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Abstract

Purpose: To investigate the relationship between scleral mechanical properties, its birefringence, and the anisotropy of
birefringence alteration in respect of the direction of the strain by using PS-OCT.

Methods: The scleral birefringence of thirty-nine porcine eyes was measured with a prototype PS-OCT. A rectangle strip of
sclera with a width of 4 mm was dissected at the temporal region 5 mm apart from the optic nerve head. The strain and
force were measured with a uniaxial tension tester as the sample was stretched with a speed of 1.8 mm/min after
preconditioning. The birefringence of the sample was measured by PS-OCT at the center of the sample before applying,
denoted as inherent birefringence, and after applying stretching of 6.5% strain. The birefringence alteration was obtained
by these two measurements and correlations between birefringence and elastic parameters, tangent modulus, and
structural stiffness were examined. Twenty and 19 porcine eyes were stretched in meridional or equatorial directions,
respectively.

Results: A moderate positive correlation was found between the inherent birefringence and the structural stiffness. A
moderate positive correlation was also found between the inherent birefringence and the tangent modulus. The
birefringence increased by strains. Marginal significance was found in the birefringence alteration between meridional and
equatorial strains, where the mean birefringence elevation by meridional strain was higher than that by equatorial strain.

Conclusions: The birefringence was found to be altered by applying strain and also be related with inherent birefringence.
This implies the birefringence of the sclera of the in vivo eye also could be affected by its mechanical property.
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Introduction

Glaucoma is the second leading cause of blindness in the

world[1]. It is a progressive optic neuropathy due to loss of retinal

ganglion cells and the retinal nerve fiber layer that comprises

axons of these cells, and is characterized by optic nerve damage

and typical visual field loss [2]. The diagnosis of glaucoma is based

on characteristic optic nerve cupping which corresponds with the

visual field defect. However, it has been found that there is a loss of

approximately 40% of retinal ganglion cells before visual field

damage is detected [3]. Because glaucoma damage is irreversible,

early detection and appropriate management of progressive

changes are the best ways to prevent loss of visual function. In

the diagnosis of glaucoma, structural loss can precede detectable

functional loss by up to 5 years [4], and the glaucomatous retinal

nerve fiber layer defect can be detected morphologically by red-

free fundus photographs earlier than white-on-white visual field

defects [5].

Optical coherence tomography (OCT) is an emerging technol-

ogy for high resolution, noncontact imaging in transparent and

translucent structures[6], which has proven useful for measuring

circumpapillary nerve fiber layer thickness for glaucoma detection.

This modality can detect circumpapillary nerve fiber thickness loss

with good sensitivity and specificity. However, since the glaucoma

damage of nerve fiber is irreversible, it is important to investigate

an earlier signature of glaucoma than the nerve fiber loss.

It has been known that the posterior sclera plays a significant

role in the development of glaucoma, and it has been suggested

that damage due to intraocular pressure (IOP) can be affected by

the mechanical properties of this structure. Relatively low IOP can

itself lead to increased posterior deformation in the presence of

altered scleral mechanical properties [7].
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Human scleral tissue is comprised of approximately 50%

collagen by weight, consisting predominantly of type 1 collagen

[8]. Type 1 collagen involves formation of subfibrillar units that

assemble to form fibrils and bundles of fibrils, and these fibril units

may be important in detecting the mechanical properties of

collagen fibers [9]. In addition, these fibrils are known to be

aligned with some characteristic directionality [10–14].

We have previously shown a correlation between scleral

birefringence and elasticity using ex vivo porcine sclera [15]. This

correlation could be explained by the fact that both factors are

strongly related to highly organized collagen fibers such that the

birefringence of collagen fiber assembly is related to the scleral

microscopic properties. The highly organized collagen makes the

anisotropy of mechanical properties and also birefringence

alteration simultaneously.

In the previous study [15], a custom-made, polarization

sensitive optical coherence tomography (PS-OCT) [16] was

utilized to investigate scleral birefringence. PS-OCT is one of

the functional extensions of OCT which is capable of imaging the

birefringence of biological fibrous tissue [17]. Hence, PS-OCT is

expected to be suitable for indirect investigation of scleral

microstructure.

In the previous study, correlation between scleral birefringence

and mechanical properties was investigated in the relaxed state.

