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Orbital fat swelling: A
biomechanical theory and
supporting model for
spaceflight-associated
neuro-ocular syndrome (SANS)

Matthew A. Reilly?*, Steven E. Katz® and Cynthia J. Roberts*?

'Department of Biomedical Engineering, The Ohio State University, Columbus, OH, United States,
2Department of Ophthalmology and Visual Sciences, The Ohio State University, Columbus, OH,
United States, *Ohio Neuro-Ophthalmology, Orbital Disease & Oculoplastics, Columbus, OH, United States

Spaceflight-Associated Neuro-ocular Syndrome (SANS) is a descriptor of several
ocular and visual signs and symptoms which commonly afflicts those exposed to
microgravity. We propose a new theory for the driving force leading to the
development of Spaceflight-Associated Neuro-ocular Syndrome which is
described via a finite element model of the eye and orbit. Our simulations
suggest that the anteriorly directed force produced by orbital fat swelling is a
unifying explanatory mechanism for Spaceflight-Associated Neuro-ocular
Syndrome, as well as producing a larger effect than that generated by elevation
in intracranial pressure. Hallmarks of this new theory include broad flattening of the
posterior globe, loss of tension in the peripapillary choroid, decreased axial length,
consistent with findings in astronauts. A geometric sensitivity study suggests several
anatomical dimensions may be protective against Spaceflight-Associated Neuro-
ocular Syndrome.

KEYWORDS

microgravity, biomechanics, spaceflight-associated neuro-ocular syndrome (SANS), orbital
fat, cephalad fluid shift

Introduction

Spaceflight-Associated Neuro-ocular Syndrome (SANS) is a common condition affecting
individuals exposed to microgravity with severity partially dependent on length of time in
microgravity. While its features vary, the most common ocular findings include optic disc
edema, cotton wool spots, horizontal choroidal folds, globe flattening, shortening of axial
length, and hyperopic shift (Brunstetter, 2018). To date, these symptoms and signs have been
considered independently since the same set of findings were not consistently evaluated with
each mission. For example, up to 29% of astronauts were reported to experience globe flattening
(Stenger et al., 2017), but this requires an imaging study to evaluate, which was not consistently
performed at pre and post-flight time points. Initially, elevated intracranial pressure (ICP) was
thought to play a major role in optic nerve head edema (Stenger et al., 2017), and the syndrome
was called Visual Impairment due to Intracranial Pressure (VIIP). However, it has since been
recognized that ICP elevation alone is insufficient and other factors would likely be involved to
generate the induced optic disc edema and retinal changes that were observed (Brunstetter,
2018). It has also been suggested that a chronic low increase in ICP occurs, accompanied by a
lack of the normal terrestrial loading and unloading cycle associated with a change in position
from supine to standing, which is absent in a microgravity environment (Stenger et al., 2017).
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FIGURE 1

(A) Schematic representation of the microgravity-induced fluid

shift and (B) corresponding changes in the eye and orbit (below). Model
C is represented at left, while Model D is represented at right.

FIGURE 2
Sagittal section of the orbit and contents (Ackerman, 1998).

Therefore, in recognition that other mechanisms may play an
important role, the syndrome was renamed SANS.

We present a mechanistic biomechanical theory, shown
schematically in Figure 1, which unifies the ocular findings
associated with SANS. It is proposed that during exposure to
microgravity, the terrestrial hydrostatic pressure profile is absent,
leading to a cephalad fluid shift. This increase in liquid volume
would necessarily increase the volume of orbital contents and,
therefore, apply an additional load on the globe (Louf et al., 2019).
This additional load does not depend on hydrostatic potential but on
water content. Another way to conceive of this is to consider the
mechanical energy balance where the work done on the eye and orbit
due to expanding orbital content volume is the integral of pressure
over change in volume. Since the orbital bone is rigid relative to the
eye, this work must be done on the eye itself. Thus, even if there is no
change in orbital pressure, the amount of work done can be sufficient
to deform the eye. This energy method is used in finite element

Frontiers in Bioengineering and Biotechnology

10.3389/fbice.2023.1095948

analysis (Szabo and Babuska, 1991) to compute the equilibrium state
of the orbital contents and eye and led us to our conclusion. We also
note that there are several key differences between the terrestrial
(supine) case and microgravity. In particular, the hydrostatic pressure
gradient is never re-established during microgravity, implying that
there may be some chronic component necessary for the equilibrium
water distribution to shift so far in the superior direction.

Figure 2 shows the anatomy of the bony orbit (Ackerman, 1998)
which is shaped like a cone, gradually narrowing toward the apex. The
retrobulbar space is filled with soft tissues including the optic nerve,
ocular blood vessels, extraocular muscles, and adipose tissue or fat.
The pressure exerted on the orbital structures is increased, including
the bones defining the boundary of the orbit, the blood vessels entering
the optic canal and tracking along the optic nerve, and the posterior
surface of the globe involving the outer sclera, inner choroid, and
retina. Therefore, the purpose of the current study is to
computationally simulate the impact of increased orbital pressure
on the ocular structures with finite element modeling and compare the
predicted results to the ocular signs that have been reported with
extended exposure to microgravity.

Methods
Theoretical basis

An axial force balance on the eye was first undertaken to define the
system and estimate the relative contributions of each potential source
to the axial motion of the eye. Specifically, these included
contributions from intracranial pressure (Ficp), fat swelling (Fy),
extraocular muscle tension (Fgoys), and optic nerve stretching (Foy),
giving the net force balance

TZnteriorzFZ = Ficp + Ffar — From — Fon = 0. (1)

The homeostatic, terrestrial contributions from each source were
estimated from literature sources and clinical experience as follows:

e From ~ 1-4 mN in the posterior direction [passive contribution
only; (Guo et al., 2016)]

o Fon ~ 0 for small displacements due to slack in the nerve; and

e Ficp ~ 0-1.75mN [0-20 cmH,O, representing intracranial
hypotension to borderline hypertension (Swyden et al., 2021)]

Based on this analysis, we are left to conclude that Eq. 1 can be
reduced to

From = Fyar + Frcp, (2)

Indicating that EOM tension must increase by some amount
unknown a priori and depend on the balance of volumetric swelling
forces and must be estimated computationally. The model also has a

boundary condition representing Foy for completeness since these effects
may come into play at larger deformations or during eye movements.

Model construction

Based on the force balance, an axisymmetric geometric model
(Figure 3) was constructed in COMSOL Multiphysics v5.6
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Key aspects of the computational model are shown, with inset images detailing the optic nerve head region. An axisymmetric representation of ocular
and orbital anatomy is given in (A), while (B) shows parameterization of the geometry. Note that all parameter values for the base model are given in Table 1.

The finite element meshes used to solve the Baseline Model are shown in (C).

TABLE 1 Geometric parameters used for the baseline model.

Symbol Description Value Source

R Equatorial radius 12.36 mm Figure 2

Rp Polar radius 12.36 mm Figure 2

heq Equatorial thickness 0.5 mm

hp Polar thickness 1.0 mm
Rom Orbit margin radius 13.95 mm Figure 2

Lom Orbit margin length 9.51 mm Figure 2

Lo Total length of orbit 40.26 mm Figure 2

R4 Radius of axon bundle 0.85 mm Lagréze et al. (2009)
Rp; Inner radius of dura 1.0 mm Figure 2

Rp, Outer radius of dura 1.515 mm Lagreéze et al. (2009), Figure 2
o Gap to allow for vitreous swelling 133-217 um From simulation

(COMSOL, Inc., Burlington, MA) using nominal dimensions for
the eye and orbit, based on the histological sections in Figure 2
(Ackerman, 1998). A baseline model intended to represent a
normal human eye and orbit, in terms of anatomy and material
properties was created and used as a basis for modeling predictions
(Figure 3A). This model, referred to as the “Baseline Model,” was

Frontiers in Bioengineering and Biotechnology

used as a starting point for all sensitivity analyses performed. This
geometry was parametrized as shown in Figure 3B, while Table 1
gives the parameter values for the Baseline Model. An ICP of
10 mmHg (13.6 cmH,0) was chosen for the Baseline Model as it
corresponds to the middle of normal ICP [6.5-19.5 cmH,O
(Swyden et al., 2021)].
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Stages of model loading. (A) The zero-stress state is determined
iteratively, then vitreous swelling is used to produce (B) the residually-
stressed state of the eye. Extraocular muscle tension is then
incremented which gives (C) the in vivo terrestrial geometry. Finally,
orbital fat swelling is simulated to produce (D) the predicted ocular
dimensions in microgravity.

The living eye is loaded with intraocular pressure (IOP),
intracranial pressure (ICP), tension from the extraocular muscles
(Fgom), and the contact force generated by the swelling fat (Fp,).
All tissues were modeled using an incompressible, isotropic, neo-
Hookean hyperelastic material model. Assumed values for elastic
moduli are given the table below.

Each model was solved using a sequence of three steps (Figure 4).
Model A modeled the zero-stress state of the eye and optic nerve in the
presence of vitreous swelling and ICP while the orbit, fat, and all other
external forces were absent. Model A was found using a coordinate
search algorithm by varying the geometry of the zero-stress eye
(i.e., the polar and equatorial elliptical radii) and the vitreous
hygroscopic strain such that the resulting eye corresponded to the
target geometry and IOP. Loading of Model A with vitreous swelling
gives the residual stress state of the eye, Model B. Model B was then
taken as the initial condition of the eye and optic nerve when
simulating fat swelling as follows. Model B was set within the orbit
and orbital fat, then the extraocular muscle tension was gradually
added to find Model C—the terrestrial (homeostatic) state of the eye
and orbit. Finally, orbital fat swelling and ICP were incremented to
study the response of the eye and optic nerve, giving Model D as a final
output. Results described below are for Model D relative to Model C
rather than the intermediate models; it therefore represents the
changes which might occur due to the hypothesized swelling of the
orbital contents arising from the microgravity-induced fluid shift.

