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Abstract

Corneal biomechanics is an essential parameter for developing diagnostic and treatment methods
of corneal-related diseases. It is widely accepted that corneal mechanical strength stems from the
stroma’s collagenous composition. However, more comprehensive insight into the mechanical
properties within the stroma is needed to improve current corneal diagnostic and treatment
techniques. The purpose of this study was to perform elasticity characterization of anterior and
posterior stromal regions of human corneas using atomic force microscopy (AFM). Nine pairs of
human whole globes were placed in 20% Dextran solution, cornea side down, to restore the
corneal thickness to physiological levels (400-600um). The epithelium and Bowman's membrane
were removed from all eyes. Anterior stromal AFM elasticity testing was then performed on left
(OS) eyes. Additional stroma was removed from right (OD) eyes to allow posterior stromal
measurements at a depth of 50% of the original thickness. All experiments were performed with
corneas submerged in 15% Dextran to maintain corneal hydration. The results of the study showed
that the Young's modulus of elasticity of the anterior stroma (average: 281 + 214kPa; range:
59-764kPa) was significantly higher than that of the posterior stroma (average: 89.5 + 46.1kPa;
range: 29-179kPa) (p=0.014). In addition, a linear relationship was found between the posterior
stromal elasticity and anterior stromal elasticity (p=0.0428). On average, the elasticity of the
posterior stroma is 39.3% of the anterior stroma. In summary, there appears to be an elasticity
gradient within the corneal stroma, which should be considered in the design and development of
corneal diagnostic and treatment methods to enhance efficacy.

Keywords
Atomic Force Microscopy; cornea; mechanical properties

© 2013 Elsevier Ltd. All rights reserved.

Correspondence: Noél M. Ziebarth, PhD Biomedical Atomic Force Microscopy Laboratory Department of Biomedical Engineering
University of Miami College of Engineering 1251 Memorial Drive MEA 209 Coral Gables, FL 33146 nziebarth@miami.edu Tel:
(305) 284-4520 Fax: (305) 284-6494.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

The authors do not have any proprietary or financial interest in any of the devices presented.
Presented in part at the Association for Research in Vision and Ophthalmology 2011 meeting.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Dias and Ziebarth

Page 2

1. Introduction

Corneal biomechanics have been shown to be relevant in the diagnosis and treatment of
various corneal diseases. Corneal biomechanics provide insight into the structure of the
cornea and its relation to corneal physiological function. Such knowledge allows the
assessment of postoperative therapeutic methods like crosslinking for keratoconus and post-
LASIK ectasia or phototherapeutic keratectomy (PTK) for granular corneal dystrophy. In
addition, accurate corneal mechanical measurements are needed to avoid compliance
mismatch in keratoprothesis, corneal onlay, and corneal inlay development (Ruberti et al,
2011; Kamiya et al, 2008; Pepose et al, 2007). Corneal biomechanics is also vital in
determining accurate intraocular pressure measurements, which greatly influence effective
diagnosis as well as risk and treatment management of glaucoma (Harada and Naoi, 2004;
Brown et al, 2006).

Corneal mechanical strength and structural integrity stems from its collagen constituents
found predominantly in the stroma (Dupps et al. 2006; DelMonte et al. 2011; Winkler et al.
2011). The structure of the collagen framework in the corneal stroma greatly influences
corneal biomechanical and optical properties (Daxer et al. 1998; Winkler et al. 2011).
Various studies have shown the existence of regional differences in collagen lamellar
orientation across and throughout the thickness of human corneas, especially within the
stroma (Kokott. 1938;Kamma-Lorger et al. 2010;Abahussin et al. 2009;Boote et al. 2005).
The anterior stroma consists of thinner, more densely-packed interwoven collagen lamellae
of random orientation with some connecting to Bowman's membrane, contributing to the
anterior corneal mosaic formation and corneal curvature (DelMonte et al. 2011; Abahussin
et al. 2009; Morishige et al. 2011; Kotecha, 2007; Bron, 1968; Bron et al. 1969; Bron et al.
1970; Komai et al. 1991; Freund et al. 1995; Bron, 2001). The posterior stroma contains
thicker, more loosely-packed lamellae of limbus to limbus orientation and is a region of
increased collagen lamellae order, hydration, and swelling properties (Freund et al. 1995;
Bron, 2001; Patel et al. 1995; Turss et al. 1971; Muller et al. 2001).