However, lack of knowledge about scleral birefringence under

mechanical force/tension limits our understanding of the mech-

anism behind this correlation. In this paper, we further

investigated the relation between scleral mechanical property

and birefringence. The scleral birefringence of the sclera is

measured both at the relaxed state and under strain. In addition,

the anisotropy of the birefringence was investigated as functions of

the direction of strain. Based upon these results, PS-OCT could

potentially be developed as an early diagnostic tool for scleral

abnormality and possible glaucoma.

Methods

Specimen preparation
Thirty-nine in vitro porcine eyes were obtained from a local

abattoir (Daimon Co., Ltd., Japan) and dissected and measured

within 24 hours of sacrifice. A rectangle strip of sclera with a width

of 4 mm and a length of about 15 mm was dissected at the

temporal region 5 mm apart from the optic nerve head (ONH) as

shown in Fig. 1. The nasal region and the region near the limbus

were excluded because the scleral thickness has high spatial

variation at these position. During the dissection, the sample was

cooled with an iced coolant.

To apply strain to each scleral sample, the sample was held by a

pair of clamps of a uniaxial, motorized, stretching tension tester

(MX2-500N, Imada Co., Ltd., Toyohashi, Aichi, Japan) as shown

in Fig. 2. The initial distance of the pair of clamps was 5 mm. The

sample was stretched along the long axis of the strip, which was

oriented to one of the meridional or equatorial directions. Here,

the meridional direction denotes the direction parallel to the

meridional line of the eye globe, and the equatorial direction

denotes the direction parallel to the equator of the eye globe.

Before performing the measurements, the sample was prepared

by a standard preconditioning protocol, which is later described.

During the experiment, saline was applied to the tissue to keep it

moist. Twenty and 19 porcine eyes were dissected for meridional

stretch and for equatorial stretch, respectively.

Measurement of cross-sectional area of sclera
Initially, a cross-sectional area of the sample required for the

calculation of elasticity was measured by OCT. The porcine sclera

is thick and the back surface of the sample could not be imaged by

OCT in all samples. In addition, the refractive index of the scleral

sample was not known, and it was therefore not possible to directly

measure the cross-sectional area using standard OCT measure-

ment techniques. To overcome this problem, a flat rubber plate

was attached behind the sample during the OCT measurement.

The surface topography was manually obtained from the OCT

measurement, and the area between the sample surface and the

surface of the rubber plate behind the sclera was defined as the

cross-sectional area as shown in Fig. 3. The rubber surface was

defined by line interpolation from the exposed surface of the

rubber plate. The cross-sectional area was then measured at the

center of the two clamps.

Measurement of stress-strain response of the sclera
We measured the strain-stress response of the sample, and

calculated elastic parameters, tangent modulus, and structural

stiffness.

The operational diagram of the motorized translation stage is

shown in Fig. 4. A prestress of 0.04 N was applied to remove any

slack of the sample. After removing a rubber plate, precondition-

ing was applied with ten cycles of loading and unloading from 0–

Figure 1. Porcine sclera dissected by scalpel blades. A strip of
sclera was dissected at the temporal region 5 mm apart from ONH,
resulting in a rectangular shape with a width of 4 mm and a length of
approximately 15 mm.
doi:10.1371/journal.pone.0058716.g001

Figure 2. The experimental system for birefringence and
elasticity measurements.
doi:10.1371/journal.pone.0058716.g002
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6.5% strain with a speed of 1.8 mm/min. After 10 cycles of

preconditioning, the sample was extended from 0–6.5 % strain

with the same speed. The purpose of the preconditioning was to

remove the variation of hysteresis in stress-strain curve among

stretching cycles. The preconditioning protocol utilized in this

study has been preliminarily validated for this purpose by an

experiment. For sample extension, the maximum strain of 6.5%

was adopted by the following reason. In previous studies of scleral

biomechanics, wide range of strains from 1% to 20% was utilized.

In our study, in order to mimic physiological condition, we

selected one of the smallest strains which was achievable by the

accuracy of our translation stage among the strains of previous

studies[18]. The strain and force were measured with the uniaxial

tester as the sample was stretched with a speed of 1.8 mm/min.

Twenty and 19 porcine eyes were stretched in meridional or

equatorial directions, respectively.

