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Age-related changes in human peripapillary scleral strain
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Abstract To test the hypothesis that mechanical strain in
the posterior human sclera is altered with age, 20 pairs of nor-
mal eyes from human donors aged 20 to 90 years old were
inflation tested within 48-h postmortem. The intact poste-
rior scleral shells were pressurized from 5 to 45 mmHg,
while the full-field three-dimensional displacements of the
scleral surface were measured using laser speckle interfer-
ometry. The full strain tensor of the outer scleral surface
was calculated directly from the displacement field. Mean
maximum principal (tensile) strain was computed for eight
circumferential sectors (45◦ wide) within the peripapillary
and mid-peripheral regions surrounding the optic nerve head
(ONH). To estimate the age-related changes in scleral strain,
results were fit using a functional mixed effects model that
accounts for intradonor variability and spatial autocorrela-
tion. Mechanical tensile strain in the peripapillary sclera
is significantly higher than the strain in the sclera farther
away from the ONH. Overall, strains in the peripapillary
sclera decrease significantly with age. Sectorially, peripapil-
lary scleral tensile strains in the nasal sectors are significantly
higher than the temporal sectors at younger ages, but the
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sectorial strain pattern reverses with age, and the temporal
sectors exhibited the highest tensile strains in the elderly.
Overall, peripapillary scleral structural stiffness increases
significantly with age. The sectorial pattern of peripapillary
scleral strain reverses with age, which may predispose adja-
cent regions of the lamina cribrosa to biomechanical insult.
The pattern and age-related changes in sectorial peripapillary
scleral strain closely match those seen in disk hemorrhages
and neuroretinal rim area measurement change rates reported
in previous studies of normal human subjects.
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1 Introduction

The mechanism of damage to the retinal ganglion cell axons
in glaucoma is not well understood, but it is hypothesized
that intraocular pressure-driven biomechanics of the optic
nerve head (ONH) and peripapillary sclera play a role (Sigal
et al. 2005; Burgoyne and Downs 2008). The preponderance
of evidence indicates that glaucomatous damage to retinal
ganglion cell axons occurs at the ONH, a structure through
which the axons pass out of the eye on their path to the
brain. Evidence also suggests that the ONH is particularly
susceptible to the effects of intraocular pressure (IOP), as
it is less resistant to IOP-related mechanical stress than the
other regions of the ocular coats (Roberts et al. 2010). The
sclera surrounds the ONH and transmits IOP-related forces
and deformations to the ONH at the scleral canal wall. Hence,
scleral biomechanics are inseparably intertwined with ONH
biomechanics (Sigal et al. 2011).

While race, family history, ocular perfusion pressure, and
refractive status have been shown to be risk factors in open
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angle glaucoma, age is the only risk factor other than IOP
that is independently associated with the onset and progres-
sion of glaucoma across all of the major prospective clin-
ical trials conducted over the past twenty years (Drance et
al. 2001; Kass et al. 2002; The AGIS Investigators 2002;
Leske et al. 2004; EGPS Group 2007). In addition to the
data from prospective trials in glaucoma and ocular hyper-
tension, every population-based survey conducted to date has
demonstrated a strong relationship between the prevalence of
glaucoma with advancing age (Rudnicka et al. 2006), despite
there being little change in IOP with age (Leske et al. 1997;
Weih et al. 2001). Furthermore, while normal tension glau-
coma is not uncommon within elderly populations (Chumb-
ley and Brubaker 1976; Levene 1980), it is not seen in chil-
dren or young adults other than in a few isolated case reports
(Geijssen 1991). These findings indicate that the aged ONH
becomes increasingly vulnerable to glaucomatous injury at
similar levels of IOP.

As with any solid structure, the degree of local deforma-
tion (strain) experienced by the ONH under a given level
of stress is dependent upon its 3D architecture and material
properties (Bellezza et al. 2000; Downs et al. 2003; Sigal et
al. 2005; Girard et al. 2011). A variety of age-related changes
in the ONH and scleral connective tissues may affect ONH
compliance (Morrison et al. 1989; Hernandez et al. 1989;
Albon et al. 1995; Bailey et al. 1998; Albon et al. 2007;
Girard et al. 2009a,b). Thus, variation in ONH anatomy and
material properties that occur with aging may account for the
increased susceptibility to IOP-induced glaucomatous injury
in the elderly.

Sigal et al. (2004) determined that variations in scleral
thickness, radius of the eye, laminar stiffness, and scleral
thickness have the greatest influence on the biomechanical
response of the ONH using computational models based on
axisymmetric idealized geometries. A follow-up study using
more accurate estimates of the ranges of laminar and scleral
material properties indicates that laminar structural stiffness
also plays a prominent role in determining laminar biome-
chanics (Sigal et al. 2011). In a computational study, Norman
et al. (2011) showed that the peripapillary sclera adjacent to
the ONH is a particularly important factor in laminar biome-
chanics. Grytz et al. (2011) showed that the collagen architec-
ture of the peripapillary sclera and the lamina cribrosa have a
significant impact on the IOP-induced deformation response
of the lamina cribrosa using computational modeling. These
studies demonstrate that variation in both the material proper-
ties and geometries of the sclera and lamina, which combine
to govern the overall structural stiffness of the posterior pole,
is the important determinant of the mechanical environment
in the ONH.

