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Abstract

The sclera uses unknown mechanisms to match the eye’s axial length to its optics during
development, producing eyes with good focus (emmetropia). A myopic eye is too long for its own
optics. We propose a multi-scale computational model to simulate eye development based on the
assumption that scleral growth is controlled by genetic factors while scleral remodeling is driven
by genetic factors and the eye’s refractive error. We define growth as a mechanism that changes
the tissue volume and mass while remodeling involves internal micro-deformations that are
volume-preserving at the macroscale. The model was fitted against longitudinal refractive
measurements in tree shrews of different ages and exposed to three different visual conditions: (i)
normal development; (ii) negative lens wear to induce myopia; and (iii) recovery from myopia by
removing the negative lens. The model was able to replicate the age- and vision-dependent
response of the tree shrew experiments. Scleral growth ceased at younger age than scleral
remodeling. The remodeling rate decreased as the eye emmetropized but increased at any age
when a negative lens was put on. The predictive power of the model was investigated by
calculating the susceptibility to scleral remodeling and the response to form deprivation myopia in
tree shrews. Both predictions were in good agreement with experimental data that were not used to
fit the model. We propose the first model that distinguishes scleral growth from remodeling. The
good agreement of our results with experimental data supports the notion that scleral growth and
scleral remodeling are two independently controlled mechanisms during eye development.
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1 Introduction

Myopia, also known as nearsightedness, has become an epidemic ocular condition [1] that
affects nearly 40% of the US adult population [2] and increased from 10% to 90% in some
Asian populations [3; 4]. A myopic eye is characterized by an elongated scleral shell as
compared to a normal eye [5]. Due to this axial elongation, the focal plane is in front of the
retina causing the blurry vision in a myopic eye. Myopia typically develops during
childhood when the eye and its tissues are still growing. Myopia is associated with a higher
risk of blinding diseases such as glaucoma, retinal detachment and macular degeneration [6—
9]. The purpose of this paper is to gain insight into the mechanisms underlying scleral
growth and remodeling (G&R) during normal eye development and myopia development.

For many years, myopia has been the focus of extensive investigations and a substantial
effort is being devoted to decipher the underlying mechanisms. During eye development, the
sclera is thought to simultaneously grow and remodel. Experimental evidence from animal
models increasingly points towards the existence of an active emmetropization mechanism
that adapts scleral remodeling to match the eye’s axial length to its focal length during eye
development, thus, producing eyes with retinal focus [10-13].

Tissue growth involves an increase in tissue mass, which can occur through cell division
(hyperplasia), cell enlargement (hypertrophy), and synthesis of extracellular matrix (ECM).
Remodeling involves changes in material properties. These material property changes, which
often are adaptive, may be due to micro-deformations within the tissue. Most soft tissues
such as the sclera are regarded as incompressible or nearly incompressible within the
physiological range of deformation due to their high water content. Consequently, micro-
deformations that may underly scleral remodeling are thought to lead to volume-conserving
deformations at the macro-scale due to the nearly incompressible property of the sclera.
Within this paper, we define scleral remodeling as a mechanism that involves the
rearrangement of existing material due to micro-deformations that are volume-conserving at
the macro-scale, while scleral growth is a mechanism that changes the amount (volume) of
scleral tissue.

The scleral ECM exhibits a complex hierarchical structure, which varies across species. We
use data obtained from animal experiments in tree shrews. The tree shrew is a well
established animal model for myopia and its sclera exhibits a similar hierarchical structure
compared to humans [14-18]. The tree shrew as well as the human sclera is mainly
composed of type I collagen fibrils at the micro-scale, which form interwoven lamellae at
the meso-scale. Inducing myopia in the tree shrew (by either using a negative power lens or
a diffuser) has been shown to impact the sclera by: (i) thinning [16]; (ii) reduction in dry
weight (3-5%) [16; 19; 20]; (iii) lowering hyaluronan and sulfated glycosaminoglycan
(GAG) levels [20]; (iv) increasing enzymatic degradation [21-24]; (iv) decreasing collagen
type | synthesis [25]; and (V) increasing scleral creep rate [26; 27]. The aforementioned
findings suggest that axial elongation in myopia is not due to accelerated tissue growth as
the dry weight and collagen synthesis are reduced. Instead, myopia is likely due to a
remodeling mechanism that involves micro-deformations within the scleral ECM, which
alter scleral biomechanics (creep rate). McBrien et al. [28] have suggested that myopia

J Elast. Author manuscript; available in PMC 2018 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Grytz and EI Hamdaoui Page 3

underlies biomechanical scleral weakening, which leads to a creep-like elongation of the
sclera at normal intraocular pressure (IOP). Summers Rada et al. [10] suggested that the
reduction in aggrecan could make it easier for scleral lamellae to slide across each other
during myopia development. In a recent inverse computational study, we have predicted that
the collagen fibril crimp increases during myopia development and hypothesized that this
may be due to intra- and/or inter-lamellar remodeling deformations [29]. Zhu et al. [30]
reported that the eyes of tree-shrews and other species can axially shorten when exposed to a
myopic defocus (using a positive power lens or by removing a negative power lens after
myopia was induced), which suggests that scleral remodeling may be reversible.