Calculation of elastic parameters.. The stress-strain curve

was obtained by the uniaxial tester, and was fitted with an

exponential model [19], s~a exp beð Þ{1f g, where s is tensile

stress, which is the force applied to the sample divided by the

initial cross-sectional area of the sample, and e is the strain,

namely, e~ L{L0ð Þ=L0 where L and L0 are the lengths of the

sample at a certain time and the initial length of the sample,

respectively. Fig. 5 shows a representative stress-strain curve of the

sclera. Tangent modulus at 0 % strain E~
ds

de

����
e~0

~ab, was used

for the analysis. To consider a net stiffness of sclera, structural

stiffness was defined as a product of tangent modulus and thickness

[20]. Power of exponential stress-strain function, which was

equivalent to the slope between tangent modulus and stress, b, was

also extracted from the fitting [19].

Birefringence measurement
Before and after the measurement of strain-stress response of

the sclera, OCT data of the sclera were acquired with a custom-

made PS-OCT [16] with a probe beam light with center

wavelength of 1.31 mm. The axial and lateral resolutions of the

PS-OCT in the tissue were 9.2 mm and 20.5 mm, respectively. The

outer surface of the sclera was positioned to face the scanner of the

PS-OCT. A-scans (51261280) covering 663 mm2 on the sample

were acquired. Since collagen bundles were densely packed in

sclera and the diameters of collagen bundles and fibrils were much

smaller than the axial resolution of OCT, no structure was directly

resolved in the sclera.

The PS-OCT provided a three-dimensional Jones matrix

tomography of the sample, in which each pixel of the tomography

represents the Jones matrix of the sample. To calculate the sample

birefringence from the Jones matrix tomography, we developed a

custom signal processing algorithm as follows. The Jones matrices

were moving averaged with a kernel size of 365 pixels (axial 6
lateral) by a complex Jones matrix averaging algorithm [16]. Local

roundtrip Jones matrices were calculated with a pixel separation of

8 pixels (49 mm) [21], Raw birefringence values of the sample were

obtained by Lu-Chipman decomposition of the local roundtrip

Jones matrices [22]. The systematic error of the birefringence was

corrected by a Monte Carlo-based mean estimator.[23] The

birefringence values obtained from pixels with an effective signal-

to-noise ratio[21] of greater than 10 dB were utilized for

subsequent analyses. Technically, the birefringence is defined as

the difference of two refractive indexes corresponding to two

orthogonal polarization states, and hence is unitless. However, in

this study, the birefringence was expressed as the phase-delay per

unit depth from the difference of the refractive indexes (i.e.,

degree-per-micrometer to be consistent with the convention of PS-

OCT). Although the unitless representation of the birefringence

and the phase-delay per unit depth have different scales, they are

essentially the same and have a perfectly linear relationship, i.e.,

DQ~360 Dn =lc where DQ is the birefringence represented in

degree-per-micrometers, Dn is the unitless birefringence, and lc is

the center wavelength of the PS-OCT probe beam in microme-

Figure 4. The time chart of strain applied during the
measurement. Prestress of 0.04 N was applied to remove slack of
the sample. Ten-cycle preconditioning was applied by loading and
unloading from 0–6.5 % strain with a speed of 1.8 mm/min. After 10 s
of preconditioning, the sample was extended from 0–6.5 % strain with
the same speed.
doi:10.1371/journal.pone.0058716.g004

Figure 5. An example of stress-strain curve. The region from 0%
to 6.5% strain was fitted by an analytic curve to obtain a tangent
modulus.
doi:10.1371/journal.pone.0058716.g005

Figure 3. An OCT image with a rubber plate used for the
measurement of the cross-sectional area. The area between the
sample surface and the surface of the rubber plate behind the sclera,
which is defined by line interpolation from the exposed surface of the
rubber plate, was defined as the cross-sectional area.
doi:10.1371/journal.pone.0058716.g003
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ters. These two representations of the birefringence therefore

made no difference for subsequent statistical analyses.

As predicted from the anatomy of the sclera [11], the

birefringence was not found to be uniform throughout the sample.