Fat swelling was modeled using a hygroscopic swelling model in
which the hygroscopic volume ratio J was varied as a modeling
parameter. This was achieved in COMSOL by using the hygroscopic
swelling model, where the hygroscopic strain ey = f(Cw — Cw ),
with B as the coefficient of hygroscopic swelling of the fat-water
mixture (equivalent to the inverse of density, or about 0.001 m’/kg for
water), Cyy as the baseline (terrestrial) water content, and Cyy as the
current water content. Thus, Ji; = (1 + e)°. Values of J;; were studied
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to indicate how much fat swelling would be required to induce the
ocular findings associated with SANS.

The IOP was also generated using a hygroscopic swelling model to
mimic the physiological process which maintains IOP (i.e., the eye has more
fluid in it than it does in its zero-stress state). In this case, the dimensions of
the zero-stress geometry were estimated, swelling in the vitreous simulated,
and the difference between the model predictions and target ellipse radii
and target IOP were calculated using convex objective functions.
COMSOL’s Optimization Module was used to determine the zero-stress
geometry, the amount of “swelling” required to achieve IOP. Once this
optimization was complete, the orbit and fat were constructed and assumed
to be in contact with the eye and ON prior to simulating fat swelling.

Boundary conditions

This residually loaded state was then inserted into the model
containing the fat, Fgoy, and ICP to find the terrestrial baseline
geometry and stresses. The lateral and posterior boundaries of the
orbital fat were held fixed to simulate attachment to the orbital bone.
Intracranial pressure was applied to the exterior surface of the sclera
over a segment representing the sub-arachnoid space with a radial
distance of 270 um [estimated from Figure 1 of (Lagréze et al., 2009)].

Contact boundaries were established between the orbital fat and the
sclera. This allowed sliding to occur at the sclera-fat interface, as would be
expected in vivo as the eye must easily rotate during routine visual tasks.

Boundary conditions were applied as indicated in the free body
diagrams shown in Figure 1B. The nerve is constrained using a spring
boundary condition: the tension in the nerve increases with forward
translation of the eye. Thus, tension could arise in the nerve if (A)
significant proptosis occurred and/or (B) normal eye movements
resulted in removal of slack. Demer (Demer, 2016) measured ON
length in relation to orbit length, finding an increasing trend
11 of (Demer, 2016)]. To
measurements, one would also need to know the axial length of

[Figure infer slack from these

the eye, allowing the slack to be approximated as

ON slack = ON length — orbit length — % (axial length).

Taking the values for orbit length and axial length from Table 1, along
with the regression equation from the referenced figure, gives a value for
ON slack of 8.4 mm. We therefore chose a threshold slack of 6 mm as a
conservative estimate of ON slack. This threshold was never exceeded
during any simulations, so the optic nerve remained slack at all times.

The extraocular muscle tension was applied as a point source to
the peripheral anterior globe. This tension was modeled as an
analytical function representing the force required to achieve
passive stretching of a single rectus muscle multiplied by the
number of rectus muscles (i.e., four) [Eq. 10 of (Guo et al., 2016)]:

Froum = 4M(~0.29w + 4.79¢7% — 3.01), 3)

where w is the anterior displacement of the EOM insertion point in mm
to give Fyopr in mN and M is a multiplier used to increment the loading
as described below. Generally, M was incremented from 0-1 to simulate
the passive muscle tension. Since the active forces in the muscle are
unknown, an additional study was undertaken in which M was
incremented from 0-2.25 to simulate additional EOM tension

frontiersin.org
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TABLE 2 Changes in ocular anatomy due to orbital fat swelling.

Spaceflight-associated Orbital fat volume ratio Proptosis Change in axial Change in peripapillary Change in
water in orbital fat (kg/m?3) (dimensionless) (mm) length (um) arc length (um) posterior
ROC (mm)

0.000 1.000 0.00 0.00 0.00 0.00

0.010 1.030 0.59 -7.29 -0.78 0.02

0.015 1.046 091 -9.56 -111 0.03

0.020 1.061 1.24 ~11.81 ~1.42 0.04

0.025 1.077 1.57 -14.16 -1.74 0.06

0.030 1.093 1.91 ~16.66 -2.06 0.07

0.035 1.109 225 -19.33 ~2.40 0.08

0.040 1125 259 -22.20 -2.76 0.09

0.045 1.141 2.93 -25.26 -3.13 0.10

0.050 1.158 3.28 -28.58 -3.54 0.11

0.055 1174 3.62 -32.12 -3.96 0.13

0.060 1.191 3.97 -35.94 —4.41 0.14

0.065 1.208 431 -40.03 ~4.89 0.15

0.070 1.225 4.66 -44.41 -5.39 0.17

arising from active contributions. This simplifying approach was
adopted since neither the active nor passive contributions are known
for SANS, and an M value of 2.25 resulted in a net doubling of Fgops.

Simulations

The balance of forces was computed numerically using finite
element analysis in COMSOL Multiphysics (Figure 3) to investigate
the effect of an increase in retrobulbar fat water content on the eye. All
simulations included geometric non-linearity. Following the
aforementioned procedure for determining the terrestrial state of the
eye, the ICP and J; were systematically varied to simulate the effects of a
microgravity-induced fluid shift on the eye and orbital tissues.

Changes to axial length and posterior radius of curvature (ROC)
were calculated as a proxy for globe flattening. ROC was estimated by
fitting a circle to the deformed scleral surface within a 4 mm radius of
the axis of symmetry using the Pratt method (Pratt, 1987). Change in
choroidal arc length was used to imply the formation of choroidal
folds: shortening indicates a decrease in tension and the possibility of
wrinkling (Ligaro and Barsotti, 2008; Barsotti and Ligaro, 2014). The
peripapillary arc length is the arc length along the inner boundary of
the sclera spanning the posterior-most quarter of the eye’s
circumference in the zero-stress state. While this definition is
somewhat arbitrary, we found that the results were robust when
other definitions were considered (e.g., 1/8 or 1/2 rather than 1/4).

An additional series of simulations was conducted to determine
whether and to what extent measurable anatomical variations may
influence the risk of SANS based on a change in the water content of
the orbital fat with exposure to microgravity. The varied parameters
were polar radius R, (where axial length = 2R,), equatorial radius R.,,
orbit depth Ly, radius of the orbit margin Rpyp, and depth of orbit
margin Loy, as shown in Figure 3B.
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Results
Model verification

Iterative mesh refinement indicated that the solution was largely
independent of mesh density using quartic Lagrangian shape
functions, even with a coarse mesh. The mesh density used for the
reported simulations (Figure 3C) was therefore selected on the basis
that it offered improved stability for the non-linear solver for the
variety of studies conducted.

Baseline model predictions

The predicted deformations corresponding to 0%-7% increase in
retrobulbar content volume are given in Table 2 and shown in
Figure 5. Decreasing axial length and increasing posterior ROC
correspond to physical signs of globe flattening. Decreased
peripapillary arc length indicates compression of, or reduced
tension in, the choroid which could result in choroidal folds. In
addition, the model predicted low levels of proptosis. Although
subtle proptosis has not been reported with SANS, it could be
easily missed on clinical exam.

Sensitivity analysis

Sensitivity studies were performed to evaluate the model’s
First, the
conditions were investigated. Since a single representative ICP

sensitivity to modeling assumptions. boundary
value selected for the Baseline Model was selected from numerous
literature values, a thorough sensitivity analysis was performed to

compare the relative contributions of ICP and fat swelling to ocular
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FIGURE 5

Resultant axial loads predicted for each term in Eq. 2 for the Baseline Model. In the terrestrial state (hygroscopic strain = 0), tension in the extraocular
muscles (EOM) keeps the eye seated in the orbit by pulling in the posterior direction. This tension is balanced by the net axial load arising from intracranial
pressure (ICP, assumed to be 13.6 cmH,0) and compression of the orbital fat. This results in (A) proptosis and (B) decreases in axial length and peripapillary arc
length along with increased posterior ROC. (C) These biometric changes are the result of changes in the balance of forces between the eye, fat, and
extraocular muscles. The contribution from ICP increases from 1.17 to 1.75 mN if ICP increases from 13.6 cmH,O to 20 cmH,O, representing a possible
increase from normal to borderline intracranial hypertension (Swyden et al., 2021).
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(A) Cutaway section showing eye, optic orbit, and optic nerve following a 15% increase in retrobulbar fat volume. Black lines indicate geometry prior to
swelling. Coloration indicates total change in volume due to elastic and hygroscopic effects. Fat swelling, but not ICP, had a large effect on change in (B) axial
length; (C) posterior radius of curvature within 4 mm of axis; (D) peripapillary arc length decreases, suggesting decreased tension and possibly choroidal
folding; and (E) proptosis of the anterior pole. Contributions to the axial force balance (Eq. 2) from (F) fat swelling, (G) intracranial pressure, and (H)
extraocular muscle tension are largely one-dimensional, though the fat force is slightly dependent on both intracranial pressure and fat volume ratio.

deformation (Figure 6). Axial length, posterior ROC, peripapillary
choroidal arc length, and proptosis depend very weakly on ICP but
strongly on orbital fat swelling. Applying IOP using a hygroscopic
swelling model in the vitreous gave results which were nearly
identical (i.e., within 1%) to those applying a pressure boundary
condition to simulate IOP. Initial simulations modeled the boundary
between the eye and ON with the orbital fat as a tied boundary, as
opposed to the more realistic frictionless contact boundary. This
caused much larger ocular deformations but gave qualitatively
similar results in all cases. Approximately doubling Froy to
simulate active tension in the EOM decreased proptosis by 7%
while resulting in a 63% larger drop in axial, 33% more decline in
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peripapillary arc length, and increased radius of curvature by 8%.
This was achieved by setting M = 2.25 in Eq. 1, thereby increasing the
maximum EOM force from 25.3 to 53.8 mN for the same extent of
swelling.

Next, the elastic moduli E of the sclera, vitreous, and fat were
varied over a broad range. Varying E,, from 0.7-1.5 kPa and E,irous
from 6.5-25 Pa had no effect on any modeling predictions over the
entire range of E,,, considered (0.25-5 MPa) as expected, since their
incompressibility dominates their mechanical response. The fat and
vitreous have a very low shear modulus all materials were modeled as
incompressible and linearly elastic with the properties given in Table 3.
Relative to bulk modulus, implying that they will effectively behave as
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TABLE 3 Tissue properties used for baseline model.

