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Abstract

Purpose: To assess outcomes of laser peripheral iridotomy (LPI) procedures follow-
ing dilation by evaluating the pressure difference across the iris posterior-anterior
chamber resulting from varying hole sizes and locations.

Methods: Using an anterior segment optical coherence tomography (AS-OCT) im-
age, we created a 3-D finite element model of the iris. We then manually identified
a dilator region where the dilator stress was applied to simulate pupillary dilation.
To mimic LPI, we made a hole of 200 microns in diameter near the pupillary margin,
at the mid-periphery, and at the periphery of the iris. Using computational fluid dy-
namics methods, we computed the pressure difference developed by the hole before
and after pupil dilation at each location. This process was then repeated with a hole
of 400 microns in diameter.

Results: The pressure difference developed across a 200-micron hole when the hole
was placed near the pupil, at the iris mid-periphery, and near the iris periphery was
0.85 Pa, 0.80 Pa, and 0.92 Pa, respectively. Following pupil dilation, the pressure dif-
ference increased in all cases. For the compressible iris model, the pressure increased
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by 4.70%, 63.75%, and 52.17% near the pupil, at the iris mid-periphery, and near the
iris periphery, respectively. For the nearly incompressible model, the pressure in-
creased by 7.06%, 51.25%, and 55.43% near the pupil, at the iris mid-periphery, and
near the iris periphery, respectively. Across a 400-micron diameter hole, the pressure
difference developed was extremely small (< 0.1 Pa) across all cases, both before and
following dilation.

Conclusion: While LPI offers a solution for narrow or closed anterior chamber an-
gles, in some patient populations the angles remain occludable following LPI. One
possible reason could be attributed to the additional pressure difference across the
anterior and posterior chamber due to the change in LPI hole size following dilation-
induced iris deformation. Our study shows that the LPI hole size/location affects the
pressure difference in both compressible and nearly incompressible irides.

Keywords: angle closure, finite element model, glaucoma, iris, laser peripheral irido-
tomy

1. Introduction

Laser peripheral iridotomy (LPI) is a surgical technique in which a laser is used to cre-
ate small holes in the iris of patients with narrow or closed anterior chamber angles
(ACAs). LPI remains a common treatment method for pupillary block,1 as it provides
an alternative pathway for the aqueous humor (AH) to flow into the anterior chamber,
equalizing the pressure difference between the anterior and posterior chambers and
thus flattening the iris.

Nevertheless, the long-term effectiveness of the LPI procedure remains uncertain.
Research indicates that patients who have undergone LPI often experience signif-
icant increases in intraocular pressure (IOP). Consequently, many require further
treatments, including filtering procedures, to manage these effects over time.2,3 Ad-
ditionally, researchers have found the success rate of LPI to be as low as 24%.4,5

Furthermore, we have also shown that some patients who underwent LPI and con-
tinued to present with occludable ACAs had stiffer irides, indicating the importance
of biomechanical factors in the success of the LPI procedure.6 Hole sizes of at least
150–200 microns in diameter have been advocated for the LPI procedure.7 How-
ever, even among highly experienced clinicians, there is no unanimous agreement
on the precise size and location of the LPI hole. Depending on their experience and
judgment, they may choose a size ranging from 50 microns to 250 microns.8 Conse-
quently, the precise location and size of the LPI hole continue to be the subject of
ongoing research.9,10
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Computational models have been effectively utilized to illuminate the biomechan-
ics of the iris and AH, both in understanding the normal functioning of the eye and
in studying the pathophysiology of angle-closure glaucoma.6,9–25 Employing similar
computational methods, Dvoriashyna et al. demonstrated how pupillary block can
be alleviated through the LPI hole, examining the influence of its size and location on
AH pressure dynamics.9 In parallel, Cai and colleagues investigated AH flow through
the LPI in the anterior eye using a comparable computational framework.10 Both
studies underscore the critical role of the location and size of LPI in patients who
suffer from closed or narrow ACAs. However, a notable limitation in these analy-
ses is the assumption that the iris behaves passively. Contrary to this assumption,
our work and that of other researchers has shown that iris contraction markedly
alters its configuration.6,13,17,19 As such, in this study, we hypothesized that iris de-
formation, triggered by contraction of its dilator muscle, could significantly modify
the LPI hole and its subsequent effect on AH pressure. To explore this hypothesis,
we employed anterior segment optical coherence tomography (AS-OCT) images and
computer-aided simulations to model post-LPI iris behavior. We aimed to re-evaluate
the impact of LPI hole location and size, particularly focusing on how iris dilation may
influence LPI outcomes.

