The Posterior Location of the Dilator Muscle Induces
Anterior Iris Bowing during Dilation, Even in the

Absence of Pupillary Block
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Purpost. To examine the effect of the posterior location of the
dilator on iris anterior curvature during dilation.

METHODS. An in vivo human study, an ex vivo porcine experi-
ment, and an in silico computational model were performed in
parallel. Iris anterior curvature was measured in vivo before
and after dilation by time-domain slit lamp optical coherence
tomography (SL-OCT). All patients (z = 7) had undergone laser
peripheral iridotomy to eliminate any pupillary block due to
primary angle-closure glaucoma. In the ex vivo experiments,
isolated porcine irides (z = 30) were secured at the periphery
and immersed in an oxygenated Krebs-Ringer buffer. Dilation
was induced pharmaceutically by the addition of 2.5% phenyl-
ephrine and 1% tropicamide. An in-house optical coherence
tomography (OCT) system was used to obtain iris images
before and after dilation. A finite element model was also
developed based on typical geometry of the iris from the initial
OCT image. The iris was modeled as a neo-Hookean solid, and
the active muscle component was applied only to the region
specified as the dilator.

ResuLts. An increase in curvature and a decrease in chord
length after dilation were observed in both experiments. In
both the in vivo and ex vivo experiments, the curvature-to-
chord length ratio increased significantly during dilation. Com-
puter simulations agreed well with the experimental results
only when the proper anatomic position of dilator was used.

Concrusions. The posterior location of the dilator contributes
to the anterior iris bowing via a nonpupillary block dependent
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Anterior bowing of the iris, resulting in a narrow or closed
angle, is often attributed to pupillary block,'™® even
though it is recognized that the angle can close by multiple
mechanisms, some independent of pupillary block. In particu-
lar, the mechanism by which the iris bows anteriorly during
dilation® is unclear. We have shown theoretically® that the
pressure increase from blocking the steady flow of aqueous
cannot explain the increased anterior bowing when the pupil
dilates, and Woo et al.* reported that the anterior bowing
during dilation occurs within seconds, far too quickly for
aqueous humor to build up in the posterior chamber.
Yamamoto et al.® reported that when pupils in rabbits with a
laser peripheral iridotomy (LPI) were dilated, the aqueous
flowed posteriorly, not anteriorly, which implies that the an-
terior chamber pressure was, in fact, higher. In some cases, LPI
does not lead to opening of the angle, and after dilation, the
angle can still narrow and the iris can still bow forward con-
siderably.””® Taken together, these observations require that
non-pupillary-block mechanisms for anterior iris bowing, es-
pecially during dilation, be considered. In this study, we ex-
plored the hypothesis that the anatomy of the iris, specifically
the posterior position of the dilator muscle within the iris,
contributes to the spontaneous anterior curvature of the iris
during dilation, independent of pupillary block.

METHODS

This work included three parallel studies:

e In vivo experiments, in which the curvature of the iris was
measured before and after dilation in a set of subjects, all of whom had
undergone LPIs, eliminating any pupillary block.

e Ex vivo experiments, in which the isolated porcine iris was
dilated pharmacologically and imaged via optical coherence tomogra-
phy (OCT), to determine the iris contour.

e In silico computer simulations, in which realistic geometry and
dilator placement were used to model the ex vivo experiments.

In Vivo Experiments

All patients had been diagnosed previously with anatomically narrow-
angles (ANAs) and primary angle-closure glaucoma (PACG). Patients
diagnosed with ANAs who underwent LPI surgery to open the angle
were imaged by slit lamp optical coherence tomography (SL-OCT) in
light and dark conditions. Institutional review board approval was
obtained, as was written informed consent for all subjects. At the time
of imaging, all subjects’ angles were noted to be open. The SL-OCT
system (Heidelberg Engineering, GmbH, Dossenheim, Germany) had
an optical axial image resolution <25 um and a lateral resolution of 20
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FIGURE 1. Ex vivo experimental setup. Experimental setup of the
in-house (a) OCT imaging system with the (b) iris sample pinned in the
Petri dish.