Tissue Elastic modulus Source

Ocular coats 1.5 MPa Nguyen et al. (2018)
Vitreous humor 6.5 Pa Tram and Swindle-Reilly (2018)
Orbital fat 700 Pa Yoo et al. (2011)

Orbital bone

Infinite (rigid)

incompressible fluids under the conditions studied: they change shape
very easily but do not appreciably change volume due to loading.
However, the response of the eye depended strongly on Ej,, over this
range, with all SANS signs increased in magnitude in less stiff eyes
(Figure 7).

Finally, sensitivity to orbital anatomy and ocular anatomical
dimensions were examined (Figure 8). The model predicted orbit
depth (Lo) to be the most important feature of orbit anatomy, with a
10% increase resulting in ~25% changes in the predicted responses.
Increasing the eye’s equatorial diameter by 10% had a similar effect on
globe flattening (i.e., change in axial length and posterior radius of
curvature). Orbital depth varies considerably between individuals. Fat
swelling-induced changes could therefore depend significantly on an
individual’s orbital anatomy.

The terrestrial force balance (Eq. 2) for the Baseline Model
indicates that From = 7.36 mN, Ficp = 1.17mN, and
Far = 5.6mN. Increasing ICP to 20 cmH,O-the lower limit of
borderline intracranial hypertension (Swyden et al., 2021)—only
increased Fjcp = 1.75mN, while 7% swelling could increase
Fq = 36.3mN. Thus, even a pathological increase in ICP would
be unlikely to contribute to a biomechanical mechanism of SANS.

Discussion

As orbital fat water content increased, the model predicted a
small amount of forward motion of the eye (proptosis), a

10.3389/fbioe.2023.1095948

shortening of axial length which is associated with globe
flattening, that would be
associated with induced choroidal folds. The change in axial

and negative choroidal strain
length, globe flattening, and choroidal folds are consistent with
ocular findings in astronauts that have been reported and are
illustrated in Figure 6. Up to 29%
experienced globe flattening [Figure 9; (Brunstetter, 2018)], as

of astronauts have
well as a reported hyperopic shift. A hyperopic shift result from
shortening of axial length. Choroidal folds occur in 21% of
astronauts during long duration space flight [Figures 9D, E;
(Brunstetter, 2018)]. It can resolve or reduce post-flight, but
persistence up to 12years has been measured [Figure 9E;
(Brunstetter, 2018)]. The model predicts that as the globe
flattens under the increased pressure exerted by the swelling
orbital fat, the arc length of the impacted section of the globe
shortens [Figure 6; (Gogola et al., 2018)]. If the scleral arc length
shortens enough, the choroidal membrane it supports wrinkles, as
illustrated in the analogous case of thin films in Figures 9F, G
(Diaby et al., 2006; Holmes, 2015).

Proptosis has not been previously reported in astronauts.
However, it has likely never been adequately evaluated or
quantified since it is not obvious due the relatively small
magnitude in the presence of facial swelling. In thyroid-
associated orbitopathy (TAO) (Kaichi et al., 2016) and Rosai-
Dorfman disease with proptosis (Singh et al., 2018), an increase in
volume of the orbital contents results in proptosis. Proptosis
during thyroid eye disease has been found to exceed 2 mm in a
significant proportion of patients (Dorkhan et al., 2006). Thus, it is
reasonable to expect subtle proptosis may occur in a microgravity
environment due to cephalad fluid shift. A benefit of this
numerical model is that it suggests a testable hypothesis that
would add supporting evidence if found in astronauts. In
addition, optic disc edema has been reported in thyroid eye
disease which resolves with decompression surgery (Kleinberg
and Bilyk, 2016), similar to astronauts. Patients with active
TED have experienced a hyperopic shift as their orbital
pressure increases, also similar to astronaut experience and
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A softer sclera may result in increased magnitude of SANS-associated changes. (A) proptosis is relatively independent of the scleral elastic modulus.
Globe flattening, as indicated by increased posterior ROC (A) and decreased axial length (B). Severity of choroidal folding, as indicated by decreased

peripapillary arc length, would be higher in softer eyes.
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Sensitivity of the model to 10% increase in anatomical dimensions. Increasing the orbit depth had the largest effect of all orbital dimensions, while
increasing the equatorial diameter of the globe had the largest effect of all ocular dimensions. Both of these parameters had the effect of increasing the force
of fat swelling on the globe's posterior by placing more fat behind the eye (orbit depth) or confining the space around the eye available for anterior
displacement of the swelling fat (equatorial diameter). Increased axial length appears to offer some protection from globe flattening (A,B). Note that the
results in (C) for changes in axial length and equatorial diameter are indistinguishable, suggesting that proptosis is diminished when the eye is larger owing to

displacement of orbital fat volume.
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(A) Pre-flight MRI of astronaut; (B) Post-flight MRI with globe flattening and shortened axial length leading to hyperopic shift with focus of light behind the

retina (Brunstetter, 2018). (C) Arclength of the sclera shortens with globe flattening, as illustrated by the red curve [adapted from (Gogola et al., 2018)]. (D)
Choroidal folds in an astronaut measured post-flight; (E) corresponding cross-sectional OCT image showing undulations or waviness (Gogola et al., 2018). (F)
Schematic illustration of wrinkling of a thin film with forces that shorten the foundation (Holmes, 2015). (G) Plot of a thin membrane subject to shear

forces, generating wrinkles (Diaby et al., 2006). All figures (A—E) reused under CC BY-NC-ND license. (F) is reused with written permission of the author. (G)

reused under CC BY license from HAL Open Science.

predicted by our model. In addition, flattening of the posterior
globe is reported in TED due to increased volume of orbital
contents (Chandrasekaran et al., 2006).

Elevated intracranial pressure has been considered as a possible risk
factor for SANS (e.g., Feola et al, 2016; Raykin et al,, 2017). The present
model suggests that, while ICP elevation could play a role, its biomechanical
effects directly contributing to SANS pathology is likely limited. This does
not rule out ICP elevation as a potential mechanobiological contributor to
SANS that the present model cannot predict.
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One key result of this study is the identification of possible
anatomical risk factors which might increase sensitivity of
astronauts to SANS. In particular the depth of the orbit can
have a very large effect on all SANS signs, with larger orbital
depth leading to greater shortening in axial length, greater globe
flattening leading to increased risk of choroidal folds, and greater
proptosis. In contradistinction, longer axial length may be
protective against specific aspects of SANS, including less globe
flattening.
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A schematic representation of the fat-swelling theory of SANS. Orbital fat swelling would necessarily lead to increased radial compression of the optic
nerve and orbital vasculature, thereby increasing both axoplasmic and vascular resistance. These changes would present as cotton wool spots, ONH edema,
and choroidal folding (in conjunction with globe flattening). Fat swelling will also cause a distributed loading applied to the globe's posterior surface, resulting
in decreased axial length and/or proptosis. Globe flattening would likely contribute to the formation of choroidal folding as well as a hyperopic shift. Red
boxes indicate the signs and symptoms comprising SANS, while blue boxes indicate the hypothesized biomechanical linkages between the cephalad fluid shift

and SANS.

Although not directly modeled, it is expected that with orbital
congestion, the low-pressure venous outflow through the
ophthalmic vein may be compromised. This would be expected
to result in a mild chronic increase in venous pressure. A
comprehensive schematic of the proposed effects of orbital
congestion is given in Figure 10. The posterior globe force arm
has been supported by the results of the presented biomechanical
simulations. The optic nerve and vascular compression arm is
hypothesized to account for the remaining ocular findings, such
that orbital congestion is a unifying mechanism underlying most
reported signs and symptoms of SANS.

One significant limitation of this model is its sensitivity to the
relationship between anterior motion of the globe and resulting
EOM tension. The EOM tension in the present form of the model is
taken from the passive contribution to stretching a fully relaxed
rectus muscle. In reality, some unknown active contribution to the
EOM tension would be present under most circumstances. Our
computational investigation shows that incorporation of this
muscle activation decreases proptosis and enhances globe
flattening. Without a more detailed knowledge of EOM
activation, this model can still place constraints on the upper
and lower limits by considering the two extreme cases where the
muscle is purely passive (as in the Baseline Model) and the muscle
is rigid (i.e., it prevents all anterior translation of the globe). The
true case must then lie somewhere between.

Choroidal folding presumably results from a loss of tension in the
direction perpendicular to wrinkling. This is a geometric phenomenon
and would therefore be driven by globe flattening: as the principal radii
of curvature change, tension in an inflated membrane (e.g., the
choroid) can be lost (Burd et al., 2017). Once tension is removed,
these folds may be permanent (Cassidy and Sanders, 1999).

Finally, the model suggests the importance of scleral stiffness and
various anatomical markers in predicting susceptibility to SANS. In
particular, lower scleral stiffness, shorter axial length, greater equatorial
diameter, and greater orbital depth all increase susceptibility to globe
flattening and the subsequent hyperopic shift and choroidal folds as
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orbital fat swells. Recent studies have indicated the possibility of extracting
the biomechanical properties of the sclera in vivo from air-puff tonometry
data (Nguyen et al,, 2020). Therefore, scleral stiffness and axial length are
readily measured with existing ophthalmic clinical devices, while
equatorial diameter, orbital depth, and baseline posterior globe
curvature could be quantified with an MRL

The primary limitations of this model are due to its axisymmetry,
crude anatomical representation, the use of simple material models,
and lack of active contributions to EOM tension. For example, since
this is an axisymmetric model, it cannot predict the directionality of
choroidal wrinkles, but suggests the mechanical mechanism driving
them: wrinkles in the horizontal direction suggest a loss of tension in
the superior-inferior direction. Still, none of these factors is likely to
alter the underlying mechanism of SANS presented in this study.

If this model is to be adapted to predict SANS susceptibility in
astronauts, future studies should include expanding this model to three
dimensions. Inclusion of subject-specific anatomical measurements and
biomechanical properties, especially of the sclera, would allow screening
for risk or prophylactic treatment. Pre-flight MRI data could supply the
requisite anatomical information.