2. Methods

2.1 Three-dimensional modeling of the iris

A three-dimensional (3-D) model of the iris was constructed using an AS-OCT (Carl
Zeiss Meditec, Inc., Dublin, CA, USA) image captured from the eye of a 59-year-old
healthy female subject from the LV Prasad Eye Institute in Hyderabad, India. This
study followed the ethical principles outlined in the Declaration of Helsinki.6

The 3-D model was generated by revolving the 2-D iris image around the corneal axis,
as shown in Figure 1. A corresponding dilator region was manually assigned to the
model (Fig. 1A). To simulate LPI, a hole with a specific diameter was placed in the iris
(Fig. 2). Finite element meshes of the iris were constructed using Abaqus (Dassault
Systèmes, Velizy-Villacoublay, France) using tetrahedral elements (Fig. 2C,D).

2.2 Governing equation

The iris was modeled as a hyper-elastic solid material governed by the equations of
the balance of the linear momentum in a quasi-static deformation manner:

∇ · σ = 0 (1)

with σ representing the Cauchy stress tensor. The Cauchy stress tensor was defined
by neo-Hookean σNH and active dilator σD stress tensors:
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Fig. 1. Generation of the 3-D model of the iris: (A) 2-D sketch of the iris, (B) solid model of the
iris, (C) 3-D geometry of the iris, and (D) isometric view of the 3-D geometry of the iris.

σ = σNH + σD (2)

The neo-Hookean stress was defined by:

σNH = G

detF (B − I) + 2Gν

(1 − 2ν)detF ln(detF)I (3)

where G is the shear modulus, ν is the Poisson’s ratio, I is the identity tensor, det
indicates the determinant of a tensor, F is the deformation gradient tensor, and B is
the left Cauchy–Green deformation tensor. The tensors F and B are defined as:

F = dx
dX (4)

B = FFT (5)

where x is the current position of a material point and X is its resting position. The
dilator stress was defined by σAct, the scalar active muscle contraction stress, and ed,
the unit vector representing the direction of the deformed dilator muscle:

σD = σActed ⊗ ed (6)

where ⊗ indicates the tensor product of 2 vectors. The unit vector ed was calculated
as the product of the deformation gradient F and the unit vector eo

d representing the
direction of the undeformed dilator muscle.
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Fig. 2. An iris with a hole in it: (A, B) 3-D model; (C, D) finite element mesh.

ed = Feo
d (7)

For all simulated cases, 30 kPa was chosen as the magnitude of the active muscle
contraction stress, σAct. This constant value was selected to solely simulate pupil-
lary dilation and focus on LPI hole deformation during dilation. While this simplifies
the model, future work could incorporate dynamic factors to represent physiological
conditions more accurately, as described by Taber.26

2.3 Numerical solution

An internally developed computer code using C was employed to apply the Galerkin
finite element method for spatial discretization of the mathematical model along the
meshes generated.16–19,27 The Newton-Raphson iteration and the direct linear solver
MUltifrontal Massively Parallel sparse direct Solver (MUMPS; University of Bordeaux,
Bordeaux, Nouvelle-Aquitaine, France) were employed in solving the nonlinear alge-
braic equations.28
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2.4 Parametric analysis

Three modeling parameters were perturbed to examine the changes in the pressure
difference between the posterior and anterior chambers as described below.

1. The effect of hole location: For this case, holes were placed in the iris at locations
adjacent to the pupil, near the middle of the iris, and near the periphery of the
iris (Figs. 3, 4).

2. The effect of the hole size:Holes with diameters of 200 microns and 400 microns
were used to calculate the pressure difference (Figs. 3, 4).

3. The effect of iris compressiblity: Poisson’s ratios of 0.35 (compressible) and 0.49
(nearly incompressible) were used to calculate the pressure difference.

It is worth noting that we used a Poisson’s ratio of 0.49 to represent the nearly in-
compressible behavior of the iris, consistent with our previous work.19 Alternatively,
iris incompressibility can be modeled by introducing a Lagrange multiplier into the
constitutive equations—as demonstrated in our studies in the iris,16 or those of oth-
ers in nonlinear tissues and man-made materials,29–31 though this approach applies
specifically to fully incompressible tissues.

Fig. 3. Holes with a diameter of 200 microns placed (A) near the pupil, (B) in the central portion
of the iris, and (C) near the periphery of the iris.

2.5 Computational fluid dynamics analysis of the hole shape

After obtaining the deformed configuration of the iris following finite element sim-
ulation (as shown in Fig. 5), the subsequent shape of the hole was analyzed. A
comparison was performed between the initial shape of the hole and the deformed
shape of the hole using computational fluid dynamics simulation (Fig. 6).