to 100 wm. Initially, five high-quality cross-sectional images were taken
in each subject while the subject was in the sitting position in the dark.
Subsequently, images were acquired under standardized lighting con-
ditions (300 lux), using a 5 X 1-mm light beam set at the maximum
intensity of the device. Subjects were instructed to blink normally and
to fixate with the nonimaged eye on a target 1 m from the device to
minimize accommodation artifact. All images were taken horizontally
through the center of the pupil to avoid interference with the lid
margins, and iris crypts were avoided whenever possible. Quality-
control parameters were defined as a well-centered image, a clearly
defined scleral spur, and the absence of artifacts. Patients with as
diagnosis of exfoliation syndrome, uveitis, or pigmentary glaucoma,
were excluded, as were those with previous intraocular surgery. Pa-
tients who were on systemic a-1 adrenergic receptor antagonists (such
as Flomax; tamsulosin hydrochloride; Boehringer-Ingelheim Pharma-
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ceuticals, GmbH., Ingelheim am Rhein, Germany) or on topical medi-
cations known to alter the iris configuration'®'! were also excluded.
Whenever both eyes were eligible, one eye was randomly selected.
The study was conducted in accordance with the ethical standards
stated in the 1964 Declaration of Helsinki and was approved by the
institutional review board (IRB).

Images were analyzed with ImageJ software (developed by Wayne
Rasband, National Institutes of Health, Bethesda, MD; available at
http://rsb.info.nih.gov/ij/index.html).'> Chord length,* iris curva-
ture,'® and iris concavity ratio' were calculated. Positive curvature
indicates anterior bowing (concavity) whereas negative curvature re-
flects posterior bowing. The iris concavity ratio, as described previ-
ously, is defined as the ratio of iris curvature to chord length, which
has the advantage of being a scale-invariant measure of curvature.'?
Results were compared by two-sided paired #test assuming equal
variance.

Ex Vivo Experiments

Experiments were performed on 30 isolated porcine irides and were in
compliance with the ARVO Statement for Use of Animals in Ophthal-
mic and Vision Research. The irides were tested within 2 to 6 hours
after death and prepared as described previously.'> The isolated irides
were pinned at two locations on the periphery of the tissue in a Petri
dish with a silicone-based polymer lining (Fig. 1).

The irides were immersed at room temperature in a 5-mL bath of
oxygenated Krebs-Ringer buffer to maintain a physiological pH of 7.4.
Before dilation, reference images of the iris were taken via the fiber-
based, swept-source OCT system'® shown schematically in Figure 2.

The system operated in the Fourier domain, by which modulations
on the optical spectrum were related to the spatial information along
a depth profile called an A-line.'” After the initial image was captured,
the irides were dilated pharmaceutically by addition of 40 uL of
2.5% phenylephrine and 40 pL of 1% tropicamide solutions. Images
of the dilated iris were taken every 40 seconds for 10 to 15 minutes.
The initial and final images were analyzed using ImageJ'? to calcu-
late the change in pupil diameter, chord length (A-B), curvature
(C-D), and the concavity ratio (C-D/A-B). These measurements are
described in Figure 3a. Results were compared by two-sided paired
t-test assuming equal variance.

In Silico Studies

A realistic finite-element mesh of the iris was constructed on the basis
of initial OCT image of the nondilated iris (Fig. 3b). The dilator muscle
is a very thin, radially aligned smooth muscle located on the posterior
surface of the iris. The dilator extends centrally to the midpoint of the
sphincter muscle. For humans, the average thickness of the dilator is
4.0 to 8.5 um,"'"'® whereas in the porcine model the average dilator
thickness is 26 wm.'” We placed the dilator muscle in the posterior
portion of the iris, on the basis of histologic analysis of the porcine iris
(Fig. 4). The iris was modeled as a nearly incompressible neo-Hookean
solid®® governed by the static stress balance:

Veo=0 (@)}
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FIGURE 2. The OCT system used to image the iris during dilation.'®
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where o was the Cauchy stress tensor, and derivatives of the stress
were with respect to the current coordinate system. The Cauchy stress
tensor was defined by neo-Hookean, oy, and active dilator, oy,
contributions:

o =0y + oy (&)
The neo-Hookean stress was defined by

G

O = g g B D In(det B)I (€))

(1 — 2v)det F

where G was the shear modulus, v the Poisson’s ratio, I the identity
tensor, F the deformation gradient, and B the left Cauchy-Green de-
formation tensors, in which F and B were defined as follows:

dax
F = X (€))
B = FF' [©))
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FIGURE 3. (a) OCT image of the iris
before the dilator is activated. Iris
chord length (A-B) is defined as the
distance from the tip of the iris to the
periphery; iris curvature (C-D) is de-
fined as the longest distance be-
tween the iris chord and posterior
epithelium. (b) Finite element model
based on the OCT image of the iris

ACt|Ve before dilation. The region modeled
. I as the active dilator muscle is marked
Dl ator with the darker color.

with X being the current position of a material point and X being its
resting position.