Conclusion

This biomechanical theory for orbital fat swelling-induced SANS
can explain all reported signs of SANS using a single mechanism. The
other hallmark prediction of this theory-proptosis—has not been
reported but this may be a result of its subtlety in concert with
facial swelling due to the microgravity-induced headward fluid
shift. Measurements of ocular position (i.e., proptosis) and shape,
as well as orbital fat volume and water content before, during, and
immediately after spaceflight would offer a powerful validation of this
theory. In addition, an understanding of the mechanism would allow
development of effective countermeasures. Greater understanding of
individual characteristics (i.e., orbital depth, axial length, scleral
stiffness) associated with susceptibility to SANS is paramount.
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The lens capsule significantly
affects the viscoelastic properties
of the lens as quantified by optical
coherence elastography

Taye Mekonnen?, Christian Zevallos-Delgado?, Hongqgiu Zhang?,
Manmohan Singh?, Salavat R. Aglyamov? and Kirill V. Larin*

'Department of Biomedical Engineering, University of Houston, Houston, TX, United States, °Department
of Mechanical Engineering, University of Houston, Houston, TX, United States

The crystalline lens is a transparent, biconvex structure that has its curvature and
refractive power modulated to focus light onto the retina. This intrinsic
morphological adjustment of the lens to fulfill changing visual demands is
achieved by the coordinated interaction between the lens and its suspension
system, which includes the lens capsule. Thus, characterizing the influence of the
lens capsule on the whole lens's biomechanical properties is important for
understanding the physiological process of accommodation and early
diagnosis and treatment of lenticular diseases. In this study, we assessed the
viscoelastic properties of the lens using phase-sensitive optical coherence
elastography (PhS-OCE) coupled with acoustic radiation force (ARF) excitation.
The elastic wave propagation induced by ARF excitation, which was focused on
the surface of the lens, was tracked with phase-sensitive optical coherence
tomography. Experiments were conducted on eight freshly excised porcine
lenses before and after the capsular bag was dissected away. Results showed
that the group velocity of the surface elastic wave, V, in the lens with the capsule
intact (V =255 + 0.23m/s) was significantly higher (p < 0.001) than after the
capsule was removed (V = 1.19 + 0.25m/s). Similarly, the viscoelastic assessment
using a model that utilizes the dispersion of a surface wave showed that both
Young's modulus, E, and shear viscosity coefficient, y, of the encapsulated lens
(E =814 + 1.10kPa,n = 0.89 4+ 0.093 Pa - s) were significantly higher than that of
the decapsulated lens (E = 3.10 + 0.43kPa,n = 0.28 + 0.021Pa - s). These findings,
together with the geometrical change upon removal of the capsule, indicate that
the capsule plays a critical role in determining the viscoelastic properties of the
crystalline lens.

KEYWORDS

lens capsule, viscoelastic properties, lens biomechanical properties, acoustic radiation
force, optical coherence elastography (OCE)

1 Introduction

The primary function of the lens of the eye, along with the cornea, is to focus light onto
the retina. Unlike the cornea, the lens has a dynamically modulated curvature and refractive
power to produce sharp images of objects at variable distances during a process called
accommodation. The mechanism of accommodation is a complex phenomenon, and various
theories (Wang and Pierscionek, 2019) were put forward to explain the underlying
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physiological process. For example, according to Helmholtz’s widely
accepted accommodation theory, the lens and its capsule are elastic,
and the change in shape and power of the lens involves the capsule
transferring the tension produced by the contraction and relaxation
of the zonule and ciliary muscles to the lens (von Helmholtz and
Southall, 1924; Wang and Pierscionek, 2019). The applied tension
deforms the lens, changing the lens curvature, which effectively
This
morphological adjustment of the lens to fulfill changing visual

determines the focal distance of the Iens. intrinsic
demands has prompted numerous studies on the mechanical
properties of the lens and its suspension system, which includes
the capsular bag, ciliary muscles, zonules, and choroids (Beers and
Van Der Heijde, 1994; Pedrigi et al., 2007; Weeber and van der
Heijde, 2007; Ronci et al., 2011; Sharma et al., 2011). In particular,
the role of the lens capsule in the accommodative function as well as
in cataract surgery, is associated with its biomechanical properties
(Huang et al., 2021). The progressive change in capsular mechanical
strength due to aging alters the dynamic interaction between the
capsule and lens and could lead to changes in the accommodation
process. In cataract surgery, a procedure that involves removing the
lens content through an opening in the anterior capsule and
replacing it with an artificial intraocular lens (IOL), the post-
surgical capsular remodeling could have significant biomechanical
consequences on not only the capsular matrix but also the lens
substance (Berggren et al, 2021). Some other pathological
conditions, such as the thinning, rupture, and exfoliation of the
anterior lens capsule, could also affect the normal functions of the
lens (Irvine, 1940; Liu et al., 2021). Hence, information about the
mechanical modulation of the lens with and without the anterior
capsular bag is essential to better understand the physiological
process of accommodation and to design optimal cataract surgery
(Rich and Reilly, 2022).

Over the last few years, the biomechanical properties of the lens
have been examined using spinning tests (Burd et al., 2011; Wilde et al,,
2012; Reilly et al., 2016), indentation (Weeber et al., 2007; Reilly and
Ravi, 2009), Brillouin microscopy (Scarcelli et al., 2011; Ambekar et al,,
2020), atomic force microscopy (AFM) (Ziebarth et al., 2011; Avetisov
et al., 2021), acoustic techniques (Yoon et al,, 2012; 2013; Park et al,,
2017), mechanical compression (Won et al., 2015; Cheng et al., 2016),
and optical coherence elastography (OCE) (Wu et al., 2015; Wu et al,,
2018; Liet al,, 2019; Zhang et al., 2019; Ambekar et al., 2020; Chen et al,,
2022; Zhang et al, 2022). Using these methods, the lenticular
biomechanical properties were assessed as a function of various
parameters, including intraocular pressure (Park et al, 2017; Wu
et al,, 2018) and age and age-related diseases (Scarcelli et al., 2011;
Wu et al., 2015; Cheng et al., 2019; Avetisov et al., 2021). On the other
hand, typical methods of characterizing capsular biomechanical
properties include inflation (Heistand et al., 2005; Avetisov et al,
2020) and uniaxial tensile (Wollensak and Spoerl, 2004) tests on
sample fragments. Yet, knowledge of the role of the lens capsule in
determining the biomechanical properties of the whole lens is scarce. A
microindentation-based mechanical test conducted by applying
dynamic displacement waveforms to the lens anterior pole indicated
that the lens stiffness decreased significantly after the capsule was
removed (Reilly and Ravi, 2009). Despite the significance of the results
of this study in providing insight into the potential influence of capsular
bag on the mechanical properties of the lens, the method requires
cutting the lens to allow assessment of internal stiffness variations,
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which may disturb the lens structural integrity. In another study, results
from spinning tests by Wilde et al. showed that the deformation in the
encapsulated lens is less than that in the decapsulated lens for younger
subjects and vice versa for older subjects (Wilde et al, 2012). This
method involves imaging the outline of a lens while it is rotating around
its optical axis (typically at 1000 RPM) and quantifying the deformation
amplitude induced by centripetal forces. The spinning lens test is
advantageous as the lens is
disturbances during measurement, but internal stiffness variations
be
axisymmetric finite element (FE) inverse analysis using a neo-
Hookean model (Burd et al, 2011). Reilly et al. implemented the

inverse FE method to perform mechanical analysis of both the lens and

subject to minor mechanical

cannot determined directly but rather inferred from

its capsule from a compression test (Reilly and Cleaver, 2017). This
method is promising in enabling the assessement of lenses with
different shapes, sizes, and mechanical properties, but the assumed
model neglects viscous effects and known spatial variations of lenticular
biomechanical properties.

In this study, we present a quantitative analysis comparing the
viscoelastic properties of porcine lenses with and without a capsule using
dynamic wave-based optical coherence elastography (OCE) (Singh et al,,
2022; Zvietcovich and Larin, 2022). Here, OCE utilized phase-sensitive
optical coherence tomography (PhS-OCT) (Sticker et al., 2001) coupled
with an acoustic radiation force (ARF) transducer for non-invasive
assessment of tissue mechanical properties at microscale spatial
resolution. A microscale and localized tissue displacement induced
by focused ARF excitation propagated as an elastic wave and was
tracked using a high-resolution PhS-OCT system. The high deformation
sensitivity of OCE is important to avoid inducing irreversible hysteresis,
which may lead to plastic deformation in some indentation and
compression methods. Moreover, small displacements are necessary
for clinical applications to ensure adherence to safety limits. Using ex
vivo porcine lenses, we analyzed the surface elastic wave speed, Young’s
modulus, and shear viscosity of the crystalline lens with and without the
capsule to shed light on the influence of the capsule on the whole lens
biomechanical properties.

2 Materials and methods
2.1 Porcine samples

Experiments were conducted on eight freshly excised porcine lenses
ex vivo, both before and after the lens capsule was removed. The whole
eye-globes were shipped overnight on ice (Sioux-Preme Packing Co.,
Sioux Center, IA), and all procedures were performed within 48 h of
enucleation. The lenses were mounted on a custom holder.

2.2 Optical coherence elastography

The OCE system shown in Figure 1A was comprised of a 3.5 MHz
ultrasound transducer of focal length ~19 mm (V382-SU, Olympus
Corp., Japan) coupled with a PhS-OCT system that employed a
broadband superluminescent diode (S840-B-1-20; Superlum Diodes
Ltd., Carrigtwohill, Ireland) operating at 840 nm center wavelength
with FWHM of 49 nm as a light source. The axial resolution of the
system was ~9 um in the air, while the displacement stability and

frontiersin.org


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1134086

Mekonnen et al.