Bryant and McDonnell [31] proposed the first computational model to simulate axial
elongation in myopia. This has been the only study that attempted to computationally model
myopia development. The model was fitted to a very limited set of experimental data
available at that time. Bryant and McDonnell [31] used a growth tensor to model axial
elongation based on the assumption that myopia is due to accelerated tissue growth, which is
in disagreement with experimental data available now. As a part of our ongoing efforts to
elucidate G&R mechanisms in myopia, we propose a new multi-scale computational model
to investigate the hypothesis that scleral growth and scleral remodeling are two
independently controlled mechanisms. We hypothesize that scleral G&R occur
simultaneously and both mechanisms contribute to the axial elongation of the eye during
development. We assume that scleral growth is solely determined by genetic factors. In
contrast, scleral remodeling is assumed to be controlled by both, genetic factors and visual
environment (i.e. vision-guided). Our computational multi-scale model is based on the
following main assumptions: (i) the sclera deforms due to external loading and G&R; (ii)
scleral G&R ceases with age; (iii) scleral remodeling is modulated by the eye’s refractive
error; and (iv) scleral remodeling is (initially) reversible.

The model incorporates multiple length scales as the visual stimulus is calculated at the
organ-level, which drives scleral remodeling at the lamella-level. Age-dependent scleral
growth occurs simultaneously at the tissue-level and ceases with age. Both, scleral G&R
lead to scleral elongation at the tissue-level and axial elongation at the organ-level impacting
the visual stimulus and closing the vision-guided feedback loop.

This paper is organized as follows: In Section 2 we present our G&R formulation. In Section
3 we fit our model to new and previously published tree shrew data [32]. In Section 4 we
investigate the predictive power of our new model by validating it against data that was not
used to fit the model [24; 33]. Finally, we discuss the presented model and results in Section
5.

2 Computational Modeling of Scleral Growth & Remodeling

2.1 Evolution Equations

Our approach to model scleral G&R is based on the hypothesis that G&R are two
independently controlled mechanisms that occur simultaneously at different rates and cease
over time. We propose that the scleral remodeling is vision-guided and that the remodeling
rate is up- or down-regulated to match the eye’s axial length with its focal length during
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emmetropization. Based on the finding that scleral dry weight is only slightly reduced (3—
5%) [16; 19; 20] after lens induced myopia, we assume that tissue growth is not significantly
altered by any visual stimulus.

We define scleral growth as a genetically determined mechanism that increases scleral tissue
volume and mass without changing the tissue density. The growth rate is defined at the
tissue-level by introducing the following (strictly convex) evolution equation for the so-
called growth stretch A 4

in which, is time in days, a;and b, are parameters to be determined by fitting experimental
data. We define = 0 as the day at which the animal opens their eyes for the first time.
Consequently, frepresents time measured in days of visual experience (DVE). The growth
stretch A4 represents the in-plane elongation of the sclera over time due to tissue growth. a,
is a parameter that is related to the growth rate at #= 0 with the unit Days™1. by has the same
dimension as fand determines how quickly the growth ceases with £ Figure 1 shows the
growth stretch rate for different values of a;and 4,

We define scleral remodeling as a mechanism that involves internal tissue deformations and
restructuring of the ECM at the collagen fibril and/or scleral lamella-level. Similar to our
previous work, we model scleral remodeling as a residual stretch between scleral lamellae
and the ground substance of the sclera [34]. To mathematically describe the remodeling rate,
we propose an independent evolution equation of the remodeling stretch A by the following
multiplicative form

y max

- E
A=A 0,00, (2)

. max

where \"** is the maximum remodeling rate, 5% < [—1;1] represents the vision-guided
stimulus computed at the organ-level, and &, € [0; 1] represents a factor that accounts for
heterogeneous remodeling across the scleral shell. The sclera is assumed to continuously
remodel while the eye grows to compensate for environmental changes in refractive error.
Based on the refractive state of the eye, scleral remodeling can be upregulated up to its

y max

maximum remodeling rate \,"". Consequently,
remodeling rate and is defined as

represents the upper bound of the

v Imax
A

max jmax2
ymax @A, br

T ) (g

The parameter ¢** represents the maximum remodeling rate at 7= 0. p*** determines the

y max

shape of \,*". Similar to the growth rate (1), the maximum remodeling rate is assumed to be
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genetically determined and to decrease with age. These assumptions are based on the
observation that the relative axial elongation rate (treated eye minus control eye) decreases
with age in lens treated tree shrews [32].

Scleral remodeling is assumed to be vision-guided, where 5% in (2) represents one potential
cue that the eye uses to alter scleral remodeling: the refractive error of the eye. It is unclear
what visual cues the retina detects but it is likely that the retina is sensitive to multiple visual
stimuli. Note that other visual cues can be incorporated into our model such as the degree of
form deprivation, contrast, wave length of light, and light intensity. Additional cues are

likely additive terms that would contribute to 57, i.e. an animal that wears a negative lens
that is also a diffuser would result in a higher remodeling stimulus than one of the single
cues alone. Based on the findings by Zhu et al. [30] we assume that scleral remodeling can
lead to scleral elongation (positive remodeling) and shortening (negative remodeling). In this
paper, we use the generalized Richards’ functions to define the visual stimulus as a function
of the eye’s refractive error £

E
(SE:(ZE 1- a

,. 7-+1+exp(_b§(E—cF))' (4)

The visual stimulus function §% is monotonically increasing with £ The impact of the

model parameters 2 % £ on the vision stimulus function is illustrated in Figure 2.