To determine the type of fluid flow, the Reynolds number was calculated first. Con-
sidering the flow of AH through the LPI hole as a pipe/tube flow, the Reynolds number
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Fig. 4. Holes with a diameter of 400 microns placed (A) near the pupil, (B) in the central portion
of the iris, and (C) near the periphery of the iris.

Fig. 5. Deformation of the iris following simulated pupillary dilation.

was calculated as:
Re = ρvd

µ
(8)

where ρ is the density of the fluid, v is the velocity, d is the diameter of the hole, and
µ is the viscosity of the fluid.

In terms of the flow rate the volumetric flow rate Q, the equation can be written as:

Re = ρQd

µA
(9)

where A is the cross-sectional area of the hole. The flow rate Q was assumed to be
3.0 µL/min (5 x 10−11 m3/s),32 representing the "worst case scenario" in which all
fluid flow occurs through the LPI, with negligible flow through the iris lens channel.
This assumption justifies our efforts to improve the flow rate, Q, and compute the
pressure drop. Additionally, it is worth noting that for Q, we use the aqueous produc-
tion rate. The density and viscosity of AH were considered 1000 kg/m3,33 and 10−3
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Fig. 6. Boundary conditions applied to the undeformed and deformed hole for computational
fluid dynamics analysis.

kg/m.s,34 respectively. Substituting these parameter values, the Reynolds number
was calculated to be 0.3; therefore, the AH flow through the LPI hole was considered
to be laminar.

The geometry of the hole before and after dilation was imported into SolidWorks
(Fig. 6) and a flow simulation was performed using the Flow Simulation add-in in
Solidworks (Dassault Systèmes, Velizy-Villacoublay, France). For the boundary con-
ditions, the inlet surface of the hole had a volumetric flow rate of 3.0 µL/min (5 x
10−11 m3/s),while the outlet surface was set to a pressure value of 0 (Fig. 6). Thus,
the pressure difference required to drive the flow the fluid through the hole could
be calculated. This choice was made to provide a reference point for calculating the
pressure difference driving the flow and does not directly correspond to physiological
or pathological IOP ranges. The pressure difference between the 2 ends of the hole
before and after dilation was calculated.
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3. Results

Figure 7 and Figure 8 show the relative pressure distribution along the hole for an LPI
hole diameter of 200 microns placed in the center of a compressible iris before and
after dilation, respectively.

Fig. 7. Relative pressure difference across the hole ends and the flow profile for an undeformed
hole.

Fig. 8. Relative pressure difference across the hole ends and the flow profile for a deformed
hole.

The pressure difference across the hole for the abovementioned cases are presented
in Tables 1 to 4. Additionally, to investigate the pressure variation before and after
dilation, the iris thickness in the proximity of the holes was also measured. The thick-
ness measurement results from model outputs are presented in Tables 5 and 6.

4. Discussion

To our knowledge, we have illustrated for the first time the impact of iris dilator mus-
cle contraction on the hole created by the LPI procedure. Our findings reveal how
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Table 1. Effect of hole location on the pressure difference using a hole diameter of 200 microns
for a compressible (ν = 0.35) case.

Location Pre-LPI pressure difference
(Pa)

Post-LPI pressure difference
(Pa)

Near pupil 0.85 0.89
Center 0.80 1.31
Periphery 0.92 1.40

Table 2. Effect of hole location on the pressure difference using a hole diameter of 200 microns
for a nearly incompressible (ν = 0.49) case.

Location Pre-LPI pressure difference
(Pa)

Post-LPI pressure difference
(Pa)

Near pupil 0.85 0.91
Center 0.80 1.21
Periphery 0.92 1.43

this contraction subsequently alters the pressure difference between the posterior
and anterior chambers. For a 200-micron hole, we found that placing the hole in the
center of the iris resulted in the least pressure difference across the hole ends before
dilation. However, after dilation, the pressure difference was the least for a hole in the
pupillary region. In addition to the hole location, the magnitude of the dilator muscle
stress should also be taken into account when considering the results presented in
this study. For instance, if the magnitude of the dilator muscle is greater and the hole
indeed collapses to a greater extent as the pupillary dilation increases, one can be
sure that the hole size will be considerably smaller as compared to those in this study.
For a pipe flow, the pressure difference across the tube is inversely proportional to
the fourth power of the diameter, which means that a 50% decrease in the hole diam-
eter will increase the pressure difference by a factor of 16. As such, a more significant
deformation in dilation may result in a smaller hole size and subsequently a much
larger pressure difference between the 2 chambers.

In this study, we also calculated the pressure difference across the hole ends for a
hole with a diameter of 400 microns. The results showed a considerably smaller
pressure difference across the hole ends when compared to that for a hole that was
200 microns in diameter. While it may be tempting to use a large diameter for the
hole, one should be cautious regarding the hole size. A large hole size may cause the
formation of a secondary pupil, thereby altering the eye’s normal optics.