With such depth-dependent structural differences within the stroma, corresponding
biomechanical property differences between the distinct stromal regions should also be
reflected. In fact, previous studies have shown such depth dependence of the corneal
mechanical properties, despite different characterization techniques (Winkler et al. 2011;
Randleman et al. 2008; Kohlhaas et al. 2006; Scarcelli et al. 2013). Although the numerical
values of mechanical properties varied among the studies, all agreed that the mechanical
properties of the anterior stroma are significantly distinct from that of the posterior stroma.
The anterior stroma was found to be stiffer (Winkler et al. 2011; Kohlhaas et al. 2006;
Scarcelli et al. 2012; Scarcelli et al. 2013) as well as have a greater adhesion force
(Randleman et al. 2008) than the posterior stroma. Thus, the overall goal of this study is to
build upon the previous findings of Kohlhaas et a/(2006), Randleman et a/ (2008), Winkler
et al (2011), and Scarcelli et a/ (2013) by investigating the localized effective compressive
elastic modulus of the hydrated human stroma at different depths and determining a
relationship between anterior and posterior stromal elasticity using Atomic Force
Microscopy (AFM). AFM enables localized mechanical sample testing in aqueous solutions
(Lal et al. 1994; Karrasch et al. 1994). Because of the low indentation depths applied
perpendicular to the tissue plane of interest, AFM can independently characterize the distinct
layers of the cornea and perform depth-dependent characterization studies. The application
of AFM to mechanically characterize the corneal tissue is forthcoming, with recent studies
including the elastic characterization of the human corneal basement membranes, Bowman's
membrane and anterior stroma (Last et al. 2009; Last et al. 2012; Lombardo et al. 2012).
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Atomic force microscopy (AFM) can be used to determine the mechanical properties of a
variety of biological samples through the principle of nanoindentation. AFM involves the
use of a cantilever tip that probes a sample of interest, applying a small force (typically on
the order of pN), and monitoring the cantilever deflection due to sample interaction with the
use of laser that is focused onto the cantilever tip (Binnig et al. 1986). Although AFM is
widely used in the field of cell mechanics, the use of AFM can be expanded to the tissue
level. This can be achieved by the modification of standard AFM indenter tips with glass
microspheres, thereby increasing the surface contact area to measure tissue mechanical
responses rather than individual tissue components (Last et al. 2009). The AFM system used
in these studies is a custom laboratory-made modification of the AFM design used for
imaging (Last et al. 2009;Wojcikiewicz et al. 2003;Ziebarth et al. 2007;Ziebarth et al. 2011).
Tipless AFM cantilevers (nominal spring constant: 4.5 N/m, NSC12 series, Mikromasch,
San Jose, CA) were modified with glass microspheres (59-74um diameter, 15926-100,
Polysciences Inc.) by using a water-resistant two-part epoxy adhesive to attach a
microsphere onto the cantilever with the aid of an inverted optical microscope (Carl Zeiss
Stemi-2000C), allowing it to dry overnight, and then rinsing it in ethanol to remove excess
epoxy from the tip. The modified tip was then calibrated to determine its spring constant
using a reference force calibration cantilever (nominal spring constant: 10.4 N/m, CLFC-
NOBO, Bruker, Camarillo, CA) manufactured specifically for the calibration of other
probes. Using the reference cantilever calibration technique, the modified tip was used to
probe both the tip and the base of the reference cantilever to obtain and record the resultant
deflections (Syerand Sparq respectively) (Ohler, 2010). Using the acquired deflection values,
the spring constant of the madified tip, &, is calculated from (Ohler, 2010):

3
bty (ret 1) (—2
"I\ Shara L-AL

where k.r[N/m] is the spring constant of the reference cantilever, Sy.r[nm/V] is the
measured deflection on the tip of the reference cantilever, Sy, [NM/V] is the measured
deflection on the base of the reference cantilever, L[m] is the length of the reference
cantilever, and AL [m] is the offset distance of the modified tip from the end of the reference
cantilever.