10.3389/fbioe.2023.1134086

A c P M B 35MHz
<t | ultrasound
Computer S OCT objective
- lens
‘ coupler GS
Q7Y
CCD o ~ \ N &~ OCT beam
3D-printed SN
|- “ >t cone / > AREF excitation
FG  RF amplifier US Coupli | ‘ﬁ._
o X | porcine -oupling ge y X
; lens Porcine
lens

FIGURE 1

(A) Schematic of the experimental setup comprising a phase sensitive spectral domain OCT system for imaging and acoustic radiation force system
for excitation. C: collimator, CCD: charge-coupled device (line scan camera), FG: function generator, G: grating, GS: 2D galvo scanner, L: lens, M:
reference mirror, P: pinhole, PC: polarization controller, SL: scan lens, SLD: superluminescent diode, US: ultrasound transducer. (B) Ultrasound
transducer producing acoustic radiation force excitation at the apex of the lens. Propagating elastic waves were imaged and analyzed along the

orthogonal x and y axes.

transverse resolution were 0.28 nm and ~8 um, respectively. The
transducer driving signal, a continuous 3.5 MHz sinusoidal signal
modulated by a square pulse of short duration (i.e., 0.5ms), was
generated by a function generator (DG4162, RIGOL Tech, Beijing,
China) followed by amplification using an RF power amplifier (1040L,
Electronics & Innovation, Ltd., Rochester, NY, United States). The
excitation, which was coupled to the lens using ultrasound gel
(McKesson Ultrasound Gel Pink, Richmond, VA), was focused
roughly on the apex of the anterior surface of the lens, as shown in
Figure 1B. M-B mode scans (Wang and Larin, 2014) were performed
along orthogonal axes, which are marked as x and y in Figure 1B,
intersecting at the excitation point. Each M-mode scan contained
1000 A-lines and was repeated at 251 lateral points (B-scan),
covering scan lengths of 7.67 mm and 7.72mm on the two
orthogonal axes. Measurements were conducted at an A-line rate of
25 kHz.

2.3 Data processing

The acquired OCE data was processed using MATLAB® R2021a
(Mathworks, Inc., Natick, MA, United States). First, the axial phase shift
was computed from the temporal A-scans, followed by producing the
spatiotemporal map of the elastic wave propagation. Then, the elastic
wave group velocity was computed from the spatiotemporal phase map
using the ratio of propagation distance to corresponding time (i.e., the
slope in the spatiotemporal image) (Zvietcovich and Larin, 2022). This
procedure was repeated for the subsurface layers of the lens, and a
depth-wise averaging over a thickness of ~0.4 mm was performed to
obtain the mean elastic wave speed for each lens.

2.4 Viscoelastic quantification

Group velocity alone may not fully describe the biomechanical
properties of lossy media such as tissues (Parker et al., 2018; Zvietcovich
and Larin, 2022). Hence, quantifying the viscoelastic properties of the
lens (Zhang et al., 2022) would more accurately describe the capsular
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influence on lenticular biomechanical properties. Elastic waves induced
by short-duration ARF pulse, such as the one in this study, are
composed of multiple frequencies, and thus, dispersion curves
(i.e, phase velocity as a function of frequency) can be produced by
spectrally decomposing the elastic wave propagation obtained from
OCE measurement data. To this end, a 2D discrete fast Fourier
transform (FFT) was applied to the spatiotemporal displacement
map to obtain the wavenumber (k) versus frequency (f) magnitude
map (Han et al, 2016; Kijanka and Urban, 2021). Then, the phase
velocity-frequency map was produced using the relation ¢, = f/k.
Subsequently, the surface wave dispersion curve was obtained by
selecting the maximum intensity for each frequency. To assess the
viscoelastic properties of the lens, we applied a rheological Kelvin-Voigt
(KV) model in which the complex shear modulus is given by
Up = U +inw, where w = 27 f is the angular frequency of vibration
and; ¢ and 7 are the shear elasticity and shear viscosity moduli,
respectively. Given the limited penetration depth of the elastic wave
and the free space-tissue boundary for an isolated lens, the detected
elastic wave was modeled as a surface wave (Rayleigh wave) (Nenadic
etal, 2011; Zhang, 2016). Assuming the lens is a nearly incompressible
material, the lens shear wave velocity, c,, and Rayleigh wave velocity, cg,
are related by cg/c; = 0.95. Here, the Rayleigh wave model was used to
estimate the viscoelastic properties because the mean thickness (T) of
the lens at the measurement regions, i.e., near the apex of the lens
(Tencapsutated = 4.9 MM, Tgecaspulated = 4.1 mm), was determined to be
greater than the wavelength of the induced elastic wave (Aencapsutated =
~3.6 MM; Agecapsulated = ~1.7 mm) at the center frequency of excitation
of 706 Hz. Therefore, solving a one-dimensional Helmholtz equation,
the phase velocity of the elastic wave, ¢, utilizing the KV model can be
computed as (Jin et al., 2020; Liu et al., 2020):

2(p? + @)

Py

where p = 1183 kg/m® was the lens density (Vilupuru and Glasser,

cp(w) =0.95 (1)

2001). The shear modulus parameters, i.e., ¢ and #, were determined
by fitting the viscoelastic wave Equation 1 to the OCE-measured
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OCT structural images and elastic wave propagation characteristics of a typical porcine lens (A) with the capsule intact and (B) after the capsule was
removed. Top: OCT structural images acquired before (left) and after removal (right) of the capsule; middle: wave propagation snapshots indicating
instantaneous particle velocity in an encapsulated (left) and decapsulated (right) lens; bottom: spatial shear wave speed map in the encapsulated (left) and
decapsulated (right) lens. The capsule layer is indicated by the yellow arrow in the top left structural image. For all samples, the excitation location

was roughly at the apex.

surface wave dispersion curve using the iterative Levenberg-
Marquardt error optimization algorithm. Assuming an isotropic
and homogenous lens, the elastic (Young’s) modulus, E, was
computed from the shear modulus using E = 2u (1 + v), with the
Poisson’s ratio, v = 0.499.

Furthermore, we assessed the wave amplitude attenuation
characteristics using the intensity map in the spatial-frequency
domain. The intensity map was produced by applying a 1D FFT
on the spatiotemporal map of the wave field. In the spatial-frequency
domain, for each lateral position, x, the wave amplitude profile was
fitted to the exponential decay function for cylindrical wave
(Col/+/x - €7%) to estimate the attenuation coefficient, «, at the
center frequency of excitation,
(Zvietcovich and Larin, 2022).

where C, is a constant

2.5 Lenticular morphology

To investigate the relationship between lens morphology and its
biomechanical properties, we quantified the lens geometry using a
swept source OCT system that was able to capture the whole lens. The
system operated at a center wavelength of 1310 nm, bandwidth of
100 nm, imaging depth of over 7 mm (in air), and a sweep rate of
100 kHz. A 3D scan of the whole lens was acquired using this system,
and volumetric images were reconstructed using a custom MATLAB"
R2021a (Mathworks, Inc., Natick, MA, United States) program. From
the volumetric images of the whole lens, geometric parameters such as
the equatorial diameter and the sagittal (apical) thickness were
quantified (Wang and Pierscionek, 2019). To obtain more accurate
geometric parameters, image distortions caused by refraction and the
scanning mechanism (non-telecentric) were corrected using the lens
refractive index (n; = 1.49) and a 3D non-telecentric scan correction
method (Zhao et al, 2010), respectively. Results were statistically

Frontiers in Bioengineering and Biotechnology

analyzed using a t-test to assess the significance of variation before
and after the removal of the capsule. Also, the repeatability of the
experiment was assessed using ANOVA single-factor analysis.

3 Results
3.1 Elastic wave group velocity

Figure 2 shows the structural images and elastic wave speed
characteristics in a typical porcine lens before (left) and after (right)
removal of the capsule. In (Figure 2A, top), the capsule with a mean
thickness of 58 + 7 pm can be resolved (as shown by the yellow arrows)
in the structural image. Furthermore, the motion snapshot of wave
propagation at 2 ms after excitation shows a difference in the wavelength
between the encapsulated and decapsulated lens (Figures 2A, B middle):
longer in the encapsulated lens than the decapsulated lens. As can be
observed from the middle images of Figures 2A, B, the elastic wave
propagates further laterally in the encapsulated lens while the wave
attenuates faster for the decapsulated lens. The wave attenuation
characteristics are presented in the subsequent discussion. Moreover,
the bottom row in Figures 2A, B depicts shear wave group speed maps.
The wave speed maps indicate that the lens is stiffer with the capsule
intact (average speed = 2.55 + 0.23 m/s) than after the removal of the
capsule (average speed = 1.19 + 0.25 m/s). While there is likely regional
variation in the stiffness of the lens, the significant difference in wave
speed between nearer and farther regions from the excitation point
shown in Figure 2B (bottom) might just be due to the rapid wave
attenuation, and low signal to noise ratio in farther regions.

Figure 3 shows a box-whisker plot of the mean elastic wave
speed in the lens for the two measurement conditions: with and
without the capsule. The top and bottom boundaries of the box are
the 25th and 75th percentiles, respectively, while the mean is shown
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FIGURE 3

A box-whisker plot and measured data set distribution of the
elastic group wave speed in the porcine lens before and after removal
of capsule for N = 8 porcine lenses. The horizontal bar in the diamond
box corresponds to the median of the data.

by the horizontal bar inside the diamond box. The distribution of the
mean wave speed for the two groups is shown by the scatter plots in
Figure 3. The mean wave speed with the capsule intact (2.55 £
0.23 m/s) is approximately twice the value after the capsule was
dissected away (1.19 + 0.25 m/s). Statistical testing by a one-way
ANOVA showed no significant intra-group difference in the wave
speed for both the capsulated (F (7,26) = 0.58, p = 0.75) and
decapsulated (F (7,16) = 0.32, p = 0.92) states, highlighting the
repeatability of the experiment. The inter-group statistical analysis
using a student t-test showed that the wave speed was significantly
higher with the capsule intact than after dissecting it away (p <
0.001).

