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Peripapillary and Posterior
Scleral Mechanics—Part II:
Experimental and Inverse Finite
Element Characterization
The posterior sclera likely plays an important role in the development of glaucoma, and
accurate characterization of its mechanical properties is needed to understand its impact
on the more delicate optic nerve head—the primary site of damage in the disease. The
posterior scleral shells from both eyes of one rhesus monkey were individually mounted
on a custom-built pressurization apparatus. Intraocular pressure was incrementally in-
creased from 5 mm Hg to 45 mm Hg, and the 3D displacements were measured using
electronic speckle pattern interferometry. Finite element meshes of each posterior scleral
shell were reconstructed from data generated by a 3D digitizer arm (shape) and a 20
MHz ultrasound transducer (thickness). An anisotropic hyperelastic constitutive model
described in a companion paper (Girard, Downs, Burgoyne, and Suh, 2009, “Peripapil-
lary and Posterior Scleral Mechanics—Part I: Development of an Anisotropic Hyperelas-
tic Constitutive Model,” ASME J. Biomech. Eng., 131, p. 051011), which includes
stretch-induced stiffening and multidirectional alignment of the collagen fibers, was ap-
plied to each reconstructed mesh. Surface node displacements of each model were fitted
to the experimental displacements using an inverse finite element method, which esti-
mated a unique set of 13 model parameters. The predictions of the proposed constitutive
model matched the 3D experimental displacements well. In both eyes, the tangent modu-
lus increased dramatically with IOP, which indicates that the sclera is mechanically
nonlinear. The sclera adjacent to the optic nerve head, known as the peripapillary sclera,
was thickest and exhibited the lowest tangent modulus, which might have contributed to
the uniform distribution of the structural stiffness for each entire scleral shell. Posterior
scleral deformation following acute IOP elevations appears to be nonlinear and gov-
erned by the underlying scleral collagen microstructure as predicted by finite element
modeling. The method is currently being used to characterize posterior scleral mechanics
in normal (young and old), early, and moderately glaucomatous monkey eyes.
�DOI: 10.1115/1.3113683�
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Introduction

This is the second of two reports, which together propose a
trategy to characterize the mechanical behavior of the posterior
clera under acute elevations of intraocular pressure �IOP�. To
ccurately account for scleral anisotropy, we developed an aniso-
ropic hyperelastic model in the first report �1�, which incorporates

ultidirectional alignment of the collagen fibers at local material
oints. Application of this model to anatomically accurate geom-
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etry of monkey posterior sclera is presented in this second report.
Scleral mechanical properties are obtained by fitting the model-
predicted displacements to the experimentally-measured displace-
ments using an inverse finite element method.

In literature, estimations of scleral mechanical properties have
been limited to linear and nonlinear isotropic analyses based on
relatively crude optical tracking of pressurized shells �2–5� and
linear and nonlinear isotropic �elastic and viscoelastic� character-
izations based on uniaxial testing of scleral strips �6–17�. While
these studies made important contributions to our understanding
of scleral mechanics, a more comprehensive approach that char-
acterizes the nonlinear, anisotropic nature of the sclera and its
inhomogeneous fibrous ultrastructure is necessary. Because the

sclera transmits IOP-related deformations to the optic nerve head
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ONH� and is altered in early experimental glaucoma �10�, knowl-
dge of scleral mechanics is essential to evaluate how the tissues
f the ONH respond to IOP. This information is vital in develop-
ng a clear understanding of the role of IOP in the development
nd progression of glaucoma—an optic neuropathy caused by reti-
al ganglion cell axon damage at the ONH �18,19�.

Materials and Methods

2.1 Experimental Setup and Testing Protocol. Specimen
reparation. One male rhesus monkey �2.1 years old� without any
pparent optic abnormality was anesthetized with an intramuscu-
ar injection of ketamine/xylazine and sacrificed with an intrave-
ous injection of sodium pentobarbital. After enucleation, both
yes were carefully cleaned of extra-orbital tissues, and the pos-
erior sclera was separated from the anterior chamber approxi-

ately 3 mm anterior to the equator. The retina and choroid were
arefully dissected away from the scleral shell except for a 7-mm-
iameter patch centered on the ONH, which was left intact to
revent fluid leakage from the ONH during pressurization. All
cular tissues were kept moist with phosphate buffered saline
PBS� throughout the specimen preparation.