In spite of the importance of the sclera in determin-
ing ONH biomechanics, surprisingly few studies have been
designed to accurately assess the sclera’s mechanical behav-

ior in human eyes, especially as they change with age. Stud-
ies have shown that the sclera of various species has non-
linear (Woo et al. 1972; Girard et al. 2009a,b) (stiffens as it
stretches) and anisotropic elastic properties (Sigal et al. 2004)
(resists deformation more in certain directions), stiffens with
age (Avetisov et al. 1983; Sigal et al. 2004), and remod-
els in response to chronic elevated IOP exposure (Downs
et al. 2005; Girard et al. 2011). Eilaghi et al. (2010a,b) con-
firmed the nonlinear behavior of the stress–strain relationship
in human sclera using planar biaxial testing of small scle-
ral patches excised near the ONH, although there was large
variability among donors that resulted in a wide range of
reported material properties. Geraghty et al. (2012) recently
reported significant age-related stiffening in the anterior
sclera based on uniaxial testing of scleral strips in tension, but
they did not see any significant differences in the posterior
sclera. A recent study by Coudrillier et al. (2012) reported
significant collagen stiffening in the human sclera with age,
but their estimates of age-related changes were based upon a
customized model of collagen stiffness derived from exper-
imental inflation data over the entire peripapillary and mid-
peripheral regions, rather than calculated directly from the
experimental displacement measurements themselves for
sectors around the ONH. Glaucoma is a disease of focal
axonal damage in the ONH, so focal strain in the surrounding
peripapillary sclera may prove important. None of these stud-
ies report the changes in sectorial peripapillary scleral strain
with age in human eyes for physiologic loading conditions.

The principal aim of this work was to assess age-related
changes in IOP-induced mechanical strain in the posterior
human sclera for both the peripapillary and mid-peripheral
regions using mechanical inflation tests. Regional variations
in peripapillary strains could contribute to the focal structural
and functional defects typically seen in glaucoma patients,
and changes in scleral strains with age could explain some of
the increased susceptibility of the elderly to the disease. This
study was designed to test the hypothesis that aging alters the
sectorial patterns of peripapillary and mid-peripheral scleral
strain measured in human donor eyes. The results of these
studies will serve as important inputs for future biomechani-
cal modeling studies of the ONH and aging, and also provide
accurate strain ranges for in vitro studies of the response of
scleral cells to mechanical deformation. In addition, quantifi-
cation of scleral strain via postprocessing of clinical images
may prove useful as an eye-specific assessment of biome-
chanical risk factors in glaucoma.

2 Materials and methods

2.1 Human donor specimens

Twenty pairs of eyes from normal human donors were
obtained from the Lions Eye Bank of Oregon in Port-
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land, Oregon, and the Alabama Eye Bank in Birmingham,
Alabama. Donor eyes were deemed normal by next-of-kin
questionnaire; donors with a history of glaucoma, severe
myopia, or diabetes were excluded. All specimens were
stored in isotonic saline at 4 ◦C immediately after enucle-
ation and tested within 48-h postmortem as follows. Of the
twenty pairs of human donor eyes used in this study, 19 pairs
from donors aged 20 to 90 years old (average age of 52.8, 12
males, 8 females) were used in a statistical analysis to esti-
mate the change in scleral strain with age. Scleral strains from
one pair of eyes from a newborn donor (age 0 years old) were
used post hoc to qualitatively assess the appropriateness of
the regression function for estimating the age-related strain
change at the lower extreme of the age range. Strain data
from ten pairs of eyes from elderly donors were published in
a previous report focused on regional and sectorial strain vari-
ation (Fazio et al. 2012b). For this study, we combine those
data from elderly donors with ten more pairs of eyes from
young donors to study age-related changes in the human scle-
ral strain within the peripapillary and mid-peripheral regions
of the posterior pole.

2.2 Inflation testing, B-spline-based displacement fitting,
mechanical strain calculations

The custom scleral inflation testing apparatus and general
protocol used in this work have been described in previous
studies (Girard et al. 2009a,b; Fazio et al. 2012b). Briefly,
the scleral inflation testing apparatus consists of a clamping
stage that allows the posterior third of the eye to be sealed and
pressurized while preventing non-inflation-induced motion.
A sealed chamber with a silica window was fitted atop
the clamping stage, which allows the inflation testing to
be performed with the specimen immersed in physiologic
phosphate-buffered saline solution (PBS) while measuring
displacements optically through the window. Each eye was
preconditioned using 20 pressurization cycles from 5 mmHg
to a maximum of 30 mmHg at a rate of 5 mmHg per second
and then allowed to recover for 15 min. Each eye was then
pressurized from 5 to 45 mmHg in small steps of 0.01–0.2
mmHg using an automated system with computer feedback
control, while scleral surface displacements were recorded
using a commercial laser speckle interferometer (ESPI;
Q-100, Dantec Dynamics A/S, Denmark). After each pres-
sure step, displacements were allowed to reach equilibrium
before they were recorded, and pressure step size was care-
fully controlled via computer feedback during the testing pro-
tocol to ensure displacement steps of similar size. A starting
pressure of zero could not be used since the posterior scle-
ral shell does not maintain its shape at that pressure. So, we
began testing at an internal pressure of 5 mmHg, which was
assumed to be a zero load condition for the purposes of strain
calculation. As in our previous studies (Girard et al. 2009a,b;

Fazio et al. 2012b), all pressure testing was performed at
room temperature.