In addition, because of our calculation methodology, the measured

birefringence would result in an artifact at the boundary of tissue

domains which have different optic axes. To resolve this issue, we

defined a new parameter denoting the degree of optic axis

uniformity (DOAU) as follows. By using Stokes parameters of

eigenvectors of the Jones matrices, the DOAU is defined as

DOAU~
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Q2

mzU2
mzV2

m

p
, where Q2

m, U2
m, and V2

m are Stokes

parameters of axis orientations averaged in a kernel size of 5611

pixels (axial 6 lateral, 316129 mm2) centered at m-th pixel of the

B-scan image. DOAU of zero indicated a completely random

orientation, and unity indicated a completely uniform orientation

in the local regions of the kernel size. In contrast to the degree of

polarization uniformity [24], which is a similar quantity to

DOAU, DOAU did not represent a state of polarized light, but

could indicate regions with high uniformity of optic axes in the

sample which have reliable local birefringence. Only the

birefringence values obtained from pixels with DOAU greater

than 0.9 were used for the analyses, and the mean birefringence

was calculated for each volume of the sample.

The first birefringence measurement was performed right after

the preconditioning at 0% strain, and this birefringence value was

denoted as inherent birefringence because which would be similar

to that under physiological condition. The second birefringence

measurement was performed after stretching of the sample at

6.5% strain by the uniaxial tester, and alteration of the

birefringence was obtained from these two measurements.

Statistical analysis of birefringence and elastic
parameters

Two-sided tests using Pearson’s product-moment correlation

coefficient were applied to the birefringence and elastic param-

eters. A paired t-test evaluated the birefringence alteration by

stretching, and analysis of covariance (ANCOVA) was used to

assess the inherent birefringence and birefringence alteration

between each strain direction. For the statistical calculation,

statistical computing language, R ver. 2.12.2 was used.

Results

Figs. 6 (a) and (b) show data plots of the elastic parameters and

inherent birefringence. A moderate positive correlation was found

between the inherent birefringence and the structural stiffness

(Pearson’s correlation coefficient, r = 0.48, P = 0.033 for

meridional, and r = 0.50 and P = 0.028 for equatorial strain). A

moderate positive correlation was also found between the inherent

birefringence and the tangent modulus for meridional strain (r =

0.52, P = 0.019). Although the statistical significance was low, the

inherent birefringence and the tangent modulus for equatorial

strain also showed moderate correlation (r = 0.41 and P =

0.081).

A moderate positive correlation was found between the

birefringence at 6.5% strain and tangent modulus (r = 0.58, P

= 0.008) and structural stiffness (r = 0.53, P = 0.017) for

meridional strain. Although the statistical significance was low, the

birefringence at 6.5% strain and each elastic parameters for

equatorial strain also showed moderate correlation (tangent

modulus; r = 0.34, P = 0.15, structural stiffness; r = 0.42, P

= 0.075).

The birefringence increased both by meridional (P = 0.0001)

and equatorial (P = 0.047) strains as shown in Fig. 7. Marginal

significance was found in the birefringence alteration between

meridional and equatorial strains (P = 0.058), where the mean

birefringence elevation by meridional strain was higher than by

equatorial strain. The birefringence alterations were +0.060 6

0.056 deg/mm (mean 6 standard deviation) for meridional and

+0.0266 0.053 deg/mm for equatorial.

In order to analyze properties of birefringence alteration by

strain, analysis of covariance (ANCOVA) was used in which an

explained variable was the birefringence alteration and explana-

tory variables were the strain direction and the inherent

birefringence as shown in Fig. 8. It was found that the most

Figure 6. Plots of elastic parameters of structural stiffness (A) and tangent modulus (B) against inherent birefringence.
doi:10.1371/journal.pone.0058716.g006
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significant explanatory variable was the inherent birefringence (P

, 0.0001) and the secondary explanatory variable was the strain

direction (P = 0.013). Since no significant interaction between the

inherent birefringence and strain direction was found by preceded

analysis of variance (ANOVA) (P = 0.42), a linear regression was

applied with assumption of an absence of interaction as shown in

Fig. 8.

Additional correlation analysis revealed a negative correlation

between the inherent birefringence and the alteration of the

birefringence (Pearson’s correlation coefficient, r = -0.77, P ,

0.0001 for meridional, and r = -0.72, P = 0.0005 for equatorial).

Discussion

Tangent modulus and structural stiffness of the sclera were

positively correlated with the inherent birefringence, a result

consistent with our previous study [15]. Collagen is the most

important factor at sclera in relating birefringence to mechanical

properties, because the highly organized collagen would result in

high mechanical stiffness and resulting high birefringence.