The iris shear modulus (G = 9 kPa) and Poisson’s ratio (v = 0.49)
were based on our previous studies.?! The dilator term o, was applied
only in the dilator region (represented by the darker blue in Fig. 3b).
To ensure that the muscle contraction was always in the direction of
the nondeformed dilator muscle, it was defined by o, the scalar
muscle contraction stress, and e, the unit vector representing the
direction of nondeformed dilator muscle:

o), = 0, (Fey) ® (Fe) )

The Galerkin finite-element method was employed for spatial discretiza-
tion of the mathematical model. Mesh-generation software (GAMBIT;
Fluent, Inc., Lebanon, NH) was used to generate the finite element
mesh. The nonlinear algebraic equation system was solved using New-
ton-Raphson iteration and the direct solver MUMPS.**

The model was used to simulate spontaneous contraction of the
dilator muscle ex vivo, based on the experiments described above.
The pupil diameter was increased from 5.0 to 7.0 mm by applying
a muscle-contraction stress o,.. To assess the importance of the
location of the dilator muscle, three simulations were performed. In

FIGURE 4.  Histologic image of the
pupillary and midperipheral portions
of the porcine iris. Monoclonal anti-
human a-smooth muscle actin stain
was used to differentiate the muscu-
lar tissues, including the sphincter
(S) and dilator (D). The pigment ep-
ithelium anterior border layer (ABL);
stroma (ST), which is a loosely ar-
ranged collagen network; and an-
other thick layer of pigment epithe-
lial (PE) cells on the posterior surface
of the iris is also identifiable. Magni-
fication of the midperiphery regions
illustrates that dilator muscle lies on
the posterior iris surface and is very
thin compared with the sphincter
muscle.
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TABLE 1. ANA Patient Information
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0P
Refractive Error (mmHg)
Sex Race Age (y) Diagnosis Eye oD oS oD (o1}
F C 68 PACG oS +2.75 +2.50 15 15
M C 66 PACG OD +2.50 +2.00 15 16
M H 62 PACG OD —2.00 —1.50 15 17
F C 50 ANA OD —=7.75 =7.75 14 15
M C 47 ANA ou +1.25 +1.50 14 14
M C 58 PACG OD —0.75 —1.00 15 16
M H 60 ANA OD +1.00 +0.75 19 19

All patients had had previous LPI surgeries on one (OD or OS) eye after receiving a diagnosis of PACG
or ANA. Patients’ sex and race (Caucasian C or Hispanic H) is noted. The refractive error in both eyes is

given along with the IOP at the time of the SL-OCT.

the first case, the dilator muscle was located in the posterior iris as
in the histologic porcine images. In the second case, the dilator
layer was artificially positioned more anteriorly. Finally, in the third
case, the entire thickness of the iris was modeled as the active
dilator muscle. In all three cases, the iris chord length, and the iris
curvature (Fig. 3a) were calculated from the model.

RESULTS

In Vivo Experiments

We examined seven patients with diagnosis of ANA and/or
PACG; patient details are given in Table 1. The measure-
ments for the patients are shown in Figure 5. The pupil
diameter (Fig. 5a) was 2.73 * 0.39 mm in the light and
increased to 4.71 = 0.55 mm (P < 0.001) in the dark
(mean = 95% CI, n = 7). The iris chord length (Fig. 5b)
decreased significantly from 5.18 * 0.35 to 4.23 = 0.37 mm
(P < 0.0001). Both the curvature and concavity ratio in-
creased, but only the concavity ratio increased significantly.

The curvature (Fig. 5c¢) increased from 0.13 £ 0.09 to
0.16 = 0.02 mm (P = 0.481) and the concavity ratio (Fig.
5d) from 0.026 = 0.01 to 0.04 = 0.01 mm (P = 0.004),
including a significant change in shape due to the combina-
tion of chord length and curvature changes.

Ex Vivo Experiments

Figure 6 shows a pinned porcine iris before (Fig. 6a) and after
(Fig. 6b) dilation. The pupil diameter increased in the ex-
periment, indicating that there was still activation of the
dilator muscle (phenylephrine) and possibly relaxation of
the sphincter muscle (tropicamide). The bar graph in Figure
7a shows that the pupil diameter increased from 2.82 = 0.16
to 3.72 += 0.21 mm (mean = 95% CL, 1 = 30; P < 0.001)
after the addition of the 40 uL of 2.5% phenylephrine and 40
pL of 1% tropicamide. The iris chord length (Fig. 7b) de-
creased from 1.43 = 0.11 to 1.12 = 0.09 mm (P < 0.0001)
after activation of the dilator muscle. The iris curvature also
changed after dilation (Fig. 7¢), increasing from 0.12 * 0.01
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FIGURE 6.