Following inflation testing, the shape of each eye was
acquired using a 3D digitizer with a nominal resolution of
∼ 0.2 mm (MicroScribe G2X, Immersion, San Jose, CA).
Three-dimensional coordinates of ∼2, 500 points on the
outer surface of the posterior sclera were acquired, while
the shell was pressurized with PBS at 10 mmHg instead of
the reference pressure of 5 mmHg because the sclera is more
rigid at 10 mmHg and hence was considerably more resis-
tant to undesired indentions of the digitizer tip. This does not
affect the strain calculations, as small deformation theory dic-
tates that the strains as calculated in Eq. 2 are independent
from the initial specimen shape. A customized B-spline fit-
ting system was used for obtaining continuous and differen-
tiable analytical functions that define the three-dimensional
displacement field over 2/3 of the posterior hemisphere of
the eye as described previously (Fazio et al. 2012b). Using
the same functional form to describe specimen shape and
displacement allows direct surface deformation analysis and
local strain calculation without any intermediate finite ele-
ment or analytical modeling and the associated limitations
of their inherent assumptions.

Speckle pattern interferometry is a measurement tech-
nique based on the principle that a rough surface illuminated
with a coherent light beam creates a distribution of light spots,
i.e., a speckle field, randomly distributed in space. Interfer-
ence between the speckle field generated by the illuminated
surface with a reference field generates a light intensity dis-
tribution that is functionally dependent on the surface defor-
mation. By analyzing this light interference, one can recon-
struct the surface displacement field in three dimensions at
nanometer resolution.

In a recent study, we assessed the uncertainty of our ESPI
displacement measurement system. Mean displacement mea-
surement uncertainty was ±16 nm at the 95 % confidence
level (Fazio et al. 2012a), which demonstrates that ESPI pos-
sesses extremely high spatial resolution and low measure-
ment uncertainty (measurement error) when used for mea-
suring deformations in immersed spheroid pressure vessels.

The IOP-induced displacement field was measured using
ESPI for each eye as described above and then processed to
calculate the engineering strain tensor for the outer surface
of each eye as described in our previous report (Fazio et al.
2012b). Briefly, mechanical strain was computed as follows:

ESPI displacements were fit to continuous, differentiable,
analytical functions U(θ, ϕ)={

uθ (θ, ϕ), uϕ(θ, ϕ), ur (θ, ϕ)
}

(meridional, circumferential, and radial displacement, respec-
tively), which defines the displacement field over the domain
defined by the meridional

[
θ, 0, π

2

]
and circumferential

[ϕ, 0, 2π ] angles. For the outer surface of each eye, five(
εθθ , εθϕ, εϕϕ, εrϕ, εrθ

)
out of 9 components of the full

strain tensor (Eq. 1) were computed by direct mathemati-
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cal differentiation of the analytical displacement functions
(Eq. 2); three components εϕθ , εθr , and εϕr were computed
by strain compatibility equations, and the final component,
εrr , was numerically computed by assuming tissue incom-
pressibility, thereby imposing det[ε + I] = 1 (where I is
the identity matrix). In agreement with small deformation
theory, calculated strains are independent from the initial or
deformed specimen shapes. When these components are cal-
culated with respect to a spherical reference system (Eq. 2),
the radius of the sphere comes into play, but the relative errors
are miniscule for even relatively large errors in the estimate
of the sphere radius.

Strain Tensor = ε(θ, ϕ) =
⎧
⎨

⎩

εθθ εθϕ εθr

εϕθ εϕϕ εcr

εrθ εrc εrr

⎫
⎬

⎭
(1)

where
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

εθθ = 1
r

(
∂uθ

∂θ
+ ur

)

εϕϕ = 1
rsinθ

(
∂uϕ
∂ϕ

+ ur sinθ + uθ cosθ
)

εθϕ = 1
2r

(
1

sinθ

∂uθ

∂ϕ
+ ∂uϕ

∂θ
− uϕcotθ

)

εrθ = 1
2

(
1
r

∂ur
∂θ

+ ∂uθ
∂r − uθ

r

)

εrϕ = 1
2

(
1

rsinθ

∂ur
∂ϕ

+ ∂uϕ

∂r − uϕ

r

)

(2)

Maximum principal tensile strain (εI , Eq. 3) was computed
over the entire scleral surface by computing eigenvalues of
the full strain tensor:

εEig =
⎧
⎨

⎩

εI 0 0
0 εI I 0
0 0 εI I I

⎫
⎬

⎭
(3)

A recent study by Tang and Liu (2012) showed that variation
of the meridional and circumferential components of dis-
placement in the radial direction within the outermost layer of
the scleral shell is minimal. So, meridional and circumferen-
tial displacement variation in the radial direction, ∂uθ

∂r (θ, ϕ)

and ∂uϕ

∂r (θ, ϕ) in Eq. 2, respectively, was assumed to be zero
in the infinitesimally thin outer layer of the scleral shell. This
assumption cannot be used through the full thickness of the
sclera because there is considerable variation of the tangen-
tial displacement components in the radial direction (Tang
and Liu 2012). This assumption, together with tissue incom-
pressibility assumption, and the analysis of strain sensitivity
to noise were quantified and reported in the last paragraph of
this section.

2.3 Regionalization and strain sampling

The data analysis focused on the measurements of the mean
maximum principal (tensile) strain taken on a 200 × 200
equally spaced grid of meridional (θ ) and circumferential
(ϕ) angles across a region of the scleral surface including

both the peripapillary and mid-peripheral regions surround-
ing the ONH. The peripapillary region was defined as a
∼10 degree-wide band adjacent to the ONH (approximately
2.2 mm wide), and the adjacent mid-peripheral region was
defined for each eye such that it had the same surface area
as the peripapillary region. Previous studies have shown that
the peripapillary sclera adjacent to the ONH is a particu-
larly important factor in laminar biomechanics (Norman et
al. 2011; Grytz et al. 2011) so we focused our measurements
in this region. For tabulation of mean sectorial strains with
age, mean maximum principal (tensile) strain was computed
for eight circumferential sectors (45◦ wide) of equal surface
area within both the peripapillary and mid-peripheral regions
surrounding the ONH.

