other scenarios,
having small peripheral crypts fared equal to or slightly
better than having large central crypts, which indicates that
the location of crypts is as important as the size of crypts
(Figs. 3B-D). Since the peripheral iris contains more volume
(thus losing more volume during dilation), it stands to reason
that having peripheral crypts allows for more effective aque-
ous humor outflow. It is important to note that in these
physiological scenarios, the variation of anterior chamber
angles is low, and the angles converge within approximately
3 seconds. While there are slight differences in the angle
profiles, the average human eye, with or without crypts, is
capable of pupil accommodation effectively without risks of
angle closure.

The Presence of Crypts Could Be Important in
Preventing Angle Closure

The less resistant pathway created by crypts could facili-
tate more rapid aqueous outflow. When we analyzed the
case where no crypts were present (scenario 1), the ante-
rior chamber angle reached equilibrium rapidly under phys-
iological permeability conditions (Fig. 3E). When stroma
permeability decreased (scenario 2), greater fluctuations in
the anterior chamber angles were observed. However, when
ABL permeability decreased (scenarios 3 and 4), the anterior
chamber angle dropped rapidly and failed to reach equi-
librium within the same time frame due to reduced aque-
ous outflow from the iris. In the latter two scenarios, the
anterior chamber angles fell below 15°, which could lead to
angle closure when accounting for in vivo processes such as
pupillary block and increased iris convexity caused by poste-
rior chamber pressure differences. However, the presence of
crypts has the potential to prevent angle closure. In scenario
3, without crypts, the anterior chamber angle dropped to
a minimum of 12.37°, while the presence of large periph-
eral crypts kept the angle above 20.36°. This also allowed
the iris to behave similarly to a healthy iris, reaching equi-
librium rapidly (Fig. 3F). For subjects more susceptible to
angle closure (i.e., with smaller ACD and ACW and thus
smaller anterior chamber angles to begin with), the pres-
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FIGURE 5.
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(A) The case for angle closure when the ABL layer permeability decreases to restrict fluid outflow, when no crypts are present.

(B) An iris (with crypts) may still cause instantaneous angle closure when the iris dilates, but (C) the presence of crypts could be significant
in facilitating aqueous outflow to increase the anterior chamber angle, evident in an OCT scan of a patient with a narrow angle and a

visible crypt.

ence of crypts could very well prevent collapse of the angles
(Fig. 5).

The ABL Could Be the Limiting Factor in Angle
Closure

The dissection of human globes revealed observable differ-
ences reported in the literature. The anterior border layer
is likely to limit aqueous humor flow in angle closure
because of its high density. When looking at the anterior
view of the iris (Fig. 4A), the continuous layer is very dense,
with nonvisible pores covering the area. Freddo’ had previ-
ously reported images of this layer, showing pores (approx-
imately 10-50 pm) visible only under high magnification.
Conversely, the radial fibers of the stroma consisted mainly
of fine collagen fibers and iris blood vessels (Fig. 4B) in a
large fraction of extracellular matrix and aqueous humor.”#?
The difference in tissue density translates to a large differ-

ence in fluid permeability, which we estimated to be approx-
imately two orders of magnitude. Comparing the simulation
scenarios with decreased stroma permeability (Figs. 3A, 3B),
we observed less impact on anterior chamber angles and the
duration for the iris tissue to reach a steady state. Conversely,
decreased ABL permeability greatly decreases the anterior
chamber angles (Figs. 3C, 3D) and for longer durations.
Therefore, an investigation into the surface morphology of
iris tissues in patients, specifically ABL pore and crypt sizes,
could uncover new correlations with the incidence of angle
closure.

Limitations

In combining experimental, clinical, and computational data,
several assumptions were made to reach the conclusions
outlined above. First, permeability values were determined
with the assumption that ABL permeability is 100 times
lower than that of the stroma, based on histologic studies
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and calculated using harmonic average permeability with
a thickness ratio of 1:9. Changing this assumption to 200
times, for example, would shift the limiting factor further
toward the ABL and vice versa. This ratio may vary between
subjects and warrants further investigation.

Second, the dilation duration was based on a popu-
lation of older angle closure subjects, including individ-
uals with angle closure suspect, primary angle closure,
and primary angle closure glaucoma. This dilation speed
(1.24 + 0.401 seconds) and dilation amount (0.75 £ 0.27
mm) would differ for a younger, healthier population. To
compensate for this, we selected a dilation duration of 1.2
seconds for a 2.5-mm dilation, consistent with existing liter-
ature.®> However, it is also important to recognize that, while
constriction is rapid, dilation is not only slower but can
take up to a minute for the pupil to fully dilate. Therefore,
the constriction profile (Fig. 1B) is important for reflecting
physiological dilation profiles, which can also vary between
individuals.

Third, the pupil is constantly undergoing antagonistic
muscle accommodation to regulate the amount of light
entering the eye. This makes iris biomechanics complex,
as the iris muscles are constantly constricting or relaxing.**
We simplified iris movement during pupil dilation as being
solely due to the constriction of the dilator muscle, with the
sphincter muscle considered passive. This means the pupil
started from a neutral, relaxed position. However, if the pupil
begins from a constricted state, the sphincter muscle should
have been assigned a pretensile force to shift it from the
neutral position before dilation.

Finally, the anterior chamber contains other aqueous
humor processes that affect the anterior chamber, such as
production from the ciliary body, outflow from the trabec-
ular meshwork,?>% and the pressure differences between
the anterior and posterior chambers of the iris.*” These
processes are dynamic and interact with iris muscle move-
ment, affecting iris curvature and narrowing the anterior
chamber angles. However, they were omitted from the study
due to complexity and difficulty in replicating physiological
conditions in vivo.

CONCLUSIONS

Our findings on the biomechanics of iris crypts offer new
insights into potential strategies for preventing angle closure
in high-risk patients. By altering the morphology of the
ABL, we may create an alternative pathway for aqueous
humor outflow, mitigating the risk of angle closure. To move
this concept forward, further exploration of the microscopic
structure of the ABL and iris stroma is essential. Understand-
ing these tissue characteristics in greater detail will be crit-
ical for developing effective preventive treatments or risk-
stratifying subjects with angle closure.
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