The unpaired t-test and ANCOVA indicated the strain

direction dependency of the alteration of the birefringence, i.e.,

the elevation of birefringence was higher with the meridional

strain. A previous study of human skin elasticity, which has more

well organized collagen fibers than sclera, showed that skin dermal

birefringence is altered by stretching or shrinking [25]. The study

showed that stretching along the direction of relaxed skin tension

lines (RSTL), to which the dermal collagen bundles are aligned,

enhanced birefringence. However, stretching in a perpendicular

direction to RSTL, and hence perpendicular to the collagen fiber

bundle alignment, decreased the dermal birefringence. The

authors suggested that the strain along the dermal collagen

enhanced the alignment of the collagen fibers, and hence

enhanced the dermal birefringence. In a similar manner, a strain

perpendicular to collagen fibers destroyed alignment of collagen

fibers, and reduced dermal birefringence [25]. In the case of

sclera, it is known that collagen fibers are highly organized and

aligned along a circumferential ring around the scleral canal in the

peripapillary region [10,12]. Collagen fibers in the peripheral

sclera are more irregularly arranged to form interwoven lamellae,

and they exhibit a wide range of diameters, which vary depending

on thickness [11,13,14]. Most importantly, in contrast to the skin

dermis, the region we measured (5-mm apart from the ONH)

might have relatively randomly oriented collagen fibers. The

second-harmonic-generation (SHG) microscopic images of porcine

sclera (Fig. 9), which were obtained by a custom-made SHG

microscope with an excitation wavelength of 800 nm and pulse

duration of 100 fs [26], exemplified the variation of collagen

fibers. A similar characteristic has also been known with rat sclera

[27]. With this random collagen structure, the strain in both

directions would promote alignment of collagen fibers and

increase the birefringence. This would explain our results of

birefringence elevation by the strains in both directions.

It is said that collagen fibers become uncrimped by stretch[28].

This uncrimping of collagen provides flexibility to the sclera and is

believed to provide protection against IOP elevation[29]. At the

same time this uncrimping of the collagen enhances the alignment

of collagen fibers, and increased the birefringence.

The strain-directional dependency of the elevation of the

birefringence would suggest that collagen was meridionally aligned

at the region we examined, although further detailed study is

necessary to confirm this hypothesis.

The negative correlation between inherent birefringence and

birefringence alteration indicates that higher inherent birefrin-

gence tends to have smaller birefringence alteration by strain. This

negative correlation is explained as follows. The high inherent

birefringence is indicative of highly aligned collagen fibers before

Figures 7. The birefringence alteration by meridional and
equatorial strain.
doi:10.1371/journal.pone.0058716.g007

Figure 8. Birefringence alteration plotted against internet
birefringence. Circles and rectangles indicate meridional and
equatorial strain, respectively. The dashed and solid lines respectively
represent regression curves of meridional and equatorial strains
obtained by linear regression analysis which explains the birefringence
alteration as a linear function of inherent birefringence and strain
direction.
doi:10.1371/journal.pone.0058716.g008

Figure 9. Second-harmonic-generation microscopy images of
porcine sclera. The images were taken by a custom-made second-
harmonic-generation microscope with an excitation wavelength of
800 nm and excitation pulse duration of 100 fs. The scale bars indicate
100 mm times 100 mm.
doi:10.1371/journal.pone.0058716.g009
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applying strain. If collagen has already been well aligned before

applying strain, an additional increase of alignment by the strain is

limited, and hence the birefringence alteration is only moderate.

It should be noted that, in the birefringence analysis, we have

assumed the birefringence was uniformed throughout the sample.

However, in practice, the birefringence would have spatial

variations. This failure of assumption would results in degradation

of reliability of the birefringence quantification. Further develop-

ment of a data analysis method which accounts for this variation of

tissue birefringence will provide us more accurate scleral

birefringence analysis.

Our eventual goal is to use the birefringence measurement to

assess the biomechanics of human sclera in vivo. In this study, the

birefringence was found to be altered by applying stain.

Furthermore, the birefringence alteration depended on the strain

direction and inherent birefringence. This implies that birefrin-

gence of a sclera in vivo would be expected to be affected not only

by its mechanical property, but also by intraocular pressure and

the shape of the eye globe. This study and future systematic studies

will hopefully further characterize the relationship between scleral

biomechanics and birefringence, with the eventual goal of making

PS-OCT a valuable tool for the clinical diagnosis of glaucoma.
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