Measurement of scleral surface displacements. The posterior
cleral shells from both eyes were individually mounted on a
ustom-built pressurization apparatus �Fig. 1� and internally pres-
urized using a column of PBS at 22°C. IOP was controlled at a
esolution of 0.01 mm Hg by altering the PBS column height
ith a motor-driven stage �Bislide, Velmex, Bloomfield, NY� and
onitored by a digital pressure gauge �X2Pi, Crystal Engineering,
an Luis Obispo, CA�. To enhance its optical contrast, each shell
urface was blotted dry and treated with white titanium powder
ProCAD Contrast Medium, Ivoclar, Schaan, Lichtenstein� diluted
n a 70% ethanol solution. A custom-built chamber was then

ounted above the shell and filled with 50 ml of PBS to maintain
pecimen hydration. The chamber was fabricated with a silica
indow coated with an antireflective film to optimize displace-
ent measurements of the shell surface with an electronic speckle

attern interferometry �ESPI� sensor �Q100, Ettemeyer AG, Ger-
any� �20,21�.
Each shell was subjected to IOP preconditioning, consisting of

0 IOP cycles from 5 mm Hg to 15 mm Hg at a rate of
mm Hg /s, and then allowed to recover for 360 s. IOP was then

ig. 1 Schematic showing a cross section of the custom-built
ressurization apparatus. The posterior scleral shell was first
ounted onto the plastic ring, and then clamped slightly above

he equator by moving the vertical stage toward the clamping
tage. PBS outflow was interrupted after PBS filled the poste-
ior shell cavity and IOP reached 5 mm Hg. The scleral surface
as imaged as IOP was increased from 5 mm Hg to
5 mm Hg.
ncreased from 5 mm Hg to 10 mm Hg in steps of 0.2 mm Hg,
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from 10 mm Hg to 30 mm Hg in steps of 0.4 mm Hg, and from
30 mm Hg to 45 mm Hg in steps of 0.6 mm Hg. Because sclera
stiffens with increasing IOP, the IOP step magnitude was in-
creased to keep the resultant displacements within the measurable
range of the ESPI sensor. For each IOP step, the ESPI sensor
captured laser speckle images over a 35�25 mm2 area at an
equilibrium state. An example of such image is depicted in Fig. 2.
Each displacement component �x ,y ,z� was then computed using
speckle image algorithms for each IOP step at a resolution of
0.1 �m and reported in a 256�256 matrix format that covered
the entire measuring area. Finally, each component was summed
over the following IOP intervals: 5–7 mm Hg, 5–10 mm Hg,
5–20 mm Hg, 5–30 mm Hg, and 5–45 mm Hg. These IOP in-
tervals correspond to the physiologic range and were chosen be-
cause they are directly comparable to the in vivo, image-based
ONH compliance testing and perfusion fixation protocols used in
our other monkey studies �22,23�.

Measurement of scleral surface geometry. The following ex-
periment consisted in obtaining the surface geometry of the shell
in its reference state �IOP of 5 mm Hg�. Once the acquisition of
the ESPI images was completed, IOP was lowered from
45 mm Hg to 5 mm Hg, and the shell was allowed to equilibrate.
The outer surface geometry of the shell was then manually digi-
tized using a 3D digitizer arm �MicroScribe G2X, Immersion, San
Jose, CA�. For each shell, the Cartesian coordinates of 1000 spa-
tial points were recorded to cover the entire scleral surface. The
scleral canal and the clamping area were also digitized to provide
boundaries for the scleral specimen.

Measurement of scleral thickness. Scleral thickness was mea-
sured using a 20 MHz ultrasound transducer �PacScan 300P,
Sonomed, Inc., Lake Success, NY�, combined with a 75 MHz
pulser-receiver �5073PR, Olympus NDT, Inc., Waltham, MA� and
a 200 MHz digital oscilloscope �TDS2022, Tektronix, Beaverton,
OR�. This measurement system was able to acquire a minimum
thickness of 100 �m at a resolution of 1 �m.

Prior to thickness measurements, 20 spatial points were marked
on the scleral surface with a fine tip marker �Fig. 3�a�� and their
Cartesian coordinates were recorded with the 3D digitizer arm. To
enhance acoustic energy reflection at the inner surface of the
sclera, the PBS inside the scleral shell was replaced with moist air
controlled by a pressure regulator �Model 81, Fairchild, Winston-

Fig. 2 Example of raw speckle fringes „one of four illumination
directions from the ESPI sensor… on a rubber balloon for an IOP
increase from 10 mm Hg to 10.2 mm Hg. The distance be-
tween the fringes is proportional to the 3D displacement of the
balloon surface.
Salem, NC� and the shell was pressurized to 5 mm Hg. The ul-
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rasound transducer was then positioned perpendicular to each of
he 20 predetermined points, and voltage echo signals were col-
ected on the oscilloscope �Fig. 3�b��. Scleral thickness, di, was
alculated at each point according to the following formula:

di = 1
2vsclera · ti, i � �1,20� �1�

here vsclera is the speed of sound in the sclera, which was set to
597 m/s �24�, and ti is the echo time, which was determined from
he oscilloscope signal �Fig. 3�b��.

2.2 Finite Element (FE) Modeling. FE mesh. The surface
eometry and thickness data were combined to generate a finite
lement �FE� mesh of the specimen using custom-written MATLAB

ubroutines �MATLAB, The Mathworks, Nattick, MA�. Briefly, the
igitized boundaries of the clamp and the scleral canal were fitted
o a circle and an ellipse, respectively, using a least-square algo-
ithm. The point cloud of the scleral surface was then smoothed
sing the thin-plate spline method, and thickness data were inter-
olated over the entire scleral surface field. These data were com-
ined to generate a FE mesh with eight-noded hexahedral ele-
ents using grid projection methods. The FE mesh was divided

nto nine subregions, where regions 1–4 contain the peripheral
clera, regions 5–8 contain the peripapillary sclera, and region 9
epresents the ONH �Fig. 4�a��. A convergence test was performed
o assess the numerical accuracy of the FE approximation by in-
reasing the number of nodes. Adequate numerical accuracy was
chieved with 5091 nodes and 3328 elements.