2.4 Statistical analysis

Strain values were modeled using Bayesian wavelet-based
functional mixed models (Morris and Carroll 2006), an exten-
sion of linear mixed models, designed to handle complex
functional and quantitative image data. The age effect was
modeled using an exponential function (see below). In pre-
liminary analyses, we also considered linear age effects, but
akaike information criterion (AIC) tests found the expo-
nential model was a better fit for the data, and the max-
imum likelihood was achieved by using 110 years of age
for the asymptotic value of the exponential function. The
model was fit using a Bayesian approach assuming non-
informative vague prior distributions for the regression coef-
ficients, with a Markov Chain Monte Carlo procedure yield-
ing posterior samples for all model parameters. We chose
the functional mixed modeling approach because it can
model the maximum principal strain data on the entire
meridional and circumferential grid while accounting for
the correlations within each eye in a flexible way. Improp-
erly accounting for spatial autocorrelation can result in erro-
neously low p-values (type I error), so the Bayesian approach
we used is more conservative than less flexible statistical
approaches that are typically available in software pack-
ages. Statistical modeling and inference details are given
below.

While we modeled maximum principal strain continu-
ously on the scleral surface, we also computed aggregate
summaries of strain and its relationship with age within
eight circumferential sectors (45◦ wide) of equal surface
area in both the peripapillary and mid-peripheral regions
surrounding the ONH. Our Markov Chain Monte Carlo
procedure produced posterior samples for these quantities,
from which we computed posterior means, standard errors,
and credible intervals for intercept a and age effect b con-
tinuously for (θ, ϕ), both regionally and sectorially. To
assess statistical significance of the age effects, we com-
puted P = 2 ∗ min{Prob(b > 0|Y ), Prob(b < 0|Y )}
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for the age effect b for each section within the two considered
regions. Note that given non-informative vague priors for the
regression coefficients, this measure is approximately equiv-
alent to the p-value for a two-sided test of the null hypothesis
that b = 0. The details of our statistical modeling approach
are as follows.

Let Yi j (θ, ϕ) be the mean maximal principal (tensile)
strain for eye j ( j = 1, left eye, j = 2, right eye) from
subject i at meridional angle θ and circumferential angle ϕ.
The functional mixed model we fit was:

Yi j (θ, ϕ) = a(θ, ϕ) + b(θ, ϕ) ∗ exp
{
agei/

(
agei − 110

)}

+ ui (θ, ϕ) + ei j (θ, ϕ), (4)

where a(θ, ϕ) and b(θ, ϕ) are the intercept and age coef-
ficient, ui (θ, ϕ) are random effect functions, and ei j (θ, ϕ)

are residual error functions. A Bayesian wavelet domain
modeling approach (Morris et al. 2011) was used to fit
model (Eq. 4). This approach allows the method to model
a(θ, ϕ) and b(θ, ϕ) continuously, while adaptively borrow-
ing strength from nearby measurements, and automatically
accounting for local covariance structure (spatial autocorre-
lation) across (θ, ϕ) in the random effects and residual error
variance in a flexible way.

2.5 Error assessments and sensitivity analysis

Two pairs of eyes (one from a young and one an old donor)
were used to assess the impact of our assumptions of tissue
incompressibility and zero variation of the in-plane displace-
ment components in the radial direction at the outer surface
of the sclera. We also assessed the sensitivity of the reported
strains to random displacement measurement noise.

2.5.1 Tissue incompressibility assumption

Assuming scleral incompressibility basically assumes that
there is a negligible volume change in the tissue following
mechanical deformation. Sclera is mechanically anisotropic,
hyperelastic, and inhomogeneous, so true validation of the
incompressibility assumption under real mechanical condi-
tions is impractical. In order to estimate the impact of our
incompressibility assumption on the reported strain values,
we considered a simplified case of homogeneous, isotropic
sclera (same Poisson’s ratio in any direction) subject to equib-
iaxial in-plane tensional deformation (εθ = εϕ); equibi-
axial deformation maximized the sensitivity of the radial
contraction to a variation of the Poisson’s ratio. Under
these conditions, out-of-plane (radial) contraction would
be 0.5 times the magnitude of the in-plane deformation(
− εϕ

εr
= − εθ

εr
= 0.5

)
. If this simplified sclera was com-

pressible (assume a Poisson’s ratio of 0.45), the out-of-
plane contraction (εr ) would be reduced by 10 %. There-

fore, we assessed the impact of tissue compressibility by
imposing a 15 % decrease in εr (the only component in
our method affected by this assumption) and quantified the
absolute variation of the sectorial mean maximum prin-
cipal strain. On average, we observed a 1.58 % relative
change in strain when assuming scleral incompressibility
versus assuming a reasonable value for scleral compress-
ibility.

2.5.2 Assumption of negligible variation of in-plane
displacement components in the radial direction

To assess the dependency of the strain computation reported
in this paper, we also computed maximum principal strain
using only the components of the strain tensor εθθ , εϕϕ, εθϕ

(in-plane components); these components of the strain tensor
can be directly calculated from the displacements without any
underlying assumptions.