3.2 Lenticular viscoelasticity

Figure 4A shows a dispersion curve (i.e., phase velocity as a
function of frequency) obtained from an OCE measurement and the
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Rayleigh surface wave curve fitted to the data. For the selected
frequency range, it appears that the rate of change of velocity with
frequency is greater for the encapsulated lens. Figure 4B depicts a
summary of the viscoelastic properties of the encapsulated and
decapsulated lens estimated using the phase velocity dispersion
curve fitted to the Rayleigh surface wave model. The Young’s
modulus, E, and shear viscosity coefficient, #, decreased from E =
8.14 + 1.10 kPa and # = 0.89 + 0.09 Pa-s in the encapsulated lens to
E =3.10 +0.43 kPa and # = 0.28 + 0.02 Pa-s in the decapsulated lens.
The mean Young’s modulus and viscosity coefficient of the
decapsulated lens were both significantly lower than that of the
encapsulated lens (p < 0.001).

addition to the
(i.e., dispersion) with frequency, characterizing the amplitude

In change in elastic wave velocity
reduction (i.e., attenuation) as the elastic wave propagates
through the medium, would provide further insight into the
viscoelastic properties of the lens, as we have shown in the
cornea previously (Li et al, 2014). Here, we quantified the
amplitude attenuation of the elastic wave propagated across the
lens in the lateral direction using the wave intensity map in the
spatial-frequency domain, as shown in Figure 5A, which was
produced by applying a 1D FFT on the spatiotemporal
displacement map. Comparing the top and bottom intensity
maps in Figure 5A, the wave amplitude dissipates more rapidly
in the decapsulated lens than in the encapsulated lens, where ~80%
of wave amplitude attenuated at 1.39 mm and 0.68 mm of
propagation, respectively. This difference can be observed in the
normalized spatial distribution profile of the peak intensity shown in
Figure 5B. From the exponential decay fitting, the attenuation
coefficient of the surface wave in the decapsulated lens was found
to be roughly twice that of the encapsulated one (ratio = 1.21/0.46 =
2.63) at a center frequency of 706 Hz.

3.3 Lenticular morphology

A summary of the lens equatorial diameter and sagittal

thickness, quantified using OCT images, is shown in
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(A) Typical elastic wave dispersion curves in the porcine lens before and after capsule removal fitted with Rayleigh wave dispersion equation. The
shaded region indicates the error band (standard deviation) of the OCE results. (B) Estimated Young's modulus and viscosity coefficient using Rayleigh
wave dispersion equation for encapsulated and decapsulated lens. N = 8 porcine eye lenses.
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Figure 6B. The results indicate that the lens sagittal thickness is
slightly lower while the equatorial diameter is slightly higher after
capsule removal. Despite the observed consistency in this trend
among all samples, the difference in both geometric features
between encapsulated and decapsulated lenses was not
statistically significant. However, it is worth noting that the
decrease in the sagittal thickness (470 + 19 um) was greater
than the thickness of the removed capsule (58 + 10 pm). The

increase in equatorial diameter and the decrease in axial/sagittal
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= 4) extracted from 3D OCT images were used to quantify the mean

thickness with the removal of the capsule lead to an increase in
the radius of curvature of the lens.

4 Discussion

This study aimed to investigate the viscoelastic properties of the
porcine lens using ARF-based OCE, and, specifically, to assess the
influence of the capsular bag on the biomechanical properties of the
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lens. A comparison of elastic wave speeds demonstrates that the lens
was significantly stiffer with the capsule intact than after the capsule
was dissected away (p < 0.001), as shown in Figure 3. The viscoelastic
properties of the lens quantified using the dispersion of a Rayleigh
wave also showed a similar trend of significantly greater Young’s
modulus and shear viscosity coefficient in encapsulated lenses
compared to their decapsulated counterparts (p < 0.001), which
is plotted in Figure 4B. Furthermore, the shorter wave propagation
distance observed in the decapsulated lenses correlated with a
greater magnitude of attenuation coefficient, as plotted in
Figure 5A. The wave attenuation coefficient of the decapsulated
lenses was roughly twice that of the encapsulated lenses at the
measured center frequency, indicating a higher rate of exponential
decay in wave amplitude in the decapsulated lens as a function of
propagation distance from the excitation position. These results
suggest that the lens capsule plays a significant role in determining
the mechanical properties of the lens.

The intra-sample correlation assessment of group wave speed
using one-way ANOVA indicated the repeatability of the
measurements both with (F (7,26) = 0.58, p = 0.75) and without
(F (7,16) = 0.32, p = 0.92) capsule. For the encapsulated lens, the
estimated Young’s modulus was 8.14 + 1.10kPa and is in good
agreement with previous OCE studies conducted on the porcine lens
(Zhang et al., 2019; Ambekar et al., 2020; Chen et al., 2022). Despite
the difference in the loading frequencies, the change in the
viscoelastic properties with the removal of the capsule showed a
similar trend to prior studies (Reilly and Ravi, 2009). The
encapsulated lens appears to be significantly stiffer and has a
higher shear viscosity (p < 0.001) relative to the isolated lens
matrix, reinforcing the notion that the lens exhibits viscoelastic
properties (Schachar et al., 2007). The elastic wave attenuation
coefficient and the frequency-dependent phase velocity presented
in this study could be important for the mechanical modeling of a
lens with and without a capsule during personalized refractive
procedures.

From the morphological point of view, the decrease in the
sagittal thickness as well as the increase in the equatorial
diameter with the removal of the capsule (Figure 6), suggests that
the lens relaxes by remodeling its internal structure and does not
retain its original shape after the capsule is removed. Thus, the
capsule prevents the lens from flowing away, or that the lens is in a
compressed (accommodated) state while the capsule is intact.
Furthermore, the volume of the crystalline lens, as determined
using the discrete integration method described by Marussich
et al, showed no significant change (p > 0.05) after capsule
removal, indicating that the change in morphology is potentially
due to the redistribution of the internal tissue structure (Marussich
et al., 2015). This morphological change coincides with the decrease
in the elastic and viscous moduli, signifying that the capsule plays an
important role in maintaining the morphology of the lens. In
essence, with its low elasticity a dominant feature, the lens could
assume an unwanted shape (e.g., the tendency of flattening or
bulging anteriorly/posteriorly) when capsular integrity is
compromised (e.g., due to disease or aging) or in the absence of
(weakened) capsular support. Normally, alterations in the
organization of constituent collagen IV and laminin meshwork
and a reduction in the percentage of collagen IV with age could
cause a change in capsular structural integrity (Rich and Reilly,
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2022). Capsular support may also be compromised due to

complications  in  extracapsular  cataract extraction or
phacoemulsification procedure (Por and Lavin, 2005).

While this study successfully demonstrated the mechanical
interaction between the lens and its capsule, there are a few
limitations that could be addressed in future research. First,
porcine eyes lack the ability to accommodate and hence, may not
be an appropriate model for human eyes. However, the results of the
current study can be relevant in assessing the biomechanical
properties of eyes with accommodative dysfunction, such as aged
human or presbyopic eyes. Second, lens stiffness was characterized
based on the propagation of the elastic wave in the selected area,
which was at the anterior apex of the lens, mainly due to the low
internal optical scattering of the lens substance. Third, it was not
possible to discern the stiffness of the thin capsule from the results of
the current study, mainly due to the relatively long wavelength of the

induced elastic wave.

5 Conclusion

The current study highlights the influence of the capsule on the
biomechanical properties of the lens as well as demonstrates the
capability of the non-contact OCE system to provide a quantitative
assessment of lens stiffness as a function of the capsule. Our study
suggests that the measurement of the lens and its capsule stiffness as
a unit may not reflect only the crystalline lens stiffness, which
appears to be significantly influenced by the capsule. Future
studies may consider quantifying the spatial anisotropy in the
viscoelastic properties of the lens to provide a comprehensive
assessment of the significance of the capsule in determining the
structural integrity and function of the lens. Furthermore, higher
excitation frequencies may assist in increasing elastic contrast and
hence, discerning regional variations in lens stiffness, e.g., resolving
elasticity gradient in the cortex and nucleus as well as the thin
capsular layer.
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Purpose: To quantify the morphology of eyeballs with posterior staphyloma (PS)
with Zernike decomposition and to explore the association between Zernike
coefficients with existing PS classification.

Methods: Fifty-three eyes with high myopia (HM, <-6.00D) and 30 with PS were
included. PS was classified with traditional methods based on OCT findings. Eyeballs’
morphology was obtained with 3D MRI, from which the height map of the posterior
surface was extracted. Zernike decomposition was performed to derive the coefficients
of the 1st-27th items, which were compared between HM and PS eyes with the Mann-
Whitney-U test. Receiver operating characteristics (ROC) analysis was used to test the
effectiveness of using Zernike coefficients to discriminate PS from HM.

Results: Compared to HM eyeballs, PS eyeballs had significantly increased vertical and
horizontal tilt, oblique astigmatism, defocus, vertical and horizontal coma, and higher
order aberrations (HOA) (all Ps < 0.05). HOA was the most effective in PS classification
with an area under the ROC curve (AUROC) value of 0.977. Among the 30 PS, 19 were
the wide macular type with large defocus and negative spherical aberration; 4 were the
narrow macular type with positive spherical aberration; 3 were inferior PS with greater
vertical tilt, and 4were peripapillary PS with larger horizontal tilt.

Conclusion: PS eyes have significantly increased Zernike coefficients, and HOA is
the most effective parameter to differentiate PS from HM. The geometrical
meaning of the Zernike components showed great accordance with PS
classification.

KEYWORDS

posterior staphyloma, 3D MRI, high myopia, Zernike polynomials, eyeball morphology

1 Introduction

Posterior staphyloma (PS) is a common complication of pathological myopia, which
manifests as partial protrusion of the back of the eyeball. Retinal changes, such as retinoschisis
and retinal detachment, are often observed in patients and lead to irreversible vision
impairment and reduced life quality (Avila et al., 1984; Ohno-Matsui and Tokoro, 1996;
Hayashi et al., 2010). As the worldwide prevalence of high myopia increases year by year, it is
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critical to detect PS and evaluate its severity in a timely manner
(Holden et al., 2016). In the early days, the detection and classification
of PS mainly depended on findings under ophthalmoscopy or
imaging technology, such as optical coherence tomography or
B-scan ultrasound. Curtin classified PS into ten different types
based on ophthalmoscopic appearance (Curtin, 1977). Shinohara
et al. characterized the PS from OCT with choroid thinning
toward the staphyloma margin, inward protrusion of the sclera,
and scleral reversion in the post-marginal region (Shinohara et al.,
2017). These findings are often local and do not reveal much about the
overall shape of the eyeball.