Fig. 3 „a… Location of the 20 thickne
dots on the outer surface of the pos
MHz ultrasound transducer was posi
face, and the corresponding voltage
extract scleral thickness. „b… An exa
from the oscilloscope for one measu
acoustic wave to travel from the tran
interface.

ig. 4 „a… FE model of the monkey posterior scleral shell of a
eft eye showing one regionalization pattern. Regions 1–4 are
he peripheral sclera, regions 5–8 are the peripapillary sclera,
nd region 9 is the ONH. „b… Same FE mesh as „a…, but with a
ifferent regionalization pattern. S, superior; N, nasal; I, infe-

ior; and T, temporal.
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Model assumptions. In incorporating the fiber-reinforced con-
stitutive theory for ocular soft tissues developed in Part 1 �1� into
FE models of the posterior scleral shell, several assumptions were
made. �1� The mechanical properties of the collagen fibers are
generic and uniform throughout the scleral tissue. �2� The me-
chanical properties of the ground substance matrix are generic and
uniform throughout the scleral tissue. �3� Regional variation in the
mechanical response of the scleral shell is principally governed by
inhomogeneity of the collagen fiber ultrastructure, which can be
quantitatively described using the preferred fiber orientation and
the fiber concentration factor. �4� The collagen fiber alignment in
the peripapillary sclera differs from that in the peripheral sclera.
Based on these assumptions, three model parameters �c1, first
Mooney–Rivlin coefficient; c3, exponential fiber stress coefficient;
and c4, fiber uncrimping coefficient� were uniformly attributed to
the entire posterior sclera. Two fiber concentration factors, k1 and
k2, were attributed to the peripheral sclera �regions 1–4� and peri-
papillary sclera �regions 5–8�, respectively. Individual preferred
fiber orientations, �p1–�p8, were attributed to each region �Fig. 5�.

measurement sites, shown as black
ior sclera. For each location, the 20
ed perpendicular to the scleral sur-
ho signal was recorded in order to
le of a voltage echo signal obtained

ent site. 1
2 ti is the time taken by an

cer/sclera interface to the sclera/air

Fig. 5 One subregion of the peripapillary sclera of a left mon-
key eye, showing how collagen fiber alignment was defined.
For each hexahedral element, the local unit vector i was con-
structed with element edge information. The local unit vector j
was constructed as being perpendicular to the unit vector i and
tangent to the scleral surface. Unit vectors i and j define the
plane in which the collagen fibers lie. Although each element of
this subregion shares the same preferred fiber orientation �p,
the unit vector associated with �p will be different for each el-
ement in the global coordinate system. For example, if the pre-
ferred fiber orientation is equal to zero for this subregion „�p
=0 deg…, collagen fibers will be oriented along the unit vector i
ss
ter
tion
ec

mp
rem
sdu
„for kÅ0…, corresponding to a circumferential organization.
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s a consequence, the FE model contained a total number of 13
odel parameters to be determined. In addition, the bulk modulus

f the sclera K was fixed at 1 GPa to assure incompressibility, and
he ONH was modeled as an incompressible linear isotropic ma-
erial with an elastic modulus �EONH� of 1 MPa.

Boundary and loading conditions. For each FE model, IOP was
umerically applied to the interior surface of the shell as a uni-
orm pressure load. Nodes belonging to both the peripheral sclera
nd the clamping boundary were constrained in all three direc-
ions in order to maintain consistency with restraints imposed by
he clamp in the experimental protocol. For simplicity, the refer-
nce geometry generated at 5 mm Hg was assumed to be stress-
ree.

2.3 Extraction of Scleral Model Parameters: Inverse FE
ethod. Scleral model parameters were extracted using an in-

erse FE method, in which an optimization algorithm, i.e., differ-
ntial evolution �25�, was coupled with the FE method. The dif-
erential evolution algorithm sought to determine the set of 13
odel parameters that yielded the closest match between the FE-

imulated and the experimentally-measured displacements. Nu-
erically, the surface node displacements of the FE model were
tted to their colocalized experimental values simultaneously at
ve IOP levels �7 mm Hg, 10 mm Hg, 20 mm Hg, 30 mm Hg,
nd 45 mm Hg� by minimizing the following cost function �:

� =
1

N · P�
n=1

N ��
p=1

P

��xn,p
e − xn,p

m �2 + �yn,p
e − yn,p

m �2 + �zn,p
e − zn,p

m �2�

�2�

ere, �xn,p
e ,yn,p

e ,zn,p
e � and �xn,p

m ,yn,p
m ,zn,p

m � are the three components
f the experimental �e� and model �m� displacements, respec-
ively, at surface node n and an IOP level of p, N is the total
umber of surface nodes, and P is the total number of IOP levels.
Our preliminary study with the differential evolution algorithm

howed that a weighting factor F of 0.5, a crossover constant CR
f 0.9, and a number of trial vectors �i.e., sets of the 13 model
arameters� NP of 50 were well suited for our inverse FE prob-
em. These parameters were chosen using the knowledge we de-
eloped for previous inverse problems we have solved in our
aboratories �12,26�. The reader is referred to the work of Price et
l. for a better understanding of the differential evolution algo-
ithm parameters �25�. The following initial ranges were used with
he differential evolution algorithm for the considered model pa-
ameters: 0�c1�1000, 0�c3�100, 0�c4�1000, 0� �k1 ,k2�

20, and 0� ��p1 , . . . ,�p8��180. It should be noted that the dif-
erential evolution algorithm has strong advantages over other
lobal optimization algorithms because it is easy to implement,
oes not require a single initial guess, and allows the parameters
o evolve beyond their initial ranges �25�. This last point is often
mportant at the initial stages of solving a new global optimization
roblem. However, for the preferred fiber orientations, �p1–�p8,
e implemented a custom periodicity constraint so that they could
nly evolve within the half circle defined by 0 deg and 180 deg.

The inverse FE simulation consisted of 450 iterations of the
ifferential evolution algorithm. Each iteration included 50 FE
uns yielding a total of 22,500 �=450�50� FE runs. The simula-
ion was executed on an ION computational server, with 32
bytes of RAM and four 64 bit Itanium2 processors �Intel, Santa
lara, CA�, using a parallel queuing system written in the script

anguage PERL �The Perl Foundation�. One inverse FE simulation
ypically took 2 days to obtain full convergence.

2.4 Sensitivity Analyses of the Inverse FE Method. Solu-
ion uniqueness. To examine whether the inverse FE simulation
ields a unique solution, pseudo-experimental displacements were
enerated by the FE model using several predetermined sets of
rbitrary model parameters. Inverse FE simulations were then per-

ormed to test whether these model parameters could be retrieved.

51012-4 / Vol. 131, MAY 2009
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Effects of regionalization pattern. Two different regionalization
patterns �Fig. 4� were defined for both eyes to further assess so-
lution uniqueness of the model parameters: c1, c3, c4, k1, and k2.
Because c1, c3, and c4 were uniformly attributed to the entire
posterior sclera, k1 to the peripheral sclera, and k2 to the peripap-
illary sclera, inverse FE simulations are expected to yield compa-
rable values of these model parameters for both regionalization
patterns.

Effects of ONH elastic modulus. The ONH, which contains the
lamina cribrosa and the retinal ganglion cell axons, was consid-
ered as a linear isotropic material. To quantify the effects of ONH
mechanics on scleral mechanics, inverse FE simulations were per-
formed with ONH elastic moduli EONH of 0.1 MPa, 1 MPa, and 5
MPa �27� for both eyes.

Effects of scleral bulk modulus. To study the stability of the
incompressibility constraint, inverse FE simulations were per-
formed with scleral bulk moduli K of 1.0 GPa and 0.1 GPa for
both eyes.

2.5 Scleral Tangent Modulus. The model parameters c3 and
c4 as obtained from the inverse FE simulations describe the non-
linearity of the sclera, but do not provide a direct measure of
scleral stiffness at each IOP elevations. To provide a relationship
between scleral stiffness and IOP, we have isolated components of
the spatial elasticity tensor c. In the FE implementation of the
constitutive theory, c was expressed in a fixed global coordinate
system �1� and can now be transformed to the local fiber coordi-
nate system as follows:

cijpn� = aiqa jsapkanmcqskm �3�

where c� is the spatial elasticity tensor in the local fiber coordinate
system and a is the transformation matrix. Accordingly, c1111� and
c2222� were defined as the tangent moduli along and perpendicular
to the preferred fiber orientation, respectively. Both quantities are
inhomogeneous, and their directions lie in the plane tangent to the
shell surface.

2.6 Scleral Structural Stiffness. Clinical discussions of the
corneo-scleral shell often confuse the effects of its mechanical
properties and geometry on its overall mechanical behavior. We
therefore attempted to take regional variations in scleral thickness
into account by empirically defining the structural stiffnesses S1
and S2 at any point in the scleral shell as

S1 = T · c1111�

S2 = T · c2222� �4�

where T is the local scleral thickness and S1 and S2 are the struc-
tural stiffnesses along and perpendicular to the preferred fiber ori-
entation, respectively.