The modified cantilever tips were lowered onto the corneal samples using a piezoelectric
mechanism (60um maximal expansion, P-841.40, Physik Instrumente, Germany). In effect,
the cantilever experiences a combination of indentation and deflection (bending) dependent
on the sample softness: the harder the sample, the more the cantilever deflects and the less it
indents the sample. Cantilever deflection corresponds to the force that the AFM probe tip
exerts on the sample. Recorded cantilever deflection-indentation curves can be used to
derive the sample's force-indentation curves, after factoring out the cantilever deflection on a
hard surface and incorporating the measured spring constant. According to the Hertz contact
mechanical model (Hertz, 1881), the force-indentation relation is a function of the effective
Young's modulus of elasticity:
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where F [N] is the measured force (N), E [N/m?] is Young's modulus (Pa), v is Poisson's
ratio (v=0.49 for the cornea (Liu et al. 2005;Knox Cartwright et al. 2011;Cabrera Fernandez
et al. 2005)), R [m] is the radius of the spherical indenter (m), and D is the measured
indentation. The custom AFM system was calibrated with agarose gels of different
concentrations for comparison to that seen in literature (Normand et al. 2000); the elasticity
results obtained from the custom AFM system were an average of 1.5 times greater than the
compressive elasticity results produced from the Instron machine used by Normand et a/
(2000).

2.2 Experimental protocol

Experiments were conducted on 9 pairs of human cadaver eyes (age range: 63-93 years old)
retrieved from the Florida Lions Eye Bank (Miami, FL) with the average postmortem time
of 7.1 + 2.8 days (range: 3-11 days). The human eye globes arrived from the eye bank in
sealed vials placed in Styrofoam containers filled with ice. Upon arrival in the laboratory,
the corneal epithelium was removed using a cotton-tipped applicator and pachymetry
measurements were taken to determine extent of corneal swelling. The whole globes were
submerged in 20% Dextran solution, cornea side down, to restore corneal thickness to
physiological levels (Swinger et al. 1985; Duffey et al. 1989; Borja et al. 2004). The whole
globes remained in the 20% Dextran solution (20 grams of dextran in 100mL of PBS;
D8821, avg. molecular weight: 64,000-76,000 g/mol, Sigma Aldrich, St. Louis, MO) for 24
hours in the refrigerator at 4°C. Pachymetry measurements were taken using an ultrasound
pachymeter (DGH 55 Pachmate, DGH Technology Inc., Exton, PA) after 24 hours to ensure
the restoration of the corneal thickness within the physiological range of 400-600um. All
human eyes were obtained and used in compliance with the guidelines of the Declaration of
Helsinki for research involving the use of human tissue.

For this study, the left (OS) eyes were prepared for anterior stromal mechanical testing and
the right (OD) eyes were prepared for posterior stromal mechanical testing. Using a 4mm
surgical blade (Alcon), approximately 50um of corneal tissue was removed from left eyes to
expose the anterior stroma. Approximately 50% of the restored corneal thickness was
removed from right eyes to expose the posterior stroma. Pachymetry measurements were
taken incrementally to ensure accurate depth control. The cornea was excised within the
sclera beyond the limbus and was mounted onto the base of a custom cornea holder. The
holder is comprised of a spherical protrusion that has a radius of curvature matching that of
the cornea. The cornea was secured onto the spherical base with the holder's anchoring top
that contains a hole to expose the central region of cornea for mechanical testing (Figure 1).
While in the holder, the cornea is submerged in 15% Dextran solution to maintain corneal
hydration during mechanical testing with the custom-built AFM system (Figure 1).