Guggenheim and McBrien [35] reported that MMP-2 upregulation was higher at the
posterior sclera as compared to equatorial samples in 5 day form deprived tree shrews.
Experiments in chicks and tree shrews have shown that if partial diffusers or negative lenses
cover only half of the retina, only that half of the eye elongates [36—-38]. These findings
suggest that scleral remodeling is locally controlled and heterogeneous across the scleral
shell. We use the term & in (2) to account for heterogeneous remodeling across the scleral
shell. We assume that scleral remodeling is highest at the posterior pole and reduces towards
the anterior sclera. The heterogeneity factor &, is defined by the following distribution,
which is illustrated in Figure 3.

1 for |of < %
0= —24la| for Z<|a|<Z with a € [—mm]
0 for |Oz| 2 % (5)

The presented G&R model consists of seven unknown parameters: two parameters that
define the age-related growth rate Xg (a4 bg); two parameters that define the age-related

y max

maximum remodeling rate )\, (", p**); and three parameters that define the vision-

guided remodeling stimulus 67 (o b ¢¥). The temporal discretization of the evolution
equations (1) and (2) were realized by an explicit update of the growth stretch A 5 and the
remodeling stretch A
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2.2 Constitutive equations

The sclera can deform due to external loads (elastic deformations) and tissue G&R (inelastic
deformations). Tissue growth is assumed to change the tissue volume without changing the
tissue density. Similar to the work by Bryant and McDonnell [31], we adopt the concept of
finite volumetric growth [39] and multiplicatively split the deformation gradient F into an
elastic part Foand a growth part F,

F=F.F,. (6)

We assume that the eye tissues grow isotropically

F =)\, @)

where I is the second order identity tensor and the evolution of the growth stretch A is
defined in (1).

The scleral is mostly composed of fibrillar collagen type I, which aggregate into scleral
lamellae that are embedded into a soft matrix (ground substance). The ground substance
represents all noncollagenous tissue constituents such as elastin, GAGs, proteoglycans, and
cells, and is assumed to be isotropic and nearly incompressible. We assume that the total
strain energy of the sclera W/ can be decomposed into the energy contributions of the scleral
lamellae W;q and ground substance Wipat

W:Wcol + Wmat . (8)

The strain energy contribution of the ground substance is approximated by an isochoric Neo-
Hookean formulation

1 1
Wmatzﬁu(J;Q/?’tr(Ce))Jr5/1(111 Je)?, )

which is a function of the elastic right Cauchy-Green tensor C,and the elastic Jacobian J,

C.=F.F.=F,'CF,!, J.=det(F.) with C=F'F. (10)

Two material parameters are used to define W, the shear modulus p and bulk modulus «x.

To account for the hierarchical collagenous structure of the sclera, the strain energy
contribution of the scleral lamellae is approximated by a distribution of scleral lamellae that
are composed of crimped collagen fibrils [40-42]. At the micro-scale, collagen fibrils crimp
and buckle when the eye is unloaded. At the meso-scale, collagen fibrils form scleral
lamellae that are strongly interwoven. We use a normalized von Mises distribution function
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p(¢) [42; 43] to define the in-plane distribution of scleral lamellae as a function of an
Eulerianangle ¢ € [-1t/2;w/2]

exp(b cos(2¢))

S T

where b is the concentration parameter and /; the modified Bessel function of the first kind
and order zero. The three-dimensional orientations of scleral lamellae are defined by the unit
vector eg

eo(p)=sin(p)A1+cos(p)Az.  (12)

A and A are part of an orthonormal basis Aj, where A; points in the circumferential and
A, in the meridional direction of our eye model. Note that for 5= 0 scleral lamellae are
planar isotropic distributed tangential to the scleral shell. We define the strain energy density
function of the scleral lamellae as

/2
Wooi= / (&) Wb (Aamelia () do.
y— (13)

Scleral lamellae are composed of crimped collagen fibrils. Consequently, the strain energy in
each scleral lamella orientation eg(¢) is represented by our 1-dimensional model for crimped
collagen fibrils W4 [40] as a function of the lamella stretch Ajzmella-

To account for scleral remodeling, we define the lamella stretch Ajamelia in (13) to be the
elastic tissue-level stretch A reduced by the remodeling stretch A - [34].

Ae(9)  (eo(¢)Ceen(9))"?
)\lamella(gb)* /\r - )\T . (14)

While the elastic tissue-level stretch A, may differ for different orientations eg(¢), the
remodeling stretch A ,is assumed to be identical for all orientations. The evolution of the
remodeling stretch A ,is defined in (2).