3 Results
Sensitivity analyses. In all studies of solution uniqueness, the

inverse FE simulations predicted values for all 13 model param-
eters perfectly with a cost function value of zero. Based on these
data, the inverse FE method yields unique solutions. Results for
all other sensitivity analyses are listed in Table 1. Overall, chang-
ing the scleral bulk modulus K from 0.1 GPa to 1 GPa had very
little impact on all model parameters. Changing the ONH elastic
modulus from 0.1 MPa to 5 MPa had some impact and resulted in
an increase in c3 and k2 and a decrease in c1, c4, and k1 consis-
tently for both eyes. Changing the configuration scheme had its
largest influence on c3 and k1 in the left eye and on k1 in the right
eye. Overall, the mean tangent moduli �c1111� and c2222� � were much
less sensitive; C1111� �mean� varied between 8.4 MPa and 10.7
MPa in the left eye and between 9.0 and 10.0 in the right eye.
These results suggest that moderate variations in c1, c3, c4, k1, and

k2 induce small variations in tangent moduli. As a result, we used
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he regionalization pattern in Fig. 4�a�, K=1 GPa and EONH
1 MPa for all subsequent analyses.
Experimental and modeling results. Figure 6 depicts both

xperimentally-measured and model-predicted displacements in
eft and right eyes as IOP increased from 5 mm Hg to
0 mm Hg, from 10 mm Hg to 30 mm Hg, and from 30 mm Hg
o 45 mm Hg, respectively. The displacements predicted by the

odel captured the complex displacement patterns of the experi-
ental data well, and the maximum cost function value was

.51 �m for all the cases studied. Displacement magnitude in all
irections was lowest as IOP increased from 30 mm Hg to
5 mm Hg. This implies that sclera is relatively compliant when
OP is low �5–10 mm Hg�, but dramatically stiffens as IOP in-
reases beyond 30 mm Hg.

Scleral thickness for both eyes, which was acquired at
mm Hg and interpolated over the entire scleral region, is pre-

ented in Fig. 7. In all eyes, the peripapillary sclera was much
hicker than the peripheral sclera. Figure 7 also includes additional
esults at an IOP of 30 mm Hg obtained from the inverse FE
imulations. Note that there is an inverse relationship, but not
trong, between scleral tangent modulus and scleral thickness, as
epicted in Fig. 8. The structural stiffness, the local product of the
angent modulus and thickness, slightly captured this trend �Fig.
� but was found to be on average higher in the peripapillary
clera �Table 2�. From Fig. 7, the collagen fibers are generally
ircumferentially oriented around the ONH in three of the four
ubregions of the peripapillary sclera. Notice that the fibers from
he peripapillary sclera were associated with a higher fiber con-
entration factor �k2�k1 in Table 1�, meaning a stronger aniso-
ropy near the ONH.

The most critical output quantities �c1111� , c2222� , S1, S2, 1st prin-
ipal strain, and 1st principal stress� for K=1 GPa and EONH
1 MPa are summarized in Table 2 for the 5th, 50th �median�,
nd 95th percentiles of their distributions for both the peripheral
nd peripapillary sclera at IOPs of 10, 30 and 45 mm Hg. As seen
n Table 2, the mean tangent moduli, c1111� and c2222� , are three to
ix times higher at 45 mm Hg than at 10 mm Hg in both eyes. In

Table 1 Model parameters and mean tangen
obtained from inverse FE simulations for both
Fig. 4„b……, the ONH elastic modulus, and the s
gray. The data in bold, where EONH=1 MPa and
Figs. 6 and 7 and Table 2. c1111� and c2222� are th
preferred fiber orientation, respectively.

Input Regionalization pattern
EONH �MPa�

K �GPa�

Left eye output c1 �kPa�
c3 �kPa�

c4 �-�
k1 �-�
k2 �-�

� ��m�
c1111� �MPa� 30 mm Hg
c2222� �MPa� 30 mm Hg

Right eye output c1 �kPa�
c3 �kPa�

c4 �-�
k1 �-�
k2 �-�

� ��m�
c1111� �MPa� 30 mm Hg
c2222� �MPa� 30 mm Hg
ddition, the mean first principal strain is a nonlinear function of
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IOP. Finally, the mean first principal strain is higher in the peri-
papillary sclera, whereas the mean first principal stress is higher in
the peripheral sclera.

4 Discussion
In this report, we introduce an experimental method to measure

the 3D displacements of monkey posterior sclera exposed to acute
elevations of IOP from 5 mm Hg to 45 mm Hg and use the an-
isotropic hyperelastic model developed in Part I �1� along with an
inverse FE method to extract scleral mechanical properties. Our
findings demonstrate that our constitutive model can accurately
predict the experimental 3D displacements of the posterior scleral
shell and that the proposed inverse FE method can estimate a
unique set of 13 model parameters. We have thus captured the
inhomogeneous, anisotropic, and nonlinear behavior of the poste-
rior sclera when exposed to acute elevations of IOP.

This study used a pressurization test to measure scleral defor-
mations under pressure load. Unlike traditional biaxial patch tests,
the pressurization methodology allowed us to estimate mechanical
properties for the entire posterior scleral shell in its physiologic
configuration. In addition, the IOP range commonly experienced
by normal and glaucomatous eyes was covered in one test setup.
Biaxial testing of an entire posterior scleral shell would require
tests of scleral patches excised from many adjacent points, each of
which would have to be flattened prior to loading.