Ex vivo pupil dilation results. Images taken before (a) and after (b) the addition of 40 uL of 2.5% phenylephrine and 40 pL of 1%

tropicamide to the bath solution. On the left is a top-down view of an iris with the anterior surface facing up using a digital camera and in the middle
is the cross section of the iris detected by the OCT imaging system. The pupil diameter (arrows) is shown to visibly increase after the addition

of the drugs.

to 0.20 * 0.02 mm (P < 0.002). The concavity ratio also
changed significantly (Fig. 7d), increasing from 0.09 * 0.01
to 0.21 * 0.02 (P < 0.0001) after drug-induced dilation.
These results were all consistent with the in vivo experi-
ments.

In Silico Studies

Figure 8 shows the iris deformation after dilation in a typical ex
vivo experiment compared with the three simulation results
created based on the undeformed geometry the tissue. In both
the experiment (Fig. 8a) and the realistic model, in which the
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FIGURE 7.

dilator muscle was positioned in the posterior portion of the
iris (Fig. 8b), the iris curvature increased and the iris chord
length decreased. The unrealistic models, however, did not
predict the experimental results correctly. Positioning the di-
lator anteriorly within the iris led to a smaller increase in the
iris curvature after dilation (Fig. 8c). Modeling the whole thick-
ness of iris as the active muscle led to a decrease in the iris
curvature (i.e., shift to the posterior). As quantified in Figure 9,
the realistic model was the only one that predicted the iris
concavity ratio after dilation consistent with the experimental
results.

2.0
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Ex vivo iris pupil diameter, chord length, curvature, and concavity ratio results. All measure-

ments showed a significant difference before and after the addition of the dilation drugs. The pupil
diameter (a) increased significantly (P < 0.001) after the addition of the drugs, the chord length (b)
decreased (P < 0.0001), the curvature (¢) increased (P < 0.002), and the (d) concavity ratio (P < 0.0001)

increased (bars, 95% confidence interval, n = 30).
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FIGURE 8. Iris chord length and

Active
Muscle

curvature before (left) and after
(right) dilation in (a) a typical ex

vivo experiment, (b) an anatomic re-

alistic model of the iris with the dila-

tor muscle in the posterior, (¢) an d
artificial model in which the dilator

was positioned anteriorly, and (d) an
artificial model in which the dilator

was thickened throughout the entire

iris contour.

DISCUSSION

The major conclusion drawn from this work is that the location
of the dilator itself can cause iris anterior bowing. Three dif-
ferent types of experiments (clinical, experimental, and com-
putational) all confirmed the contribution of the dilator’s po-
sition to a non-pupillary-block-dependent mechanism for
anterior bowing.

Although it is possible that the lack of radial symmetry in
pinning of the ex vivo iris led to a small artifact, we observed
no difference when more pins were used, so the two-pin
method was deemed acceptable. We also have found previ-
ously'® that ex vivo irides lose the ability to dilate approxi-
mately 5 to 6 hours after death, and it is therefore essential that
the eyes be harvested and tested quickly if the iris is the target.
It is noted that in vivo studies were on patients who had
received LPIs for narrow angles, and some effects that were
observed could have been more or less pronounced than they

Pre-Dilation _

In Vitro Experiment _
Posterior Dilator _ Post
Dilation
Anterior Dilator _
Thickened Dilator - —
0 0.05 0.1 0.15 02 °

CONCAVITY RATIO

FIGURE 9. Iris concavity ratio before and after dilation in a typical
experiment and three models based on the geometry of the experi-
ment. In the realistic model (Fig. 8b), the iris curvature was similar to
that of the experiment. Anteriorly positioning (Fig. 8c) or thickening of
the dilator muscle (Fig. 8d) in the artificial models led to a predicted
curvature inconsistent with the experimental data.

would be in the general population. Healthy subjects are not
given LPIs, but LPI is used to treat patients with pigmentary
glaucoma, who could provide an alternative test group.

It has been suggested®® that incompressibility of the iris (or
inability of water to escape from the iris stroma) contributes to
the risk of angle narrowing or closure. The present study
focuses on the contour as described by the posterior surface of
the iris, and so no conclusion can be drawn relative to the
aforementioned studies, but there may be a synergistic effect
between dilator-induced curvature and the pushing of the iris
into the angle. Both ideas must also be examined in light of the
role of pupillary block.
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