Three-dimensional MRI (3D MRI) can display the morphology of
the eye in its entirety (Moriyama et al., 2012; Shinohara et al., 2013; Nagra
etal, 2014; Wang et al,, 2016). Spaide et al. described PS as a protrusion
in the posterior fundus area, and its radius of curvature is smaller than
that of the adjacent eye wall (Spaide, 2014). Ohno-Matsui et al. used a
combination of 3D MRI and ultra-widefield fundus imaging to classify
PS into six different types based on the size, shape, and location of the
staphylomas (Ohno-Matsui, 2014). However, these defining signs heavily
rely on human subjective judgments, including whether the curvature
changes and where the choroid begins to thin. More recent studies
started classifying staphyloma based on quantitative analysis of 3D MRI
images. Moriyama divided staphylomas into 18 categories based on
parameters derived from the 3D MRI images (Moriyama et al., 2012).
Lim fitted the largest section of MRI images into an ellipse and calculated
the ratio between long and short axes to quantify the asphericity (Lim
etal, 2019). Ishii et al. used MRI images and Fourier transform to analyze
the shape of the eyeball (Ishii et al., 2011). But these studies only utilized
certain arbitrarily chosen sections. As more studies were completed,
Ohno-Matsui et al., 2017 suggested that there may be more variations in
the shape of staphylomas than previously thought. Therefore, it is
desirable to have a method that can incorporate all the information
about the eye shape.

Zernike polynomials consist of a series of polynomials
orthogonal to each other (Schwiegerling and Greivenkamp, 1997;
Lakshminarayanan and Fleck, 2011), which are a set of basis vectors
that can describe any curved surface in the unit circle. Different
terms represent specific geometric meanings, and each term’s
coefficients can represent the surface shape’s component (Tango,
1977; Wang and Silva, 1980). In ophthalmology, Zernike
polynomials have been used to describe corneal shape changes in
keratoconus (Wacker et al., 2015; Shugyo et al., 2021). We believe
that the same principles could be applied to the posterior surface of
the eyeball. In this study, 3D MRI images of eyeballs with or without
PS were collected, and the height maps of the posterior surface were
extracted. The height maps were further decomposed into Zernike
components, such as tilt, defocus, coma, astigmatism, and HOAs.
We first compared the difference in Zernike coefficients between the
eyeballs with and without PS. Moreover, the relationship between
Zernike coefficients and existing types of PS was analyzed.

2 Methods
2.1 Patients

This prospective study included 45 participants recruited at
Tianjin Medical University Eye Hospital between October
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2020 and May 2022. The subjects were divided into two groups,
the HM group and the PS group, respectively. HM was defined as
spherical equivalent (SE)<-6.00D, the eyeball was regular spherical
or ellipsoid under 3D MRI, and there was no posterior scleral
staphyloma. OCT and fundus photo examination showed no
fundus lesions. A PS was defined by an outward bowing of the
sclera on the OCT images, with the curvature radius of the
staphyloma being smaller than the curvature radius of the
surrounding sclera (Figure 1A) and with retinal atrophy evident
on fundus photography (Figure 1B). There was no restriction on
axial length, as staphyloma may still occur even with a short axial
length (Moriyama et al., 2011; Wang et al., 2016). The diagnosis of
HM or PS was made by two investigators independently, who agreed
with all diagnoses made (Xu et al., 2019). The exclusion criteria were:
scleral buckling, ocular trauma that could affect the eyeball shape,
claustrophobia, presence of a pacemaker or intraocular metal
foreign body, and systemic disease. Written informed consent
was obtained from all participants. All study procedures adhered
to the tenets of the Declaration of Helsinki and were approved by the
ethics committee of Tianjin Medical University Eye Hospital (NO.
2020KY-04).

2.2 Measurements

All participants had comprehensive ocular examinations,
including best-corrected visual acuity (BCVA), refractive error
measurements with an auto refractometer (ARK-730; Nidek,
Nagoya, Japan) without cycloplegia, axial length measurements
using Lenstar LS-900 (Haag-Streit AG, Berne, Switzerland),
detailed ophthalmoscopic examinations, fundus images (Optos,
PLC, Dunfermline, Scotland), and OCT (VG200, SVision
Imaging, Henan, China). The BCVA was measured with a chart
of Landolt rings set at a distance of 5 m. For statistical analyses, the
decimal BCV As were converted to the logarithm of minimal angle of
resolution (logMAR) units. The Discovery MR750 3.0T scanner (GE
Healthcare, Milwaukee, WI, United States), an 8-channel phased
head coil, was used for 3D MRI imaging. Axial position images were
acquired using a fast-recovery-fast-spin-echo acceleration sequence
(3D FRFSE-XL).

2.3 MRI image analysis

In this study, we utilized Python3.7.9 to preprocess DICOM
files of MRI images in this study. MRI images with obvious
artifacts or poor quality were excluded from processing. The
“breadth-first algorithm” was used to search for the boundary of
the vitreous body. A search starts from an arbitrary point within
the vitreous body, moving from center towards the periphery. If
the contrast difference between the next point and the previous
point is less than the threshold, the next point is included in the
vitreous matrix; otherwise, the search is stopped. Finally, all
points contained in the vitreous bodies in a slice are included
in the matrix. The contrast threshold between the vitreous body
and surrounding tissue was set to 1800, which allows for
automatic  differentiation  between the two

through
experimentation. We determine the physical distance in every
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FIGURE 1

OCT (A) and wide-field fundus image (B) of an eyeball with PS. The yellow arrow indicates the choroid’s thinning and the scleral curvature change.
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The Zernike coefficient analysis process of the posterior surface of the eyeball. (A) A stack of 2D MRIimages is superimposed into a 3D image. (B) The
posterior surface of a height map is extracted. (C) The posterior surface height map. (D) The residual height map after a standard sphere with a radius of
12.5 mm is subtracted from the original height map. (E) The first 28 Zernike polynomials derived from a residual height map. (F) Zernike analysis is
performed on the height matrix within a radius of 11 mm (the red circle in Figure 2D).

direction for each pixel based on the field of view and layer
spacing of the MRI. The distance between each pixel in the same
fault is 0.703 mm, and the layer spacing is 0.5 mm. In each slice,
after the boundary of the vitreous chamber was extracted, the
slices were stacked over in sequence, and the 3D boundary of the
entire vitreous body could be extracted into a matrix (Figure 2A).
The geometric center VC of the vitreous body (VC, the black
point in Figure 2A) and the geometric center of the cornea (CC,
the red point in Figure 2A) were also calculated. Using Rodrigues
formula, we first determined the rotation matrix that can align
the vector VC_to_CC with the vertical-downward direction.
Then the entire eyeball is rotated with such a matrix. The
libraries used in the process are pandas, numpy, math,
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matplotlib, mpl_toolkits, pydicom, and os from the Python
ecosystem. The eyeball was divided into the front and back
parts by the equator plane, which perpendicular to the axis of
the VC_to_CC with the largest cross-sectional area (Figure 2B).
The height of a point on the back surface was defined as its
distance, parallel to the direction of the VC_to_CC vector, to the
equator surface. A surface height map was derived after all points’
heights were calculated (Figure 2C). The surface height map was
drawn using the mpl_toolkits.mplot3d.Axes3D.plot_surface
function from a Python third-party library. To show how an
eyeball’s shape deviated from a perfect sphere, a residual height
map was derived by subtracting the original height map with a
perfect sphere with a radius of 12.5 mm (Figure 2D) which
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TABLE 1 Characteristics of the study groups.

Mean + SD PS HM P
No. patients (eyes) 18 (30) 27 (53) —
Men 8 (13) 12 (24) —
Women 10 (17) 15 (29) —
Age (y) 57.76 + 12.09 48.24 + 10.29 <0.01*
SE (D) -13.90 + 2.64 -8.50 + 1.16 <0.01*
AL (mm) 29.74 £ 1.75 27.20 £ 0.76 <0.01*
BCVA (LogMAR) 0.66 + 0.38 0.00 £ 0.02 <0.01*

*Means significant differences between the two groups using the Mann-Whitney U test.

corresponded to the median radius of the coronal plane sections
of the eyeballs. Zernike analysis was performed only within the
central 11 mm radius (Red circle in Figure 2D). Figure 2E is the
geometric meaning of 0-28th Zernike coefficients. The
coefficients of the Ist to the 27th components are shown in

Figure 2F.

2.4 Classification of PS

We classified PS according to the classification method proposed
by Ohno-Matsui (Ohno-Matsui et al., 2017), which can divide PS
into six categories, namely, wide macular PS, narrow macular PS,
peripapillary PS, nasal PS, inferior PS, and other types of PS.

2.5 Statistical analysis

The normality of data was assessed using the
Kolmogorov-Smirnov test. The mean and standard deviation
were calculated for SE, AL. Median and quartile were calculated
for tilt, defocus, coma, astigmatism, and HOAs (6th-27th) root-
mean-square (RMS) for each group. Because some Zernike terms
exhibited inconsistent normality among the two groups, the two
groups were compared using the non-parametric Mann-Whitney U
test. Differences were considered statistically significant when the
p-value was less than 0.05. The receiver operating characteristic
(ROC) curves were built for HOAs-RMS, defocus, and coma in the
classification of PS. The area under the ROC curve (AUROC) was
calculated, and the cutoff value with the highest Youden indices
(Youden index = sensitivity + specificity - 1) was determined. All
statistical calculations were performed in IBM SPSS Statistics,

version 26.0 (IBM Corp, Armonk, NY)

3 Results
3.1 Basic information

A total of 27 patients with 53 eyes in the HM group and
18 patients with 30 eyes in the PS group were included in this
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study. The basic information about the patients is summarized in
Table 1.

3.2 Zernike components

An example of the HM eyeball (Figure 3A) and an example of
the PS eyeball (Figure 3B). Compared to the HM eyeball, the
posterior side of the PS eyeball was bulging out. The median and
quartile values from the population data were summarized in
Table 2 and illustrated in Figure 4. Mann-Whitney test results
showed that vertical and horizontal tilt, oblique astigmatism,
defocus, vertical and horizontal coma, and HOAs-RMS in the PS
group were significantly greater than those in the HM group, and
there was no significant difference in vertical astigmatism.