We found that, as expected, the pressure difference was directly proportional to the
thickness, so a thicker iris would have a larger pressure drop across the hole ends as
compared to a thinner iris. Therefore, the thickness of the iris should also be taken
into consideration when performing LPI. Our model further demonstrates that iris
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Table 3. Effect of hole location on the pressure difference using a hole diameter of 400 microns
for a compressible (ν = 0.35) case.

Location Pre-LPI pressure difference
(Pa)

Post-LPI pressure difference
(Pa)

Near pupil 0.05 0.05
Center 0.05 0.07
Periphery 0.06 0.08

Table 4. Effect of hole location on the pressure difference using a hole diameter of 400 microns
for a nearly incompressible (ν = 0.49) case.

Location Pre-LPI pressure difference
(Pa)

Post-LPI pressure difference
(Pa)

Near pupil 0.05 0.05
Center 0.05 0.08
Periphery 0.06 0.09

thickness tends to increase slightly as Poisson’s ratio (ν) approaches 0.5, particularly
at the iris periphery, reflecting the near incompressibility of biological tissues. The
saturation of iris thickness with increasing ν depends on both the hole size and lo-
cation, with larger and more peripheral holes showing greater deformations. This
behavior contributes to a larger pressure differential across the LPI hole. The pre-
dicted lower pressure difference for thinner irides was consistent with the clinical
studies reporting higher rate of LPI success for this cohort.35

In this study, we employed a unified geometry to establish our model domain, draw-
ing on mechanical properties of the iris as documented in existing literature. While
this modeling approach served our initial purposes, it harbors the capability for
patient-specific analyses, provided that detailed anatomical specifications and me-
chanical characteristics of individual patients are accessible. Through the precise
quantification of the dilator region, facilitated by advanced imaging techniques as
well as the measurement of stiffness and Poisson’s ratio, constructing accurate iris
models becomes feasible.21 Such models have the potential to predict LPI procedure
outcomes on a case-by-case basis.

Using AS-OCT has proven valuable in assessing pre- and post-LPI outcomes, as high-
lighted by Koh et al.36 In their study, specific anatomical parameters such as iris
concavity, angle recess area, and iris thickness were used to predict LPI success
with approximately 80% accuracy. This underscores the potential for using patient-
specific data to guide clinical decisions. By incorporating such AS-OCT features into
our computational framework, we can extend our model to predict the optimal size
and location for LPI based on individual anatomy. This personalized approach would
enable clinicians to tailor treatments more effectively, improving LPI outcomes by
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Table 5. Iris thickness measurement for a 200-micron hole in LPI. Poisson’s ratio (ν) is set at
0.35 and 0.49 for compressible and nearly incompressible iris, respectively.

Location Undeformed
thickness (mm)

Deformed thickness
(mm) for ν = 0.35

Deformed thickness
(mm) for ν = 0.49

Near pupil 0.72 0.72 0.73
Center 0.68 0.75 0.77
Periphery 0.75 0.82 0.85

Table 6. Iris thickness measurement for a 400-micron hole in LPI. Poisson’s ratio (ν) is set at
0.35 and 0.49 for compressible and nearly incompressible iris, respectively.

Location Undeformed
thickness (mm)

Deformed thickness
(mm) for ν = 0.35

Deformed thickness
(mm) for ν = 0.49

Near pupil 0.74 0.73 0.73
Center 0.69 0.76 0.78
Periphery 0.75 0.81 0.84

addressing patient-specific anatomical differences.

Our study is not without limitations. We made assumptions regarding dilator mus-
cle location. Moreover, the dilator muscular stress may not necessarily be an exact
representation of the human eye. However, since these assumptions were consistent
among all our case studies, comparative results presented here can be confidently
assumed. We showed that even with a small variation in the location of the LPI holes,
a measurable pressure difference was developed across the hole ends.

5. Educational component

In our recent publications,37–46 we have incorporated educational elements to en-
hance the reach and influence of our research. Similarly, the "homework problem"
outlined below is designed to assist students in evaluating their understanding of
fluid flow through a cylindrical hole, following their engagement with the research
section of the manuscript. This task is designed for students enrolled in an introduc-
tory undergraduate bio-transport or fluid mechanics course.

Problem

In this study, we simulated holes measuring 200 and 400 microns in diameter. How-
ever, holes as small as 50 microns are also used clinically.8 Assuming Poiseuille flow,47

one could estimate that the pressure drop across the hole is inversely proportional to
the fourth power of its radius, given a constant flow rate. Utilizing the data from pre-
LPI cases, find an approximation for the pressure drop of an LPI hole with a diameter
of 50 microns.
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