Maximum principal strains computed with the approxi-
mated full 3D tensor are slightly different in absolute value
from those computed with the 2D, in-plane strain compo-
nents only, but both the sectorial pattern and age-related vari-
ations are very similar (see Results section).

2.5.3 Sensitivity of strain to random displacement
measurement noise

To quantify the impact of random noise on the strain, we
added random displacement noise of −5 to 5 μm to the
raw displacement components at pressure levels from 10
to 45 mmHg at each 5 mmHg step. The resulting relative
difference in sectorial mean maximum principal strain was
1.66 %, which demonstrates the robustness of our customized
B-spline fitting method to noise. A graphical representation
of the assessment of error due to random displacement mea-
surement noise is shown in Fig. 1, where we compare the B-
spline surface fitting of the original data (blue) to that includ-
ing the simulated random noise (red). The fitting methodol-
ogy we used is effectively insensitive to random noise, even
for noise magnitudes much larger than would be expected
for our experimental setup.

2.5.4 Interactions

The aforementioned estimates of potential error were cal-
culated independently, but the highest total error can be
achieved by combining all three potential sources of error.
Considering all possible combinations, the maximum rela-
tive error in sectorial mean maximum principal strain was
3.77 %, which is negligible given the differences we report
in the Results section below.
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Fig. 1 Superior–inferior section through the B-spline surface fitting of both the original measurement data (blue) and the original data with ±5μm
of random displacement noise added

Fig. 2 Contour plots showing the five unique components of the strain
tensor and the analytically derived maximum principal (tensile) strain
for an IOP elevation from 5 to 45 mmHg in a representative human eye
in right eye configuration. The boundaries of the peripapillary and mid-
peripheral regions surrounding the ONH are shown by the solid and
dashed lines on the lower right plot, respectively, and the boundaries of

the 45-degree-wide sectors are shown with radial gray lines. The spatial
complexity and steep gradients of the strain around the ONH (3.3 mm in
diameter in this eye) indicate that only techniques with extremely high
spatial resolution and displacement measurement accuracy are appro-
priate for displacement and strain calculation in scleral shells subjected
to inflation testing

3 Results

3.1 Strain variation in the posterior role

Contour maps of the measured strain components and
the maximum principal (tensile) strain for a represen-
tative human scleral specimen are presented in Fig. 2.
Strain values are particularly pronounced in the periph-
eral sclera near the clamp (Fig. 2). The nature of infla-
tion testing of quasi-spherical specimens requires that the
radial displacement component (ur) is zero at the clamp
ring where the sclera is constrained, which forces a steep
gradient in the radial displacements near the clamp and
induces a large radial shear strain in the meridional direc-
tion (Fig. 2). Also, shear strain is particularly pronounced

around the ONH due to the mechanical discontinuity caused
by the presence of the relatively compliant ONH within
a stiffer posterior scleral shell. As a result, the outer
boundary of the mid-peripheral region was located suf-
ficiently distant from the clamping ring in this study to
ensure that clamp-induced shear deformation was negligi-
ble.

3.2 Regional differences in maximum principal strain

Average maximum principal strain significantly decreased
with age in the peripapillary region, from 1.54 % at 20 years
old to 1.32 % at 90 years old (P < 0.001; Fig. 3). Interest-
ingly, the mid-peripheral sclera did not exhibit a significant

123



Age-related changes in human 557

Fig. 3 Average regional maximum principal strain versus age for a
pressure elevation of 40 mmHg. Overall, regional mean maximum prin-
cipal strain in the peripapillary region significantly decreases with age
(P < 0.001), while mid-peripheral strain did not exhibit a significant
change with age (P = 0.16). Maximum principal (tensile) strain was
significantly higher in the peripapillary region (red line) than in the
mid-peripheral region (blue line) at all ages (P < 0.001). Mean max-

imum principal strain values for the peripapillary (red numbers) and
mid-peripheral (blue numbers) regions of each eye are labeled by donor
number, which were assigned in ascending order by donor age (higher
numbers indicate higher age). Strain data from the newborn donor (nb)
are included in the plot but not in the statistical analysis used to esti-
mate the plotted curves, and it matches the statistical estimates of scleral
strain at age 0 years

Fig. 4 Sectorial strain change by age for sectors in the peripapillary
region (solid lines) and mid-peripheral region (dashed lines) for a pres-
sure elevation of 40 mmHg. Maximum principal strain changed signif-
icantly with age in 7 of 8 sectors in the peripapillary region (P < 0.05
for all, except the T sector), while only one sector (N) in the mid-

peripheral region showed significant change with age. While the peri-
papillary region stiffened significantly overall and in 6 of 8 sectors with
age, the inferotemporal sector softened significantly. S superior, I infe-
rior, N nasal, T temporal

change in average strain level with age (P = 0.16; Fig. 3).
Across all ages, strain in the peripapillary region adjacent
to the ONH was significantly higher than strain in the mid-
peripheral region for a 40 mmHg IOP elevation (P < 0.001;
Fig. 3).