The multi-scale constitutive model consists of six parameters: the shear modulus p and the
bulk modulus « of the ground substance (tissue-level); the concentration parameter b of
scleral lamella orientations (lamella-level); and the collagen fibril crimp angle 6, the elastic
modulus of collagen fibrils A, and the ratio Ry/ry between the collagen fibril crimp
amplitude and fibril radius (fibril-level). The latter three parameters define the strain energy
density of crimped collagen fibrils Wiy in (13). We refer to Grytz and Meschke [40] for a
detailed derivation of W4j,. We assume that the eye tissues are nearly incompressible by
setting the bulk modulus to « = 1000u. We assume that lamellae are planar isotropic
distributed (4 = 0) in the sclera and cornea, and highly aligned in the circumferential
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direction at the limbus (6 = 10). The remaining material parameters were obtained from our
previous inverse fitting of uniaxial tensile test of tree shrew scleral strips [29]. We used the
fitted parameters of the youngest normal tree shrew group (24 DVE) from our previous
study [29]. The material parameters including the distribution of the concentration factor &
across the eye are summarized in Figure 4. We used the material parameters of the sclera to
also model the elastic response of the cornea as no other data was available. Note that the
choice of the corneal material parameters plays a minor role in our G&R simulations
presented in the following two sections as IOP remained constant in all our simulations. In
addition, the corneal parameters play a minor role here as myopia development was
simulated by modulating scleral remodeling, which is consistent with experimental
observations.

3 Inverse Parameter Identification

3.1 Subjects

Our G&R model was fitted to previously published data from Norton et al. [32] consisting of
6 groups of tree shrews G;—g that were treated with a -5D lens on one eye at different ages (n
=5 per group) and one new group of normal animals (no treatment) Gy (7= 7). One group
of Norton et al. [32] was disregarded here as it didn’t enrich the cost function used to fit our
model. The lens wear started at 11, 16, 24, 35, 48, and 100 DVE in G;g, respectively. Lens
treatment was performed for 11 days in G;—5 and for 41 days in the oldest group Gg. The
treated eye developed myopia during lens treatment while the refractive development of the
control eye remained normal in G;—g. Afterwards, the lens was removed and the animals
were allowed to recover from the lens-induced myopia. Only the data of the treated eye of
G1-g Were used in this study. The time-dependent visual experience of all groups is
summarized in Figure 5. Refractive measurements were made throughout the lens treatment
and recovery periods of groups Gj—g using a Nidek ARK-700A infrared autorefractor
(Marco Ophthalmic, Jacksonville, FL). In addition to refractive measurements, the axial
dimensions were obtained for the new normal group Gy using a Lenstar LS-900 optical
biometer (Haag-Streit USA, Mason, OH). Details about the experimental procedures can be
found in Norton et al. [32]. The LenStar biometer is known to be calibrated for human eyes
[44].

Gann [45] compared the LenStar biometer with A-scan ultrasonography to measure ocular
components in tree shrews showing that LenStar measures are typically smaller compared to
A-scan measures of the same eye. Based on the regression reported by Gann [45], the axial
length measurements of Gy were translated into A-scan equivalent values by means of the
following equation

a

=0.70+0.93 @y 500+ (15)

A—scan

The averaged refractive data of each group was used to fit the G&R model. The earliest
refractive measurements were performed at 11 DVE in Gy and Gy, which marks the starting
age of all our G&R simulations.
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3.2 Reduced Optical Eye Model

Following the idea of Bryant and McDonnell [31], we use the reduced schematic eye model
proposed by Norton and McBrien [46] to calculate the refractive error £in our G&R
simulations

a-n f b (16)

where the axial length &, the nodal length 7, and the focal length fare illustrated in Figure 6.
L represents the refractive power of a lens when put in front of the eye. L =0 if no lens is
used.

To calculate the refractive error in our G&R simulations, two additional assumptions had to
be made. First, we assume that the development of the cornea and lens is genetically defined
and remains unaffected by the vision-guided mechanism that matches the eye’s axial length
to the focal length. This assumption is backed up by experimental observation in humans [5]
and tree shrews [47]. Based on this assumption, we can consider that the focal length fand
nodal length 77 remain unaltered during lens wear and recovery in the animal experiments
G1-¢- Second, we assume that the ratio between the nodal and axial length © = n/a remains
constant over time and unaffected by the emmetropization process. Norton and McBrien
[46] experimentally determined this ratio to be T = 0.447 for tree shrews at 75 DVE. Based
on these two assumptions, we can compute the unknown focal length fand nodal length 7
from the normal group Gy, which includes experimental data of both, the refractive error £
and the axial length a. If £and aare given, the nodal and focal length can be simply
computed from (16) as

n=ra, f:#, with 7=n/a=0.447.

(1-— 7')71 —aF (17)

To calculate nand fat any age, curve fits were performed. The best-fit curves are shown in
Figure 7 and can be written as

36.87 16.48 26.85

0=8063 — vor T T er M T s )

where frepresents the time in Days. Our curve-fits differ from [31], who used an exponential
fit. The exponential function used by Bryant and McDonnell did not produce good fits for
our data, which is mainly caused by the continued axial elongation at older ages in our new
normal group Gy. Note that our normal group Gp includes measurements at much older ages
(up to 180 DVE) compared to the data used by Bryant and McDonnell [31] (up to ~ 80
DVE).
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3.3 Finite Element Model of the Tree Shrew Eye

The geometry of the tree shrew eye is approximated by means of two concentric ellipses
representing the corneo-scleral shells. We estimated the radii of the two ellipses (Figure 8b)
by matching the ellipses to a histological section (Figure 8a) and the average axial length of
our normal group Gy at 11 DVE (7.095 mm). To model the scleral thickness, we used the
average thickness measurements of the youngest normal group (15 DVE) reported by Kang
[48]. The measurement locations were translated into the angle p shown in Figure 8b. As we
assume axis-symmetry, nasal and temporal thickness measurements at g and -3 were
averaged. Table 1 summarizes the symmetrized thickness measures used to create the FE
mesh. We used the LenStar data of our normal group Gy to define central corneal thickness
in our model (231 pm at 11 DVE). Corneal thickness was gradually reduced from the
corneal apex to the first finite element of the sclera at the limbus. In contrast to human
corneas, the tree shrew cornea thins towards the limbus, which is well appreciated in the
histological section in Figure 8a.