After each cornea was prepared as described above, the custom cornea holder containing the
sample was placed under the AFM cantilever. The sample was positioned so that the
modified cantilever tip was over the central portion of the sample. The modified tip was
lowered until it was just touching the surface. This position was determined by the point
when the reflected laser beam moves off the photodiode. The location of the cantilever on
the sample was observed using the 10x microscope objective connected to the camera
beneath the sample. This enabled the positioning of the cantilever above an area with no
surface irregularities. The modified tip was then lowered using the piezoelectric control so
that it was in contact with the tissue. The measurements were conducted using a cantilever
approach and retraction speed of 15um/s and a maximal indentation force of 1000V
(<20nN). The voltage detected at the photodiode due to deflection of the cantilever was
recorded as a function of piezoelectric displacement. These recordings were repeated at least
15 times per sample. All experiments were performed at room temperature. With the use of
custom MATLAB programs, the indentation force-indentation depth curves were analyzed
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using the Hertz model for a spherical indenter and the effective Young's modulus of
elasticity was determined. The accuracy of the curve fit was visually verified. After AFM
testing, all corneal samples were placed in 10% buffered formalin (HT501128, Sigma-
Aldrich, St. Louis, MO) and prepared for histology. Sections were taken through the
corneas, and slides were prepared with these sections, which were stained with
methylthionine.

The effective Young's modulus of elasticity was 281 + 214kPa (range: 59-764kPa) for the
anterior stroma and 89.5 £ 46.1kPa (range: 29-179kPa) for the posterior stroma (Table 1).
For each individual eye pair, the elastic modulus of the anterior stroma was consistently
higher than its posterior stromal counterpart (Figure 2). A paired Student's t-test was
performed to compare the anterior and posterior elasticity measurements and resulted in
statistical significance (p=0.014). The posterior stromal elasticity exhibited stiffness that
was, on average, 39.3% of the anterior stromal elasticity (range: 16.7 — 63.1%). Among the
various fits performed, a linear relationship between the posterior stromal elasticity and the
anterior stromal elasticity demonstrated to be most significant (p=0.0428), yielding a slope
of 0.26 with zero intercept (Figure 3). The location of the measurements was confirmed
using the histological sections.

4. Discussion

A custom-built AFM for nanoindentation measurements was used to independently quantify
the mechanical properties of the anterior and posterior corneal stroma. Experiments were
performed on fully hydrated corneal samples restored to the physiological corneal thickness
range of 400-600um. The relationship between anterior and posterior stromal elasticity was
determined to be linear. Results of this study revealed that the effective posterior stromal
elasticity is approximately 39.3% of its anterior stromal counterpart.

Nanoindentation is intended to provide mechanical measurements of materials of interest
through the application of ultrasmall forces perpendicular to the sample plane of interest and
measurement of the resultant sample indentation. Providing a relationship between applied
force and sample indentation, the Hertz model has become a popular contact mechanical
model to derive a sample's Young's modulus when using spherical indenters. The Hertz
model assumes that the sample of interest is of a homogeneous, isotropic, linearly elastic
nature with an infinite sample thickness and infinitesimal deformations (Last et al. 2012;Last
et al. 2010;Li et al. 2008;Costa et al. 1999). However, this is not the case for soft tissues,
such as the cornea, which are heterogeneous, viscoelastic, and anisotropic. Therefore, when
applied to soft tissue samples, the Hertz model can only provide a linear elastic
approximation. Because of this, the results of this study reflect the effective elastic
properties of the anterior and posterior corneal stroma only relative to one another, as
opposed to signifying one “absolute” Young's modulus of the both stromal regions,
respectively, due to the tissue's anisotropic and nonlinear nature (Whitcomb et al. 2011).

Commercially available AFM cantilever tips are typically less than 50nm in diameter, and
are therefore limited to mechanical characterization of individual tissue constituents. To
measure tissue-level mechanical properties of soft tissues using indentation testing, it has
been determined that a contact area greater than 50pum in diameter is required (Ebenstein et
al. 2006; Ebenstein et al. 2004). With the intent of characterizing at the tissue-level rather
than at the nanoscale level, this current study used AFM cantilevers modified with glass
microspheres (average diameter 67.6um) to measure the elasticity of anterior and posterior
stromal layers. The use of these modified cantilevers increases the surface contact area with

Exp Eye Res. Author manuscript; available in PMC 2014 October 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Dias and Ziebarth

Page 6

the sample thereby enabling networks of the stromal tissue microstructure to be
mechanically probed rather than individual collagen components of the stroma.

