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ABSTRACT

The cornea, through its shape, is the main contributor to the eye's focusing power.
Pathological alterations of the cornea strongly affect the eye power. To improve treat-
ments, complex biomechanical models have been developed based on the architecture and
mechanical properties of the collagen network in the stroma, the main layer of the cornea.
However, direct investigations of the structure of the stroma, as well as its link to the
mechanical response, remained limited. We propose here an original set up, associating
nonlinear optical imaging and mechanical testing. By using polarization resolved Second
Harmonic signals, we simultaneously quantified micrometer (orientation of the collagen
lamellae) and nanometer (local disorder within lamellae) scale corneal organization. We
showed that the organization of the lamellae changes along the stroma thickness. Then,
we measured simultaneously the deformation on the epithelial side of the cornea and the
reorientation of the collagen lamellae for increasing intraocular pressure levels, from
physiological ones to pathological ones. We showed that the observed deformation is not
correlated to initial orientation, but to the reorganization of the lamellae in the stroma. Our
results, by providing a direct multi-scale observation, will be useful for the development of
more accurate biomechanical models.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

The cornea is the anterior part of the eye and is characterized
by two main optical properties: transparency and focalization
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of light. It contributes to approximately two third of the
optical power of the eye. Any modification in the shape or
the mechanical strength of cornea induces a loss of vision. It
is the case in several pathologies that are related to abnormal
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intraocular pressure (IOP), as glaucoma, or to variations of the
structural and mechanical properties of the cornea, as kera-
toconus (Daxer and Fratzl, 1997; Meek et al., 2005; Morishige
et al., 2014). Another clinical issue is corneal wound healing
after laser refractive surgery procedures or corneal graft
(Roberts, 2000). The mechanical strength and the shape of
the cornea are tightly related to the highly organized three-
dimensional architecture of the corneal stroma. This layer
represents 90% of the corneal thickness, between the epithe-
lium and the Bowman's membrane on the anterior side, and
the Descemet's membrane and the endothelium on the
posterior side (Krachmer et al, 2005). It is composed of
hundreds of 2-3 um-thick stacked collagen lamellae contain-
ing aligned nanometric collagen fibrils. Any disruption of the
stroma microstructure is expected to affect the mechanical
and optical properties of the cornea. It is therefore of great
interest to develop specific and contrasted imaging tools to
probe and quantify these hierarchical collagen structures in
relationship with the corneal mechanical behavior.

The corneal microstructure has been first, to the best of
our knowledge, investigated using electron microscopy
(Beuerman and Pedroza, 1996; Radner et al., 1998). X-ray
scattering patterns obtained by using Synchrotron radiation
source (Meek and Boote, 2009) have also provided informa-
tion about the anisotropic arrangements of collagen lamellae
through the whole stroma in different regions of the cornea.
Nevertheless, both techniques required tissue fixation pre-
venting any mechanical assays. More recently, second har-
monic generation (SHG) microscopy, a particular type of
nonlinear optical microscopy, has proven to be an efficient
tool for obtaining virtual biopsies in unstained fresh corneas
(Aptel et al., 2010; Han et al., 2005; Latour et al., 2012b;
Matteini et al., 2009; Morishige et al., 2014; Winkler et al,,
2013, 2015; Yeh et al., 2002). All these studies have shown the
complex and multiscale organization of human cornea, with
lamellae mainly oriented along two orthogonal directions
near the center, and mostly circumferentially near the sclera
at the border (Quantock et al., 2015).

Elaborate biomechanical models (Nguyen and Boyce, 2011;
Pandolfi and Vasta, 2012; Petsche and Pinsky, 2013; Pinsky
et al.,, 2005; Studer et al., 2010; Whitford et al., 2015) have been
developed recently to deal with both the stromal microstruc-
ture and the curved geometry of the cornea. They assumed a
given distribution of lamellae and a hyperelastic behavior for
the collagen fibrils. Calibration and validation of these
models required experimental characterization of cornea
mechanical behavior. Using controlled environment and
loading conditions, ex vivo experiments have investigated
various mechanical parameters through inflation (Boyce
et al., 2008; Elsheikh et al., 2007, 2010; Hjortdal, 1995, 1996;
Hjortdal and Jensen, 1995; Shin et al., 1997) or shear tests
(Elsheikh et al., 2009; Petsche et al., 2012). In most inflation
studies, the corneal surface strain was deduced from the apex
displacement under increasing IOP (Elsheikh et al., 2007,
2010). Boyce et al. (2008) measured surface strains on bovine
corneas using digital image correlation, whereas Hjordtal
(Hjortdal, 1995, 1996; Hjortdal and Jensen, 1995) and Shin
et al. (1997) reported pressure-induced mechanical strain on
human corneas, using particle tracking on the epithelial side.
More recent studies focused on in vivo mechanical

characterization, using clinical devices (Pinero and Alcon,
2014), shear wave imaging (Nguyen et al., 2014) or full-field
OCT combined with elastography (Nahas et al., 2013). Never-
theless, to our knowledge, all biomechanical models of
cornea combined microstructural and mechanical informa-
tion measured in distinct corneas. Therefore, significant
progresses could be achieved on the validation and calibra-
tion of these models by being able to track the evolution of
the corneal microstructure, and in particular of the lamellae
orientation, during a mechanical loading.