Our constitutive model and G&R formulation was implemented into the open-source code
CalculiX [49]. A 2° piece of the axisymmetric tree shrew eye model was discretized into 170
twenty-node quadratic brick elements with reduced integration (C3D20R) and 10 fifteen-
node wedge elements (C3D15) as shown in Figure 8d. The intraocular surfaces of the
corneo-scleral shell were subjected to 15 mmHg IOP. We used our previously published
prestressing method to apply IOP and presstress the model without deforming it [50].

The FE simulations of all groups started at 11 DVE and consists of up to four simulations
steps: (i) prestressing at 15 mmHg IOP; (ii) normal development; (iii) -5D lens wear; (iv)
recovery from -5D lens wear. The normal group Gy underwent the simulation steps (i) and
(ii). The group G; underwent the steps (i), (iii), and (iv), while the remaining groups G,—g
used all simulation steps (i—iv). The simplified model of the eye’s optical system in
Subsection 3.2 was used to translate the axial length of the FE model into the refractive
error. Axial length was defined as the distance between the corneal apex point (#;) and the
intraocular node (/) at the posterior pole as shown in Figure 8d.

The seven G&R model parameters &, by, o™, > o bE and ¢ were then fitted by
minimizing the cost function

6 N;

COSt:ZZ(EFg - EEjp )
i=0j=1 (19)

which represents the sum of the squared residuals between the computationally predicted
refractive error Egg according to (16) and the experimentally measured refractive error Egp.

E;j, represents the average experimental refractive errors of group G;(7/=0, 1, 2, ... 6) at
day / of visual experience. /V; represents the total number of refractive measurements of
experimental group G;. As we sum the squared residuals over all groups, the parameters
obtained by the inverse fitting represent the best overall fit of our G&R model to all

experimental groups.
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3.4 Results

To ensure that the fitting algorithm converged to the global minimum, we used the genetic
algorithm implemented by MATLAB (The MathWorks Inc., version R2014b) for our inverse
analysis. The population size was set to 150 and proportional fitness scaling was activated.
The seven unknown model parameters were constrained according to Table 2. All other
options of the genetic algorithm remained in their default setting.

The best fit G&R parameters obtained by the inverse FE analysis are shown in Table 3.
Figure 9 shows the growth rate (1), normal remodeling rate (2) and vision-guided stimulus
function (4) that were obtained by the inverse FE analysis. Compared to the maximum
remodeling rate, the growth rate decreased much faster with age impacting the refractive
development of the eye only at very young ages (Figure 9a, b). The vision-guided stimulus
function shown in Figure 9c suggests that scleral remodeling continues at a baseline level
when emmetropia is reached. Furthermore, it also supports the notion that scleral

remodeling can be reversed by scleral shortening as the stimulus function 52 <( for
refractive errors £< -1.66 D.

The experimental and computationally predicted evolution of the refractive error in Gy—g are
plotted in Figure 10. For clarity, we plot the experimental and computationally predicted
refractive error of each lens treated group G;—g together with the normal group Gy in Figure
11. The evolution of the remodeling rates of each lens treated group G;—g are plotted in
Figure 12 together with the normal remodeling rate of Gy and the maximum remodeling
rate. The G&R model replicated well the experimental data of all groups Figures 10, 11). In
particular, the normal refractive development and the lens treatment periods were well
replicated by the model. The recovery periods were less well matched. However, it is
important to note that the variation in the experimental data was much higher during the
recovery period as can be seen by the error bars in Figure 11.

Tree shrews are born hyperopic. Consequently, the initial remodeling rate (at 11 DVE) was
high in our simulations (close to the maximum remodeling rate) (Figure 9a) but the normal
remodeling rate decreased faster than the maximum remodeling rate as the normal eye
emmetropized (Figure 10). When the -5D lens was put ON in Gj—g, the remodeling rate
increased followed by a slow decrease back to the normal remodeling rate as the eye
emmetropized to the lens. Due to the age-dependent decrease in the maximum remodeling
rate, the remodeling rate slowed with age from group G; to Gg during lens treatment (Figure
12). When the -5D lens was taken OFF, the remodeling rate decreased to a negative value in
all lens-treated groups (Gi-g) suggesting that scleral remodeling was not only slowed but
temporarily reversed (Figure 12). The remodeling rate returned back to normal levels as the
eye recovered from the lens-induced myopia during the recovery period in Gy—g.

Figure 13 shows the evolution of the FE model including the axial length of the lens-treated
group Gz and the normal group Gy for selected DVEs. The contour plot on the left (right)
half of each eye shows the evolution growth (remodeling) stretch across the axisymmetric
eye model. Based on our assumption that tissue growth is solely genetically controlled, the
growth stretch evolved identically in both models. The normal and treated eyes remodeled in

J Elast. Author manuscript; available in PMC 2018 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Grytz and EI Hamdaoui Page 12

the same fashion until the age of 24 DVE. During lens treatment from 24 to 35 DVE the
treated eye elongated at a faster rate due to accelerated scleral remolding induced by the -5D
lens. Due to the lens-induced increase in the remodeling stretch, the treated eye was axially
longer at 35 DVE when compared to the normal eye (7.547 mm vs. 7.470 mm). After the
lens was removed, the treated eye recovered from myopia by slowing scleral remodeling
resulting in a remodeling stretch distribution and axial length that matched the normal eye at
83 DVE.