3.3 Receiver operating characteristics
analysis

ROC analysis was performed to see if individual Zernike coefficients
could distinguish PS eyeballs from HM eyeballs. The ROC curve shows
how true and false positive rate change as the criterion changes. Two
completely separated populations without any overlap would push the
curve to the top-left corner (0% false positive and 100% true positive)
and lead to the largest AUC. Outliers from each population would
increase the false positive rate and move the curve away from the top-
left corner, thus creating a smaller AUC. In this study, the ROC curve
was automatically generated by the SPSS software, and the AUC value
was provided too. Among all parameters, HOAs-RMS has the greatest
classification power with an AUROC value of 0.977. The cut-off value of
0.0686 for total ocular HOAs-RMS provided the highest Youden indices
with 90% sensitivity and 98% specificity (Figure 5A). The second best
parameter was the defocus, with an AUROC value of 0.864. Others are
summarized in Table 3. The joint distribution of HOAs-RMS and
defocus, the two parameters with the largest AUROC, illustrate the
difference between HM and PS even better (Figure 5B).

3.4 PS classification and Zernike coefficients

In this study, we identified 19 wide macular PS (63.3%), four
narrow macular PS (13.3%) eyes, three inferior PS (10%), and four
peripapillary PS (13.3%). There were no nasal PS and other PS types.
To illustrate the association between Zernike coefficients and the
types of PS, examples of the four types of PS found in this study are
shown in Figure 6, respectively.

4 Discussion

This study used Zernike polynomials to describe the eyeball’s
posterior surface shape. The advantage of this method is that it can
fully use 3D MRI information. The shape of the posterior surface of the
eyeball can be reconstructed with less than 30 coefficients, and each
parameter has good interpretability. This study showed that the most
recognizable change in PS eyeballs was the increase of HOAs-RMS.
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FIGURE 3

Examples of HM and PS. (A) HM eyeball 2D MRI image, 3D posterior surface height map, Zernike coefficients. (B) PS eye ball 2D MRI image, 3D
posterior surface height map, Zernike coefficients.

TABLE 2 Zernike coefficients and HOAs-RMS of HM and PS.

Zernike coefficients HM PS Adj. P

Vertical Tilt 0.157 (0.056,0.241) | 0.297 <0.01
(0.124,0.698)

Horizontal Tilt 0.126 (0.06,0.199) 0.435 <0.001
(0.109,0.786)

Oblique astigmatism 0.051 (0.019,0.127) = 0.124 <0.001
(0.063,0.285)

Defocus 0.051 0.654 <0.001

(-0.120,0.229) (0.438,1.044)

Vertical astigmatism 0.146 (0.073,0.220)  0.181 0.992
(0.073,0.251)

Vertical Coma 0.042 (0.022,0.083) | 0.190 <0.001
(0.072,0.256)

Horizontal Coma 0.041 (0.026,0.073) = 0.153 <0.001
(0.062,0.223)

HOAs-RMS 0.044 (0.036,0.054) | 0.107 <0.001

4.1 Asymmetry

(0.076,0.120)

Previous studies have shown that eyeballs with PS are more likely to
have asymmetrical shapes (Moriyama et al,, 2012; Ohno-Matsui et al,,
2012). Ohno-Matsui et al. showed that the eyeballs asymmetry was
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significantly greater in the eyeballs with PS than in the eye without
PS(Ohno-Matsui et al., 2012). Moriyama showed that PS is more likely
to be located underside of the nose, which could explain the increase in
oblique astigmatism in the PS group (Moriyama et al, 2012). In this
study, the tilt, coma, and oblique astigmatism were significantly
increased in the PS group compared with HM. These coefficients
represent the degree of asymmetry in the particular meridian of the
eyeball (Tango, 1977). Previous studies have shown a higher probability
of fundus lesions and visual field defects in asymmetric eyeballs
(Moriyama et al, 2012; Ohno-Matsui et al, 2012). Therefore, the
ability to quantitatively describe the asymmetry of the eyeball has
values for the clinical prediction of fundus damage. Tilt represents
the inclination along the X or Y-axis, coma represents the asymmetry of
the local height, and astigmatism means the asymmetry in the difference
between the height of an axis and its orthogonal direction (Tango, 1977).
Zernike analysis can distinguish the asymmetry caused by the three
components, which is impossible with previous description methods.

4.2 Defocus and HOAs- root-mean-square

In this study, the defocus in the PS group was significantly
greater than that in the HM group. Geometrically, defocus
represents the overall prominence of the eyeball. The larger
the defocus, the closer the eyeball was to an elongated ellipsoid
(Wang and Silva, 1980). A greater defocus value indicates in PS
that the overall trend of the eyeball of PS is steeper than that of
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TABLE 3 ROC analysis.

Sensitivity Specificity Youden index
HOAs-RMS 0.977 <0.001 0.90 0.98 0.0686 0.88
Defocus 0.864 <0.001 0.77 0.92 0.4500 0.69
VComa 0.827 <0.001 0.60 0.96 0.1463 0.56
HComa 0.791 <0.001 073 0.81 03312 0.54

the posterior surface of the eyeball of HM. In this study, ROC
analysis showed that defocus was one of the key differences
between PS and HM. Moriyama et al. showed that eyes with a
steeper posterior surface had an increased probability of
developing retinopathy (Moriyama et al., 2012; Wakazono
et al., 2016), which further demonstrates the value of using
the concept of defocus in evaluating eye shape.
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As the HM eyeball still keep the spherical shape (Pope et al.,
2017), Zernike decomposition revealed mainly low-order
aberrations with few high-order aberration components. Posterior
scleral PS are different in size, location, and shape (Ohno-Matsui
et al,, 2016). As the irregularity increases, low-order coefficients are
insufficient to describe the eyeball shape fully. Therefore, in eyeballs
with PS, HOAs-RMS should be more prominent. Our findings
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Four different types of PS. Black arrows indicate the borders of the staphyloma. (A) Wide macular PS. The nasal edge of macular PS exists more
nasally beyond the nasal edge of the optic disc. 2D MRI tomographic image shows that the eyeball's posterior part is blunt. The height map of the
posterior part of the eyeball shows spare contour lines in the central part. Note spherical aberration (12th) is negative, indicating that the local bulge in the
center is not apparent. (B) Narrow macular PS. The macular PS’s nasal edge is along the optic disc’s nasal edge. 2D MRI tomographic images show
sharp bulges at the back of the eyeball. The height map of the back of the eyeball shows dense contour lines in the central part. Note the spherical
aberration (12th) is positive, indicating that the central part is prominently raised. (C) Peripapillary PS. Areas of marked retinal atrophy are seen around the
optic disc. The 2D MRI tomographic image shows that the eyeball protruded significantly in the direction of the optic nerve. The height map of the back of
the eyeball shows denser contour lines on the left (nasal side). Note the larger horizontal Tilt (2nd term). (D) Inferior PS. 2D MRI tomographic image shows
that the posterior pole of the eyeball is prominent, and there is no significant horizontal tilt. The contour map of the back of the eyeball shows that the

prominent position is lower. Note the large vertical tilt (1st term).

confirmed that conjecture. The values of the 6th-27th HOAs-RMS
increased significantly in eyeballs with PS compared to eyeballs with
HM. The combination of HOAs-RMS and defocus can distinguish
PS from HM even better.

4.3 PS classifications

Different types of PS can cause retinal lesions in different parts,
resulting in varying degrees of vision or visual field loss (Ohno-
Matsui, 2014; Verkicharla et al., 2015; An et al., 2021; Lee et al,,
2021). Many researchers have tried to propose a classification
method for PS. Curtin divided PS into ten categories in 1977
(Curtin, 1977). On this basis, Ohno-Matsui divided PS into six
categories, which is the most commonly used PS classification
method (Ohno-Matsui et al, 2017). This study observed the
proportion of different types of PS and the distribution
difference of Zernike coefficients. The proportion of PS
classification is basically consistent with previous research
(Nagaoka et al.,, 2011; Ohno-Matsui et al., 2017). Wide macular
PS accounted for the largest proportion, reaching 63.3%. The
Zernike coefficients distribution of wide macular PS is
characterized by large defocus. This is due to the wide macular
PS eyeball showing a broad protrusion at the back, such as in

Figure 6A. Although the posterior part of the eyeball is convex
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overall, the posterior pole is blunt. Compared with a perfectly
spherical surface, the central part is relatively concaved.
Therefore, the spherical term, which indicates the central local
bulge is negative. In contrast, the narrow macular PS showed a
greatly increased spherical term, such as in Figure 6B. This is
because of the narrow central protrusion at the posterior pole.
The eyeball of the peripapillary PS mainly showed a significant
increase in horizontal tilt, which represented a tilt of the nose, while
the optic nerve was located on the nasal side. The vertical tilt of the
inferior PS was significantly reduced, which represented an increase
in the inferior tilt. These results show the consistency between the
Zernike coefficients and the actual eyeball geometry. In previous
studies, eyeballs with an irregular or difficult-to-describe shape were
defined as other classes, including double-edged staphyloma, etc
(Ohno-Matsui et al., 2017). This also reflects that the traditional
method has difficulty describing eyeballs in detail. Zernike analysis
has the advantage of describing complex eyeball shapes in more
detail and helps in the future automatic objective classification
of PS.

5 Limitations

Firstly, the number of PS patients included in this study is
relatively small. Therefore, we did not find the nasal PS and
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other PS. although the
quantitatively described in this study, the relationship with

Secondly, eyeball shape was
the degree of fundus damage in patients was not examined.

In future studies, these should be achieved.

6 Conclusion

The Zernike polynomial can describe the morphology of the
posterior eyeball well. The defocus, tilt, oblique astigmatism,
coma, and HOAs-RMS of PS all had significant changes
compared with HM. HOAs-RMS had the best effect in
distinguishing PS from HM. In various types of PS, the
changes in Zernike coefficients matched well with the
morphological changes.
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