3.3 Sectorial differences in tensile strain by age

Strain changes with age sectorially in both the peripapillary
region (solid lines) and mid-peripheral regions of the sclera
(dashed lines) as shown in Fig. 4. Six of the eight sectors in the
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Table 1 Coefficient estimates, standard errors, and posterior probabil-
ities (P) for the age-related strain change coefficient b of the nonlinear
regression function for maximum principal (tensile) strain, aggregated
within sectors in the peripapillary and mid-peripheral regions. Due to
the exponential formulation of the aging function, the coefficient a esti-

mates the strain value in each sector at an age of 110 years old. Strains
can be estimated at any age using the function at the top of the table and
the listed coefficient estimates. Note that P is equivalent to the standard
p-value for a two-sided test of the null hypothesis that b = 0

Predicted maximum principal strain = a + b ∗ e(age/(age−110)) (mean values over sectors of the peripapillary and mid-peripheral regions)

Peripapillary region a b

Sector Estimate Std. error Estimate Std. error P

Temporal 1.2523 0.09 0.1078 0.1892 0.57

Superotemporal 0.9825 0.0759 0.433 0.1628 0.004*

Superior 1.0227 0.0885 0.71 0.1886 0.002*

Superonasal 1.0765 0.0725 0.8697 0.153 <0.001∗

Nasal 1.1884 0.0751 0.939 0.1574 <0.001∗

Inferonasal 1.1125 0.0894 0.5452 0.1919 <0.001∗

Inferior 1.2357 0.0708 0.351 0.1518 0.034*

Inferotemporal 1.4337 0.0682 −0.4357 0.1459 <0.001∗

Mid-peripheral region a b

Sector Estimate Std. error Estimate Std. error P

Temporal 0.9286 0.0677 0.0771 0.1427 0.602

Superotemporal 0.8849 0.0489 −0.0007 0.1069 0.976

Superior 0.8472 0.0621 0.0464 0.1318 0.734

Superonasal 0.9582 0.0575 0.0979 0.1234 0.438

Nasal 0.8945 0.0601 0.5673 0.1287 <0.001∗

Inferonasal 0.9196 0.0703 0.1601 0.1489 0.304

Inferior 0.9108 0.0526 −0.0611 0.1132 0.578

Inferotemporal 0.9559 0.05 −0.1476 0.1088 0.17

peripapillary region showed significant stiffening with age
(P < 0.034 for all sectors, Table 1), while the inferotemporal
sector showed a significant softening with age (P < 0.001,
Table 1). In the mid-peripheral region further from the ONH,
only the nasal sector showed a significant stiffening (strain
decrease) with age (P =< 0.001, Table 1). Table 1 lists the
fitting function and estimates of the coefficients necessary
to calculate the sectorial tensile strain in both regions as a
function of age.

Local age-related strain change rate (b coefficients in
Table 1) for the peripapillary scleral region is graphically
represented in Fig. 5, which shows the variability in the age-
related change in scleral mechanical response.

Sectorial differences in maximum principal scleral strain
calculated at the two extremes of the age range of the donors
in this study (20 and 90 years old) are presented in Fig. 6
for sectors of the peripapillary region only. At 20 years old,
tensile strains in the nasal sectors are significantly higher
than the temporal sectors. The sectorial strain pattern reverses
with age, and the temporal sectors exhibit the highest tensile
strains as subjects get older. The age-related changes in ten-

Fig. 5 Contour map of the age-related strain change coefficients of
the nonlinear regression function (b coefficients in Table 1) for the peri-
papillary scleral region. Negative values of the strain change coefficient
indicate a local increase in scleral compliance with age, while positive
values indicate local scleral stiffening with age. Age was significantly
associated with peripapillary scleral strain in all but the temporal sector
(P < 0.05). S superior, I inferior, N nasal, T temporal, ONH optic nerve
head

sile strain by sector and region can be calculated using the
function and coefficient estimates given in Table 1.
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Fig. 6 TSNIT plot of the estimated mean maximum principal strain
at 45 mmHg (assuming zero deformation at 5 mmHg and a 40 mmHg
IOP elevation) in the peripapillary region, as predicted by the statistical
model for 20 and 90 years old. The 95 % credible intervals of the esti-
mated means of strain values are indicated by the color-shaded areas

around each curve. On average, the nasal sectors exhibit the highest
strains when humans are young, but that reverses with age such that
the temporal sectors exhibit the highest strains in the elderly. Sectorial
strain variability decreases with age due to the gradual overall stiffening
of the sclera with age. T temporal, S superior, N nasal, I inferior

Fig. 7 Mean sectorial maximum principal strains (Left) and age-
related strain change coefficients (Right) obtained by computing the
maximum principal strain with the approximated 3D strain tensor shown
in Eq. 2 (thick lines) and a partial 2D strain tensor with the in-plane

strain components only (dashed lines). Mean sectorial strains and age-
related strain change were slightly different, but the sectorial pattern
and variation with age were effectively identical using both the 3D and
2D calculations

As briefly introduced in the methods section above, we
investigated the sensitivity of the maximum principal strain
values to the assumptions used in the definition of the 3D
strain tensor. Figure 7 shows a comparison between the mean
sectorial maximum principal strain (a coefficients in Table 1)
and the strain change coefficient (b coefficients in Table 1)
obtained using the approximated 3D strain tensor formula-
tion and the directly calculated 2D strain tensor with the in-
plane components only (εθθ , εϕϕ, εθϕ). This highlights that

the assumptions underlying the 3D strain tensor calculation
did not affect the sectorial variability or age-related changes
reported in this study.