4 Model Validation

In order to test the predictive power and to validate the proposed G&R model, we compared
model predictions to experimental data that was not used to fit the model.

4.1 Susceptibility to Scleral Remodeling and Myopia

Siegwart and Norton [33] induced myopia in tree shrews for 12 days with a translucent
occluder (form deprivation) starting at 7, 15, 21, 33, 48, and 63 DVE (n7= 5 in each group).
In contrast to a negative powered lens, form deprivation induces a constant visual stimulus
that leads to progressive axial elongation and progressive myopia. Siegwart and Norton [33]
calculated the susceptibility to myopia as the difference in refractive error between the form
deprived and control eye after the 12 days of monocular treatment.

Within our G&R model, the scleral remodeling rate A, decreased during normal eye
development due to both, the age-dependent reduction of the maximum remodeling rate

A and the vision-guided stimulus 5. Based on our model, a normal eye is susceptible to

y max

develop myopia when A< \"**. We define the susceptibility to scleral remodeling as the

y max

difference between the age-dependent maximum remodeling rate \ " and the vision-guided
remodeling rate A ,during normal eye development (Gp). Let’s assume that form deprivation
induces a visual stimulus that up-regulates scleral remodeling, which, in the worst case, can

y max

accelerate scleral remodeling up to its maximum rate ) ™. Consequently, the susceptibility
to scleral remodeling should correlate to the eye’s susceptibility to myopia. The numerically
predicted susceptibility to scleral remodeling and the experimentally measured susceptibility
to myopia [33] are plotted in Figure 14. The numerical results match well the temporal trend
of the experimental data well, where both, scleral remodeling and myopia, show an initial
increase in susceptibility at juvenile age followed by a decrease in susceptibility at older
ages.

4.2 Scleral Remodeling During Form Deprivation
As discussed in the previous subsection, form deprivation provides a constant visual
stimulus that induces axial elongation and myopia. Siegwart and Norton [24] form deprived
a cohort of tree shrews (n=5) from 24 to 35 DVE followed by 4 days of recovery. We
estimated the refractive development of the treated eye by assuming that form deprivation in
[24] provided a constant visual stimulus that increased scleral remodeling up to its

maximum rate (5©=1.0). Figure 15 shows a good agreement between the numerically
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predicted and experimentally measured refractive development during form deprivation and
recovery underlining the predictive power of the G&R model.

5 Discussion

We have presented a multi-scale G&R model to simulate refractive development during
normal eye development and lens-induced myopia in the tree shrew. The visual stimulus
(refractive error) was computed at the organ-level, the age-dependent growth occurred at the
tissue-level, and vision-guided remodeling was modeled at the lamella-level. The model was
fitted to a wide range of data obtained from tree shrews that experienced normal vision, lens-
induced myopia, and recovery from myopia at different ages. The G&R model was able to
replicate the age- and vision-dependent response of the tree shrew eye. The model results
suggest that scleral growth ceases much faster with age than scleral remodeling. During
normal development, scleral remodeling was predicted to occur at a high rate (close to
maximum) in very young tree shrews (< 15 DVE). The remodeling rate decreased with age
and as the eye emmetropized but increased at any age when a negative lens was put on. The
fitted vision-guided stimulus function suggests that scleral remodeling does not stop but
continues at a baseline rate once emmetropia is reached. This baseline remodeling rate
seems to be important to maintain clear vision during childhood as the ocular refractive
components are still developing. Recovery from myopia was predicted to occur due to
slowed scleral remodeling and a partial recovery of preceding remodeling deformations.
These findings support the notion that eyes can detect the sign of blur [51] and can shorten
to compensate for myopic defocus [30].

The G&R model was validated against two experiments that were not used to fit the model.
The model predicted that tree shrews are most susceptible to lens-induced myopia and
scleral remodeling at juvenile age, which is in good agreement with experimental
observations by Siegwart and Norton [33]. The model provides a mechanistic explanation
for the increased susceptibility at juvenile age. As the the tree shrew eye is hyperopic at
birth, the visual stimulus is high until the eye is close to emmetropia (~ 20 DVE).
Consequently, the susceptibility to myopia is low in very young animals (<15 DVE) as the
eye is already remodeling at almost maximum speed. Once the normal tree shrew eye is
close to emmetropia (~ 20 DVE), the susceptibility to myopia increases as the vision-guided
stimulus has increased potential to accelerate scleral remodeling. At older ages, the
susceptibility decreases as the maximum remodeling rate decreases with age, which may be
due to an age-related accumulation of collagen crosslinks. The second validation showed
that the G&R model can predict the refractive development of a tree shrew eye during form
deprivation [24] underlining the predictive power of the model.