Accurate determination of the cantilever's spring constant is of particular significance when
using cantilevers with modified tips. The value of the cantilever's spring constant greatly
influences the force measurements retrieved and consequent outcome of elasticity values
obtained. When a microsphere is attached to an AFM cantilever, its weight coupled with the
application of epoxy glue to adhere it alters the nominal spring constant prescribed to the
cantilever, producing further stiffening. For this reason, it is important to calibrate the
modified cantilever rather than just assume the spring constant to be equivalent to the
nominal spring constant of the unmodified cantilever. Using the reference cantilever
calibration technique (Ohler, 2010), it was found that the spring constant of the modified
AFM tips was about 1.5 times stiffer than the unmodified cantilever's nominal spring
constant.

The technique of manually removing the Bowman's membrane and underlying stromal
layers to access the respective anterior and posterior stroma, using a surgical blade, stemmed
from the manual delamination technique used in Descemet's Stripping Endothelial
Keratoplasty and Deep Lamellar Keratoplasty surgeries (Stoiber et al. 2004; Marchini et al.
2006). Ophthalmologists commonly use either spatula or blunted surgical instrument to
gently remove stromal layers. Although the femtosecond laser is the recent technology for
creating excisions within the cornea, the effect of its high-pulse energies on corneal
biomechanical properties is not certain. For this reason, the femtosecond laser was not used
in this study.

The accuracy of biomechanical measurements obtained from post-mortem corneas depend
strongly upon the tissue's state of hydration (Borja et al. 2004). The donor corneas retrieved
from the eye bank were in an edematous state with thicknesses above the normal
physiological levels. Performing mechanical characterization testing on such edematous
corneas would provide biomechanical results influenced by the high water content and not
give an accurate measure of in-situ corneal responses. For this reason, Dextran solution was
used to restore the corneas to their normal thickness range of 400-600um. Dextran has been
extensively studied in the area of post-mortem corneal preparation and hydration for
experimental studies (Swinger et al. 1985; Duffey et al. 1989; Borja et al. 2004;Hamaoui et
al. 2001;Terry et al. 1994). Based on the studies of Hamaoui e a/ (2001), it was noted that
dextran solutions of 20% proved most effective in bringing edematous corneas back to
normal in vivo thickness ranges and that 15% effectively maintained corneal hydration
during experimentation. To validate our use of 15% Dextran to maintain corneal hydration
in this study, we performed time-lapse experiments using optical coherence tomography
(OCT). Once the normal in vivo thickness was restored, corneal thickness was maintained
for at least 2 hours (longer than needed for AFM testing) for the cases where: (1) Bowman's
membrane was intact and (2) Bowman's membrane was removed to expose the stromal
layer. For both cases, there were no significant distinctions observed in the swelling of the
anterior and posterior stromal regions. As a result, the use of 15% Dextran is an effective
protocol to maintain appropriate corneal hydration levels during experimentation.

Although being the most appropriate eye model for this study, the use of human donor
corneas introduces limitations that cannot be controlled by the researchers. One general
issue concerning the use of human donor eyes in ex-vivo studies is the limited availability of
tissue, which restricts the present study's sample age range and size. In addition, medications
that the donor was taking or diseases such as diabetes and glaucoma could impact the
measurements obtained. Another important issue associated with using donor corneas,
especially in regards to biomechanical characterization, is the eye's post-mortem time
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because it can also influence the results of biomechanical measurements. Although there
was no significant relationship between measured Young's modulus of elasticity and
postmortem time, factors contributing to the varying post-mortem time of eyes in this
present study include the unpredictable retrieval time between a donor's death and arrival at
the eye bank (which can take between 1-5 days) and the corneal 15% dextran dehydration
protocol for corneal physiological thickness restoration, which requires an additional 24
hours. However, despite the varied postmortem time, the anterior and posterior stromal
elasticity gradient remains independent of the post-mortem time.