4 Discussion

The main finding of this work is that mechanical strain in
human peripapillary sclera significantly changes with age
within 7 of 8 sectors around the ONH. Only one sector of the
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mid-peripheral sclera exhibited a significant change in the
strain level with age. Across all ages, strain in the peripapil-
lary region adjacent to the ONH was significantly higher than
strain in the mid-peripheral region. The sectorial pattern of
peripapillary scleral strain pattern changes significantly with
age; maximum strains are seen in the nasal and minimum
in the inferotemporal quadrants in young donors, while the
maximum strains were found in the inferotemporal and the
minimum in the nasal quadrants in the elderly donors. Also,
while scleral strains generally decrease in the peripapillary
region with age, the sectorial variability in the strains also
decreases with age (Fig. 4), but the statistical significance of
this was not assessed.

This work should be viewed with several limitations in
mind, which have been described in detail in our previous
reports (Fazio et al. 2012a,b). Briefly, there is error in the
displacement measurement at the outer edge of the speci-
men due to ESPI phase map reconstruction difficulties. We
positioned the ONH and peripapillary sclera at the center
(apex) of the posterior scleral specimen and analyzed strains
in a relatively narrow band around the ONH to avoid these
edge effects. Under these conditions, our ESPI system has
a measurement uncertainty of ±16 nm (Fazio et al. 2012a)
and possesses sufficient measurement precision and spatial
resolution to capture the local scleral deformation changes
between sectors within the peripapillary and mid-peripheral
sclera, as well as the small but significant changes in the
sector deformations with age.

We assumed that the sclera is incompressible to calculate
one of the nine strain tensor components necessary for our
analyses, as described in detail in our previous report (Fazio
et al. 2012b). This assumption affects only one of the nine
strain tensor components used to calculate maximum prin-
cipal strain, so no significant errors resulted to be dependent
by this assumption, as showed by the sensitivity analyses
presented in the section Materials and Methods.

We computed strain values in the sclera assuming zero-
strain state at 5 mmHg IOP, so the strain values we reported
are lower than the true strain. We used an initial 5 mmHg
pressure reference to avoid the geometric nonlinearities that
would invalidate analytical computation of the strain tensor
from the displacement field.

The Coudrillier study also reported a significant age-
related stiffening of the mid-peripheral sclera (Coudrillier
et al. (2012), which does not agree with our findings. A pos-
sible explanation of this discrepancy is that Coudrillier and
coworkers did not include a spatial autocorrelation structure
in their statistical analysis that accounts for the correlation
and inter-dependence of the deformations measured at adja-
cent points on the sclera. The sclera is mechanically continu-
ous, and hence, each point on the tissue deforms in a manner
consistent with the deformations of neighboring points. Dis-
regarding the spatial autocorrelation of the scleral displace-

ment, measurements lead to a bias in the estimated parame-
ters and result in erroneously small p-values (type I error)
(Dormann et al. 2007; Dormann 2007), which may explain
the differences in the results reported herein and the previ-
ously published work.

We also performed scleral inflation testing at room tem-
perature because the ESPI displacement measurement sys-
tem we used is so sensitive that thermal convection currents in
heated PBS induce measurement errors. Regional and sec-
torial strain variations we report should not be affected by
testing temperature because all specimens were tested under
identical conditions. Since all specimens were treated identi-
cally, age-related changes in the regional and sectorial strains
that are the focus of this report should be unaffected by these
factors.

We assumed that the donor eyes were normal without con-
firming normality through an ophthalmic examination per-
formed while the patient was living. This could prove cru-
cial for studies on cellular activity or neural tissues, or those
that are designed to detect differences due to treatments or
disease states such as glaucoma. However, there are rela-
tively few conditions or diseases that are likely to signif-
icantly impact scleral biomechanics for ostensibly normal
eyes, and these were broadly excluded based on next-of-kin
questionnaire.

This study is the first to report sectorial age-related
changes in peripapillary and mid-peripheral scleral strain
in human eyes subjected to inflation testing. The analysis
of strain used herein accounts for scleral thickness, shape,
loading, boundary conditions, and local structural disconti-
nuities intrinsically. Hence, direct strain calculation of scle-
ral shells subjected to inflation testing allows the study of the
mechanical response of the peripapillary sclera under phys-
iologically mimetic conditions, which minimizes the differ-
ences between the true biomechanical behavior of the tis-
sue in vivo and the experiment-specific testing conditions. In
particular, our approach allows for the analysis of the struc-
tural stiffness of the peripapillary sclera acting in concert
with the contained ONH and not as a stand-alone tissue, e.g.,
biaxial testing of excised patches of sclera (Eilaghi et al.
2010b) or uniaxial testing of scleral strips (Geraghty et al.
2012). Testing hypotheses concerning age-, race-, or disease-
related changes in scleral biomechanics greatly benefit from
this approach, and the optimized ESPI technique we devel-
oped, coupled with inflation testing of the intact posterior
scleral shell, allows scleral strain analyses that are not possi-
ble with other measurement methods. We demonstrated and
extensively discussed (Fazio et al. 2012a) the necessity of
using displacement measurement techniques with extremely
high spatial and measurement resolution to capture the small,
localized strain variations around the ONH, as well as the
small but significant deformation changes with age (Fazio et
al. 2012b).
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The direct differentiation of analytical functions describ-
ing the continuous scleral displacement field allows direct
calculation of the scleral strain tensor, which avoids the inter-
mediate computational methods and their limiting assump-
tions that are typically required to estimate strain from exper-
imental displacement data.