It is unclear what visual cues the retina detects. Our model uses the refractive error as a
visual stimulus to alter scleral remodeling. Animal experiments and prevalence studies in
humans suggest that other visual cues may impact the emmetropization process such as:
form deprivation [24]; darkness [52]; near work [53]; contrast sensitivity [54-57]; light
intensity [58-62]; chromatic cues [63-67]. Consequently, multiple visual cues may interact
and alter scleral remodeling. Additional visual cues can be incorporated into our G&R

model by changing the visual stimulus function 5£.
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Multiple mechanisms have been suggested to underly collagen remodeling in soft tissues:
micro-deformations between fibrils, fibers, or lamellea [10; 29; 68]; collagen turnover [69—
75]; or collagen fiber reorientation [76; 77]. We hypothesized that scleral remodeling in
myopia is due to micro-deformations between collagen fibers and/or fibrils. We also
assumed that these micro-deformations cease with age as predicted by the decrease in
maximum scleral remodeling rate with age. Scleral remodeling deformations may be
inhibited with age due to age-dependent accumulation of collagen crosslinks. McBrien and
Norton [78] have shown that preventing natural collagen crosslinking alone does not alter
the refractive development but doubles the axial elongation rate when used together with
form deprivation in juvenile tree shrews. A recent study by Wang and Corpuz [79] has
shown that artificial crosslinking using genipin slows myopia development in guinea pig.
These two experimental observations support the notion that collagen crosslinks modulate
the maximum scleral remodeling rate. Different remodeling mechanisms may or may not
cease with age as assumed here. For instance, optic nerve head remodeling in glaucoma
typically occurs in elderly, where myopic scleral remodeling is ineffective. We and others
have suggested that optic nerve head remodeling in glaucoma may be due to altered collagen
synthesis and degradation and not due to micro-deformations as proposed for scleral
remodeling in myopia [34; 80; 81].

The proposed G&R model is based on many simplifications and assumptions. While its
predictive power was investigated, many experimental observation can not be explained yet.
Our model makes no difference between a myopic defocus that is induced by a positive
powered lens or by removing a negative powered lens after myopia was induced. The
experimental data used in this study shows that the tree shrew eye can recover from negative
lens-induced myopia at all investigated ages, even in young adult animals [32]. In contrast to
the recovery from myopia, the tree shrew eye can only adapt to a plus lens at very young
ages [82]. At older ages, at which the recovery from myopia is still working, using a plus
lens leads to axial elongation and myopia [83] while our model would predict the opposite.
The underlying mechanism that leads to a different response during recovery from myopia
and plus lens wear is unclear as both cause a myopic defocus. Additional or alternative
visual cues (e.g. contrast), that are currently not accounted for in our model, might modulate
scleral remodeling during myopic defocus. Rucker and Wallman [64] suggest that the eye
can differentiate between hyperopic and myopic defocus based on changes in luminance and
color contrast. Contrast sensitivity was shown to change with the current refractive state of
the eye [55], which may underly the different response during plus lens wear and recovery
from minus lenses. Our current model did not incorporate the effect of contrast on scleral
remodeling, which may be an important visual cue during myopic defocus and may explain
why our model was less successful in matching the recovery data.

While the G&R response was modeled using a multi-scale approach, the signaling of the
visual defocus from the retina to the sclera was not modeled. The signaling molecules have
to pass through the choroid, which may alter the signal [84-87] and contribute to the vision-
guided response by choroidal thickening/thinning [88-90]. Furthermore, experimental
evidence supports the notion that visual stimulus detection and signaling from the retina to
the sclera occur locally [35-38; 91]. In particular, peripheral defocus is thought to promote
myopia in humans [92-97]. We imposed heterogeneous scleral remodeling across the scleral
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shell using the function &,. Further advancements of the model are required to incorporate
local vision-guided effects of the choroid and sclera.

We have proposed the first multi-scale model that distinguishes scleral growth from
remodeling during eye development. The good fit of our model to a wide range of age- and
vision-dependent refractive data, and the good agreement of model results to experimental
data that were not used to fit the model supports the notion that scleral G&R are
independently controlled mechanisms. The multi-scale simulation of scleral G&R provides
new insight into the emmetropization process, which cannot be achieved by experiments
alone as deformations due to growth cannot be distinguished from remodeling deformations
with current experimental techniques.
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Fig. 1.
The growth stretch rate Xg as defined in (1). Hlustrative plots are shown for different values

of ayand b, (a) Shows the effect of varying the parameter a, while b, = 30 Days. (b) Shows
the effect of varying the parameter 5, while ;= 0.01 Day~1. The parameter dg represents
the growth rate at = 0, while b, determines the shape of the growth rate function in (1).
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aF = 0.0
S a;? = —0.5
......... af: — —1.0

Fig. 2.

The visual stimulus function as defined in (4). The function increases with the current
refractive error £ of the eye. (a) Shows the effect of varying the parameter ,* while
bE=—0.2D'and ¢Z=0D. (b) Shows the effect of varying the model parameter 5~ while
af=—1.0and ¢£=0.0 D. (c) Shows the effect of varying the model parameters ¢~ while
af=—1.0andp”= — 0.3 DL The parameter o < [—1;1] represents the lower asymptote.

bE represents the slope of the curve at the inflection point, while ¢ shifts the inflection point
along the E-axis.
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Fig. 3.
The heterogeneity factor 6, as defined in (5) is used to model the heterogeneous remodeling

rate across the scleral shell. The heterogeneity factor is 8, = 1 at the posterior sclera for |a|

™ m
< m/4 and it gradually decreases to §, = 0 towards the anterior sclera for Z<|a|< 5
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Fig. 4.