Separate characterization of the anterior and posterior stroma has been previously
investigated by Randleman et a/ (2008), Kohlhaas et a/ (2006), Scarcelli et a/ (2013), and
Winkler ef a/ (2011) using adhesion tensile stretching, tensile stretching, Brillouin
microscopy, and indentation testing, respectively. The results of our study demonstrate the
same qualitative trend found by these previous studies, where the anterior stroma elastic
modulus was significantly higher than that of the posterior stroma. Such a mechanical
distinction within the stroma is linked to the structural changes observed by its layered
collagen networks. The anterior stromal region's relatively high elastic modulus values
correspond to this region's densely compacted and interwoven collagen networks.
Conversely, the lower elastic moduli results of the posterior stromal region reflect the
loosely-connected collagen lamellae of this area. The depth-dependent change of stromal
mechanical elasticity from anteriorly high to posteriorly low suggests the existence of a
biomechanical gradient within the human stroma that is linked to its gradual change of
structural collagen features. However, the quantitative values observed in Randleman et a/
(2008), Kohlhaas et a/ (2006), and Scarcelli et a/ (2013) are incomparable to that of the this
present study; Randleman et a/ (2008) measured the stroma's adhesion force, Kohlhaas et al
(2006) measured the stroma’s tangential elastic modulus rather than sagittal, and the
Brillouin modulus of Scarcelli et al (2013) lacks an established relation to the standard
Young's modulus. The studies of Winkler ef a/ (2011) and Last et a/(2012) used a similar
characterization technique as that used in this study; however the quantitative results of our
study are different than what was measured in these studies due to hydration, postmortem
time, and the depth measured in the cornea.

In summary, it was found that the effective Young's modulus of the anterior stromal region
is consistently higher than that of the posterior stromal region. In addition, there is a linear
relationship between the anterior and posterior stromal elasticity, with the posterior stroma
approximately 39.3% as stiff as the anterior stroma. These results suggest that a
biomechanical elasticity gradient exists within the stroma. AFM proves to be a reliable
characterization technique for tissue applications, enabling the procurement of localized
mechanical sample testing of fully hydrated samples.
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Figure 1.
Custom Cornea Holder. Side View (Top) and Top View (Bottom) of the Human Cornea in

Custom Corneal Holder for AFM Testing. A human cornea (stained with 0.4% trypan blue
for illustration purposes) is placed in the custom corneal holder during AFM testing. A
human cornea (stained with 0.4% trypan blue for illustration purposes) was excised within
the sclera beyond the limbus and was mounted onto the base of a custom cornea holder. The
holder is comprised of a spherical protrusion that has a radius of curvature matching that of
the cornea. The cornea was secured onto the spherical base with the holder's anchoring top
that contains a hole to expose the central region of cornea for mechanical testing. This
holder enables sturdy anchoring of an intact cornea, maintenance of corneal curvature, and
the filling of 15% Dextran solution for proper corneal hydration during AFM testing.
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Figure 2.

Bar Graph of Anterior Stromal Elasticity and Posterior Stromal Elasticity. A bar graph
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comparing the Young's modulus of elasticity of the anterior stroma and posterior stroma for
each respective eye pair is shown. Right eyes were subjected to anterior stromal elasticity
testing and left eyes were subjected to posterior stromal elasticity testing using atomic force

microscopy.
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Linear Regression of Posterior Stromal Young's Modulus of Elasticity vs. Anterior Stromal
Young's Modulus of Elasticity. This graph demonstrates a significant linear relationship
between the elasticity of the posterior stroma and anterior stroma.
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Table 1

Human Cornea Sample Information. The aae, post-mortem time, restored thickness, and Young's modulus of
elasticity for each respective eye pair. The right (OS) eyes were used for anterior stromal elasticity testing and
the left (OD) eyes were used for posterior stromal elasticity testing.

Restored Thickness (um) Young's Modulus of Elasticity (kPa) (Average +
Eye Pair | Age (years) | Post-Mortem Time (days) SD)
(O] oD (O8] oD
1 63 7 562 433 287.5+42.2 93.6+11.2
2 66 11 531 534 122.7+13.6 775+82
3 67 7 535 585 328.9 +64.2 105.6 +31.2
4 72 3 493 539 764.0 + 67.6 128.2 +18.7
5 75 6 588 508 2439+ 16.9 46.7£3.9
6 84 4 451 499 934+14.1 49.6 +6.9
7 86 11 590 543 221.7+52.1 96.3+11.8
8 89 9 402 523 395.7+51.4 178.9+13.6
9 93 6 450 493 59.3+8.7 29.2+31

Values for the modulus of elasticity are average + standard deviation.
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