The results from our sensitivity study showed that the scleral
bulk modulus, chosen large to ensure incompressibility, can vary
between 0.1 GPa and 1 GPa without affecting the overall me-
chanical behavior of the posterior sclera. Note that incompress-
ibility in scleral tissue has been confirmed experimentally by
Battaglioli and Kamm �28�. The other sensitivity analyses suggest
that moderate variations in some of our model parameters result in
slight variations in tangent moduli. Therefore, according to Table
1, we are confident to suggest that the ONH elastic modulus in the
0.1–5 MPa range will minimally affect the mechanical behavior of
the posterior sclera and that a change in regionalization scheme
will lead to similar model parameter estimates, thus reinforcing

oduli for the whole sclera „IOP=30 mm Hg…
s. The regionalization pattern „A: Fig. 4„a…; B:

ral bulk modulus were varied as presented in
=1 GPa, were selected as the default case for
ngent moduli along and perpendicular to the

A A B A A
0.1 1 1 1 5
1 1 1 0.1 1

249 193 178 197 123
5.0 6.8 9.8 6.2 12.0
631 563 621 602 455
2.63 2.15 1.41 2.25 1.55
2.33 2.51 2.32 2.65 3.15
2.44 2.34 2.46 2.34 2.29
10.7 9.7 9.5 10.4 8.4
3.9 3.9 5.6 4.0 3.7

156 99 86 100 65
14.4 16.5 16.3 15.6 23.4
487 475 457 505 409
1.47 1.33 1.00 1.40 1.26
3.51 4.40 4.12 4.57 4.99
2.39 2.35 2.51 2.34 2.42
9.4 9.5 9.0 10.0 9.0
5.7 6.3 6.3 6.6 6.0
t m
eye
cle
K

e ta
our preliminary study on solution uniqueness. Because the tangent
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oduli are less prone to variations and easier to interpret as they
re functions of IOP, we are currently developing a method to
ompare tangent modulus distributions so as to estimate changes
n scleral stiffness between normal �young and old� and glauco-

atous monkey eyes, which will be the topic of further reports.
The models predicted that, in the posterior sclera of monkey

yes, the collagen fibers were generally circumferentially oriented
round the ONH in three of the four subregions of the peripapil-
ary sclera, which is consistent with previous histologic results
29�. Furthermore, collagen fibers tended to be more highly con-
entrated along their preferred orientations in the peripapillary

Fig. 6 Comparison of experimentally-measu
ments „in micrometers… for both eyes for thre
30–45 mm Hg…. Model displacements were si
tained at 7 mm Hg, 10 mm Hg, 20 mm Hg, 30
model displacements are small for the 30–45
of nonlinearity.
clera, as shown by the higher fiber concentration factor k2. This

51012-6 / Vol. 131, MAY 2009

aded 15 Apr 2009 to 128.220.254.4. Redistribution subject to ASME
finding is also consistent with the literature that provides qualita-
tive descriptions of the collagen fiber microstructure in the peri-
papillary and peripheral sclera. In the region immediately adjacent
to the ONH, elastin and collagen fibers are highly aligned and
organized into a circumferential ring around the scleral canal �29�,
whereas the collagen fibers in the peripheral sclera are irregularly
arranged to form interwoven lamellae �30–32�. As seen in our first
report �1�, a high fiber concentration factor associated with a cir-
cumferential fiber organization will limit scleral canal expansion,
and this may help the peripapillary sclera to protect the ONH
although it should be noted that small scleral canal expansion is

„exp… and model-predicted „mod… displace-
P ranges „5–10 mm Hg, 10–30 mm Hg, and

ltaneously fitted to the experimental data ob-
m Hg, and 45 mm Hg. Both experimental and

Hg IOP range, demonstrating a high degree
red
e IO
mu

m
mm
usually associated with large posterior laminar deformation.
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Fig. 7 The main modeling results are shown as color maps for both eyes at an IOP of
30 mm Hg. Scleral thickness maps were derived from experimental ultrasound measurements
at 5 mm Hg and show that the peripapillary sclera is much thicker than the peripheral sclera.
An inverse relationship between scleral thickness and scleral tangent modulus c1111� was ob-
served, indicating that thinner sclera is likely to be associated with a higher tangent modulus.
The structural stiffness along the preferred fiber orientation, S1, helps visualize this inverse

relationship. Finally, maximum principal strain was concentrated around the scleral canal.
Fig. 8 Tangent modulus c1111� versus scleral thickness for both eyes at an
IOP of 30 mm Hg, which illustrates the concept of inverse relationship be-
tween two quantities. A thin sclera „the peripheral sclera… has a tendency to
be associated with larger c1111� and a thick sclera „the peripapillary sclera…
with smaller c1111� . Notice small R2 values obtained from linear regression

analyses, possibly due to the scatteredness of the data points.

ournal of Biomechanical Engineering MAY 2009, Vol. 131 / 051012-7
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In the experimental pressure tests, we observed a high degree of
onlinearity that was manifested by much smaller incremental dis-
lacements when IOP was elevated above 30 mm Hg, which was
lso measured in porcine sclera in our previous study �33�. This
onlinearity was additionally observed in the tangent moduli and
tructural stiffnesses as they exponentially increased with IOP
rom 5 mm Hg to 45 mm Hg.