A recent study on age-related changes in scleral strain
(Coudrillier et al. 2012) reported significant decreases in
meridional and circumferential strain with age in human
posterior scleral shells. While our results agree with their
general conclusions, their digital image correlation (DIC)-
based strain calculations yield shear strains that are one-
tenth the magnitude of the circumferential and meridional
strains, which does not agree with the large magnitude shear
strains we report (Fig. 2). Furthermore, the computational
approach used to calculate scleral stiffnesses in the afore-
mentioned study assumes that all six shear components of the
strain tensor are negligible, which is clearly a questionable
assumption given the large shear strains we observed. Fig-
ure 2 shows that the shear strain components are the largest
and most rapidly changing components of the strain tensor in
the sclera, especially in the peripapillary and mid-peripheral
regions that influence the biomechanical environment of the
ONH. Correlation-based displacement measurement tech-
niques such as DIC (Schreier et al. 2000; Bornert et al.
2009) are constrained by a compromise between spatial res-
olution and displacement measurement uncertainty, because
increasing the spatial resolution (lowering pixel subset size)
increases the measurement uncertainty (Robert et al. 2007).
Speckle-based interferometry techniques such as the ESPI
method used in this work are more suitable for assessing
small, localized strain variations since displacement mea-
surement resolution is decoupled from spatial resolution
because each pixel performs as a stand-alone interferome-
ter and can measure displacements with a ±16 nm accuracy
(Fazio et al. 2012a). The shear components of the scleral
strain tensor represent the difference in local displacement
components along orthogonal directions. Hence, the differ-
ences between the large in-plane shear strain we report and
the small values observed by Coudrillier et al. (2012) likely
arise from the inability of the DIC technique used in that
study to discern the small localized changes in the orthog-
onal displacement components necessary to capture shear
strains.

The detailed regional and sectorial distributions of scleral
strain are important, as they inform us about the strains that
scleral tissues and the resident cells actually experience when
IOP is elevated, both acutely and chronically. We measured
scleral tensile strains that were significantly higher in the
peripapillary sclera compared to the adjacent mid-peripheral
sclera across all ages.

Sectorial and regional variations in peripapillary strains
could contribute to the focal structural and functional defects

typically seen in glaucoma, a disease that is associated with
advancing age. Hence, this study was designed to test the
hypothesis that regional and sectorial localized variations
in peripapillary scleral strain change significantly with age.
The values and age-related dependence of the sectorial and
regional scleral strain reported herein can serve as bench-
marks for the validation of future computational models
as well as define the appropriate strain ranges for apply-
ing mechanical deformations to scleral cells and tissues in
vitro.

A similar pattern of sectorial and regional variation in
tensile strain was found in all eyes, but some eyes exhibited
much higher strains overall than others (sectorial strain range:
0.758–3.63 %). This wide range of strain between sectors
of different eyes may relate to variations in scleral thick-
ness, ONH biomechanics, and/or the distribution of collagen,
elastin, and crosslink density. Furthermore, the sclera is a liv-
ing tissue that may remodel and grow in response to different
stimuli including IOP-induced mechanical strain (Girard et
al. 2011) and the variation in strain might relate to different
IOP loading and remodeling histories of each eye.

The high strains we observed in the inferotemporal sec-
tor may be due to local differences in ONH morphology,
scleral thickness, and/or material properties, as this sector
corresponds to the site of fetal fissure closure during scle-
ral development. See and colleagues (2009) showed that the
inferotemporal sectors exhibited the highest neuroretinal rim
area measurement change rate with age and the nasal sectors
exhibited the lowest rate in their normal control cohort. It
is interesting that in normal donor eyes, the pattern of age-
related change in peripapillary scleral strain shown in Fig. 5
and the overall pattern of strain magnitude seen in Fig. 4
also match this pattern. This suggests the possibility that the
age-related increase in peripapillary scleral strain in the infer-
otemporal sector could be an age-related risk factor for focal
progressive loss of retinal ganglion cell axons, or that under-
lying scleral strain is changing the measurement reference in
these sectors. In addition, Healey et al. (1998) showed that
the incidence of optic disk hemorrhage is significantly higher
in the inferotemporal sector in normal subjects. This study
also showed that the odds ratio of DH increases significantly
with age in normal subjects (odds ratio = 2.2 per decade).
Two other studies have shown that disk hemorrhage inci-
dence is highest in the inferotemporal sectors and lowest in
the nasal sectors in cohorts of normal subjects (Airaksinen et
al. 1981) of glaucoma suspects with normal disk appearance
(Yamamoto et al. 2004). While we have not demonstrated
a causative link between disk hemorrhage and the sector-
ial peripapillary scleral strain changes reported herein, it is
interesting that sectorial disk hemorrhage incidence follows
the same sectorial pattern and age-related susceptibility we
observed for the age-related strain changes shown in Table 1
and Figs. 4 and 5.
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Mechanical tensile strain in the peripapillary sclera is a
direct measure of the stretch to which the scleral fibroblasts,
extracellular matrix, and penetrating vasculature are exposed.
While we do not fully understand the extent to which peri-
papillary scleral strain is transmitted to the ONH and lamina
cribrosa or how laminar strain induces axonal damage, it is
plausible that high regional peripapillary strains induce high
strains in the adjacent lamina cribrosa, which damages the
contained axons in that area through a variety of mechanisms.
Given that the sectorial pattern and age-related susceptibil-
ity to both disk hemorrhages and neuroretinal rim area loss
closely matches the age-related sectorial changes in peripap-
illary scleral strain, it is also plausible that increasing peri-
papillary scleral strain increases the risk of disk hemorrhages
and focal retinal ganglion cell axon loss. Further work should
be done to elucidate the mechanistic relationships between
local peripapillary scleral strains, laminar strains, and focal
retinal ganglion cell axon damage.
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