The elastic model parameters used in this study. (a) The tissue and fibril level parameters
that were assumed to be constant throughout the sclera and cornea. (b) Distribution of the
lamella-level concentration parameter b showing high lamellar alignment in circumferential
direction at the limbus while the remaining parts of the sclera and cornea were assumed to
have a planar isotropic distribution of lamellae tangential to the corneo-scleral shell.
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Days of Visual Experience (DVE)

Fig. 5.

Tr?e visual experience of the animal groups used to fit the G&R model. Gy represents the
normal group without lens treatment. Groups G;_g represent tree shrews that were treated
with a -5D on one eye at different ages. The experimental data of groups G;_g are from
Norton et al. [32]. All simulations started at 11 DVE.
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a

Fig. 6.

Tr?e reduced schematic eye model as proposed by Norton and McBrien [46]. The points 2,
N, and Frepresent the front of the cornea, posterior nodal point, and posterior focal point,
respectively. The quantities 7, 7, and arepresent the posterior nodal length, posterior focal
length and axial length, respectively. An eye is emmetropic for a= f+ n, myopic for a> f+
n, and hyperopic for a< f+ n.
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Fig. 7.

Curve-fits and experimental data of the normal group Gy for (a) the axial length; (b) the
focal length; and (c) the nodal length. Note that the experimental values of the focal length
and the nodal length were computed from the experimentally measured axial length and
refractive error by using (17). The reported values in (a) were translated into A-scan
equivalent axial lengths using (15). Error bars represent the standard error of mean.
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Fig. 8.

(a? Histological section of a tree shrews eye. (b) The two concentric ellipses (dashed and
solid lines) used to approximate the tree shrew eye geometry (solid lines). The radii in xand
ydirection of both ellipses are shown. (c) A 2D view showing the scleral thickness as
indicated in Table 1. (d) The axisymmetric FE mesh of a tree shrew eye at 11 DVE with
zoomed views of the mesh at the corneal apex and posterior pole. Axis-symmetry was
enforced by using axisymmetric boundary conditions at the two surfaces in circumferential
direction. A constant IOP of 15 mmHg was applied to the interocular surfaces of the mesh.
Axial length was calculated as the distance between points 2, and A;.
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Fig. 9.
(a) The fitted normal growth rate (1), normal remodeling rate (2), and maximum remodeling

rate (3) showing that scleral growth ceased at younger age compared to normal scleral
remodeling. (b) Magnified view of the fitted normal growth rate suggesting that scleral
growth impacts the axial development of the tree shrew eye solely at very young ages. (c)
The fitted vision-guided stimulus function as defined in (4). At emmetropia (£ = 0), the

visual stimulus is larger than zero (§=0.185) suggesting that scleral remodeling continues

at a baseline rate when emmetropia is reached. Scleral shortening (5 <0) occurs for £<
-1.66 D.
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Fig. 10.
Plots of the best fit results obtained by the inverse G&R analysis. Shown are the

computationally calculated refractive error and the average experimental refractions of
groups Gp—g. The experimental tree shrew data of groups G;—g was obtained form Norton et
al. [32]. The G&R model replicated well the experimental data well, in particular, the
normal development group (Gp) and lens treatment period of the lens-treated groups (Gi—g).
The dashed lines indicate when the -5D lens was put ON or OFF in groups G;-g (see Figure
5 for treatment history).
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Fig. 11.
Magnified plots of the computationally calculated and the experimentally measured

refractive errors (average, standard error of mean) of each lens treated group Gj—g. The
numerical results and experimental data of the normal group G is shown in all plots.
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Fig. 12.

The scleral remodeling rate (SRR) predicted by the inverse G&R analysis for each lens

treated group Gj—g. The maximum remodeling rate A“* and the normal remodeling rate Ar

for Gy is shown in all plots.
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Fig. 13.

Evolution of the eye’s axial length, the growth stretch A 4 (contour plot on left half of the FE
model), and the remodeling stretch A, (contour plot on the right half of the FE model) for
the lens treated group Gz and the normal group Gy at 11, 24, 35, and 83 DVE. While the
growth stretch evolves identically in both models, the remolding stretch increased in G3
during the lens treatment when compared to normal eye development in Gy. After the
recovery period, the axial length and the remodeling stretch of the lens treated FE model
evolved back to normal values.
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Fig. 14.

Susceptibility of tree shrews to scleral remodeling predicted by the G&R model and the
susceptibility to myopia experimentally obtained by Siegwart and Norton [33]. The
susceptibility to myopia was measured as the difference in refractive error between the
treated and control eye after 12 days of monocular form deprivation. The predicted age-
dependent susceptibility to scleral remodeling follows the age-dependent trend of the
susceptibility to myopia.
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Fig. 15.
The computationally predicted (FE) and experimentally measured visual development (EXP)

of a tree shrew eye during 11 days of form deprivation (FD) followed by 4 days of recovery.
The predicted model replicates well the experimental data. The experimental data of the
form deprivation group (average, standard error of mean) were obtained from Siegwart and
Norton [24]. The experimental data and numerical prediction of the normal group Gy are
shown for comparison.
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