Physiologically, the sclera is a load bearing structure to resist
OP and yet the eye may need to maintain its shape to preserve
ocused vision. Thus, it seems reasonable to assume that scleral
hickness and tangent modulus should balance each other to en-
ure that the eye expands in a somewhat uniform manner with
ncreasing IOP. In this study, we found an inverse relationship, but
ot strong, between scleral thickness and tangent modulus �Fig.
�. We have also defined an empirical measure, namely, the struc-
ural stiffness, to capture this trend �Fig. 7�. It should be noted that
n the case of an idealized scleral shell geometry of spherical
hape, constant thickness, and constant elastic modulus �using lin-
ar elastic theory�, our definition of structural stiffness would be
niform for the entire scleral shell �i.e., constant elastic modulus
constant thickness�. This ideal case would ensure homogeneous

eformations within the peripheral sclera but not within the peri-
apillary sclera because of the discontinuity within the scleral
hell due to the presence of the scleral canal. In fact, in our case,
he structural stiffness was on average higher in the peripapillary
clera �Table 1�, which might be a protective mechanism to mini-
ize the deformations in the vicinity of the ONH. However, fur-

her study will be necessary to understand the relationship be-
ween the ultrastructural characteristics and the overall
eformational behavior of the posterior sclera.

Several limitations should be taken into consideration when
iewing this work. First, we were unable to measure the 3D de-
ormations of each scleral shell during preconditioning because

able 2 5th, 50th „median…, and 95th percentiles of the tangen
rincipal stress distributions for IOP=10 mm Hg, 30 mm Hg, a
f both eyes. S1 and S2 are the structural stiffnesses along and

IOP �mm Hg�

5th

10

eft eye Peripapillary sclera c1111� �MPa� 2.1
c2222� �MPa� 0.9
S1 �kN/m� 0.8
S2 �kN/m� 0.3

First prin. strain �%� 0.18
First prin. stress �kPa� 5.1 2

Peripheral sclera c1111� �MPa� 1.9
c2222� �MPa� 0.9
S1 �kN/m� 0.5
S2 �kN/m� 0.2

First prin. strain �%� 0.17
First prin. stress �kPa� 3.8 1

ight eye Peripapillary sclera c1111� �MPa� 3.5
c2222� �MPa� 1.0
S1 �kN/m� 1.5
S2 �kN/m� 0.4

First prin. strain �%� 0.25
First prin. stress �kPa� 3.6 1

Peripheral sclera c1111� �MPa� 2.6
c2222� �MPa� 1.3
S1 �kN/m� 0.5
S2 �kN/m� 0.3

First prin. strain �%� 0.21
First prin. stress �kPa� 5.4 2
he ESPI sensor requires about 4 s to acquire raw deformation

51012-8 / Vol. 131, MAY 2009
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data. Therefore, we were unable to carefully characterize the de-
formational behavior of the sclera during preconditioning, which
could have caused permanent deformations in the tissue. How-
ever, because the normal IOP range in rhesus monkeys has been
reported to be 14.9�2.1 mm Hg �34�, it is unlikely that precon-
ditioning the tissues up to an IOP of 15 mm Hg would have in-
duced any damage or permanent change in the tissue.

Second, we have assumed that the collagen fibers were the sole
contributors to the nonlinear relationship between IOP and scleral
deformations and that the relative contributions of ground sub-
stance and collagen fibers to scleral mechanical properties were
uniform throughout the scleral shell. These assumptions are well
established when characterizing the mechanical behavior of col-
lagenous soft tissues �35�, but more work may be needed to char-
acterize the influence of other constituents such as elastin and the
effects of regional changes in collagen fiber diameter.

Third, the mechanical deformations for IOPs below 5 mm Hg
have not been accounted for in this study because the scleral
shells did not acquire their pressurized geometry until approxi-
mately 4 mm Hg of IOP was applied. Physiologic IOP for normal
monkey eyes is generally above 5 mm Hg, but including infor-
mation below 5 mm Hg could improve the model’s predictions.
In the future, one might attempt to resolve this computationally
using the inverse elastostatic method �36,37� to mathematically
recover the initial stress-free configuration of an elastic body.
However, this method is only valid on the premise that residual
stresses are insignificant, which is not known for monkey poste-
rior sclera.

Fourth, the boundary of the ONH was represented in the model
using an ellipse fitted to the outer aspect of the dural sheath in-
sertion and was therefore larger than one would expect ��2 mm
along the major axis in our model, compared with �1.5 mm for

oduli, structural stiffnesses, and first principal strain and first
45 mm Hg and for both the peripheral and peripapillary sclera
rpendicular to the preferred fiber orientation, respectively.

entile 50th percentile 95th percentile

45 10 30 45 10 30 45

6.6 2.6 8.2 13.0 3.4 13.8 22.5
3.2 1.0 3.8 6.7 1.2 7.1 13.5
2.4 1.1 3.4 5.3 1.5 5.8 9.7
1.3 0.4 1.6 2.9 0.5 2.8 5.2

7 0.70 0.31 0.86 1.01 0.44 1.07 1.25
44.5 8.4 51.9 87.2 13.4 90.9 162

4.8 3.1 10.0 15.8 5.0 22.3 36.3
2.0 1.2 3.9 6.3 1.7 8.0 13.9
1.2 0.9 2.8 4.5 1.2 4.9 7.8
0.5 0.3 1.1 1.7 0.4 1.9 3.3

9 0.61 0.30 0.75 0.88 0.47 1.00 1.20
21.7 11.3 58.9 95.7 25.8 140 226

6.0 4.1 7.9 11.0 4.8 12.7 19.5
1.8 1.1 2.1 3.2 1.3 3.7 7.5
2.7 1.9 3.6 5.0 2.5 6.3 9.8
0.8 0.5 1.0 1.4 0.7 1.9 3.7

9 0.97 0.35 1.06 1.28 0.54 1.57 1.84
26.4 7.1 36.1 59.5 11.3 73.7 136

6.4 3.7 9.9 14.8 5.2 17.2 26.3
4.3 1.8 7.0 11.1 2.7 12.9 20.7
1.4 0.9 2.5 3.8 1.5 4.3 6.5
0.8 0.5 1.8 2.8 0.7 2.8 4.5

5 0.66 0.35 0.79 0.94 0.51 1.19 1.58
43.4 13.4 68.1 109 26.8 132 211
t m
nd

pe

perc

30

4.5
2.1
1.7
0.9
0.5
7.3

3.4
1.5
0.8
0.4
0.4
3.4

4.7
1.3
2.2
0.6
0.7
6.1

4.6
3.0
1.0
0.6
0.5
6.8
an anatomic ONH�. In addition, the ONH was modeled as a linear
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lastic plug of the same curvature and thickness of the surround-
ng sclera, but with its own modulus. Our sensitivity studies
howed that the overall model behavior of the posterior sclera was
ot sensitive to the mechanical properties of the ONH, so these
odel assumptions have little impact on the reported results. On

he contrary, the mechanical behavior of the ONH has been re-
orted to be very sensitive to the mechanical properties of the
osterior sclera �38�. This is consistent with the study conducted
n Part I �1� showing that the distribution of the scleral collagen
bers had large effects on scleral canal expansion and laminar
osterior deformation. However, in order to fully understand the
nteraction between the sclera and the ONH, more accurate data
ncluding the geometry of the scleral canal and the ONH as well
s the mechanical properties of the ONH and the surrounding
cleral tissue need to be obtained.

Fifth, the true orientation of the collagen fiber alignment for the
hole sclera is still lacking in literature, and we have attempted to
redict it in this study �Fig. 7�. Due to the relatively coarse dis-
retization of the regions �eight for the whole posterior shell�, we
ould only report an overall estimate of the preferred collagen
ber orientation within each region, and this might have led to

arge differences in the preferred fiber orientation between left and
ight eyes, as observed in Fig. 7. It is currently unknown if inter-
ye variations in preferred collagen fiber orientation are large.
ven though our estimates of preferred collagen fiber orientation
re rough and hampered by the discontinuity between region
oundaries, we have more confidence in our tangent moduli and
tructural stiffness estimates since those quantities were unaf-
ected by a change in regionalization pattern, as obtained from the
ensitivity analyses. In 1934, Kokott �39� described spatial map-
ing of collagen fiber orientation for entire scleral shells using
tandard histology. However, given the complex lamellar ultra-
tructure of the sclera, those data were not used in our study as
hey were crude estimates and did not present the collagen fiber
istribution with the reported preferred fiber orientation. Future
xperimental work will be required to characterize collagen fiber
istributions more precisely for entire scleral shells.

Finally, we used eight subregions for the posterior sclera to
imit the number of model parameters to be extracted with the
nverse FE method to 13. Using more than 13 model parameters
ramatically increases the computational time for each simulation
25� and can raise a further concern about the uniqueness of the
redicted model parameters. As our primary interest is the biome-
hanics of the scleral canal and its effects on the contained ONH,
e have concentrated four of the eight subregions to model the
eripapillary sclera in the vicinity of the ONH. While we tested
everal other regionalization patterns with fewer regions and/or
arameters �data not shown�, the combination of eight subregions
ith 13 parameters produced the best fit with the lowest cost

unction value �Eq. �2��. It should be noted that the subregional
iscretization of the posterior sclera resulted in discontinuity of
he predicted model parameters �i.e., the preferred fiber orienta-
ion and the fiber concentration factor� across the boundaries be-
ween the subregions, as shown in Fig. 7.

The experimental and computational methodologies presented
ere have broad applicability to multi-axial mechanical testing
nd model parameter prediction of thin soft tissues with varying
ollagen fiber orientations. We are currently using these methods
o characterize the mechanical properties of normal �young and
ld� and early- and moderate-stage glaucomatous monkey eyes.
echanical testing and modeling of ocular soft tissues will con-

ribute to our understanding of glaucomatous susceptibility of the
NH �40�, posterior scleral damage �10�, myopia �30�, and a host
f other ocular disorders. Since the posterior sclera determines the
evels of strain and stress transmitted to the contained ONH and is
ltered in early experimental glaucoma �10�, it is likely to play an

mportant role in glaucomatous damage to the ONH.
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