To address this issue and determine in a reliable way the
relationship between the collagen organization at nano- and
micrometer scale in corneal stroma and the mechanical
properties of this tissue, we present here semi-continuous
observations of the evolution of the microstructure of the
stroma during mechanical inflation tests on fresh human
corneas. To that end, we combined SHG microscopy with
mechanical assays and monitored simultaneously the stroma
microstructure and the mechanical response. By tracking
fluorescent micro-beads deposited on corneal epithelium,
strains were measured on the anterior surface of the cornea
for IOP varying from physiological to highly pathological
levels. Quantitative structural information at both nanometer
and micrometer scales were obtained by polarization-
resolved SHG (P-SHG) microscopy, in particular the orienta-
tion of the collagen fibrils that form the collagen lamellae
(Gusachenko et al.,, 2012; Stoller et al., 2002). By mapping this
orientation at sequential depths within the cornea, we
measured the probability density of fibril orientation along
the whole depth of the cornea (Latour et al., 2012b). We then
correlated structural and mechanical data obtained at differ-
ent scales to get insight about the multiscale mechanics of
each studied cornea. We showed that the distribution of fibril
orientation changed from anterior to posterior stroma, indi-
cating a transition from an isotropic to a more orthotropic
microstructure. We also showed that the lamellae orientation
evolved with pressure increase and that the surface
strain was correlated to the observed changes in lamellar
orientation.

2. Material and methods
2.1. Cornea preparation

Investigations were performed in accordance with the tenets
of the Declaration of Helsinki and the French legislation for
scientific use of human corneas. Human corneas provided by
the French Eye Bank (BFY, Paris, France) were unsuitable for
transplantation and assigned to scientific use (E.E.B.A., 2010).
For this study, we used 14 human corneas that exhibited
endothelial cell densities between 1400 and 2750 cell/mm?
(mean value: 2330 cell/mm?, higher than the viability thresh-
old that is 2000 cell/mm? (E.E.B.A., 2010)) (see Table 1). The
corneas were stored at 31°C in a storage medium (StemAl-
pha2 #7002, StemAlpha) until the day before the experiment.
They were then immerged for 24 h in a deswelling medium
(StemAlpha3 #7003, StemAlpha) to recover a thickness close
to the physiological one. However, they were slightly edema-
tous, with a mean thickness of 630um, while the
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Table 1 - Clinical data of human corneas with the optical and mechanical analysis performed.

BFY Cornea # Age Gender Endothelial cell density (cell/mm?) Initial thickness (um) Optical analysis ~Mechanical analysis
10167 1 83 F 1600 400 0-48 mbar 0-48 mbar
10375 2 68 M - 680 - 0-48 mbar
10380 3 76 F 1400 580 0-48 mbar -

10426 4 86 F 1850 700 0-48 mbar 0-48 mbar
10439 5 86 F 2750 500 0-48 mbar -

10456 6 77 F 2750 600 0-48 mbar -

10676 7 81 F 2650 550 0-64 mbar 0-48 mbar
10788 8 89 M 2600 650 0-64 mbar 0-64 mbar
10717 9 57 M 2500 900 0-64 mbar 0-64 mbar
10764 10 67 M 2700 650 0-64 mbar -

10803 11 56 F 2500 650 0-64 mbar 0-64 mbar
10819 12 65 F 2700 650 0-64 mbar 0-64 mbar
10794 13 77 M 1800 500 0-64 mbar 0-64 mbar
10862 14 71 I¥ 2500 550 0-64 mbar -

physiological central corneal thickness is around 500 pm. The
corneas were surrounded by a small remaining of sclera
(typically 1 mm of width).

Fluorescent micro-beads (0.5 pm diameter) were deposited
on the external surface of the cornea. After one minute, the
excess of beads was rinsed with Hanks balanced salt solution
before insertion of the cornea in the experimental set up.

2.2.  Inflation system and loading path

The corneas were installed on a custom-built pressure
chamber, designed to be placed under the nonlinear optical
microscope (Fig. 1a and b). We attached the cornea to the
chamber by gluing the sclera to the top part of the chamber
and by gripping the sclera between the two parts of the
chamber. This was generally enough to prevent leaks, which
were detected by abnormal pressure temporal evolution.
Pressure was continuously recorded in the chamber by a
pressure sensor (STS ATM.23, range 0-100 mbar). The optical
contact between the cornea and the water immersion micro-
scope objective was maintained with an optical gel (Lacrigel,
Europhta).

We injected Hanks balanced salt solution in the chamber
through a homemade injector, at constant debit (2 mm?s~?)
up to the chosen pressure steps P; (16, 32, 48 and 64 mbar).
The injection was stopped during the image acquisition
(imposing a constant volume under the cornea), and then
Hanks solution was injected again until the next pressure
level (see Fig. 1c for the loading path). These pauses were
done to prevent cornea movements during imaging.

2.3.  Polarization-resolved nonlinear optical microscopy

Nonlinear optical imaging was performed using a custom-
built laser scanning upright microscope (Gusachenko et al,,
2010; Latour et al., 2012b). The laser source was a femtose-
cond titanium:sapphire laser (Tsunami, SpectraPhysics)
tuned to 860 nm and scanned within the sample to record
two-dimensional pixel-wise images at increasing depths.
High numerical aperture water immersion objective (20 x,
NA 0.95, Olympus) was used to achieve 0.4 x 1.6 um? (respec-
tively lateral and axial) resolutions near the sample surface.

The polarization state of the excitation beam was controlled
by using two motorized achromatic waveplates inserted at
the back pupil of the objective. The quarter waveplate con-
trolled the polarization state (circular or linear) and the half
waveplate was used to rotate the orientation of the linear
polarization and acquire polarization-resolved SHG signals.
Two-photon excited fluorescence (2PEF) signals were
detected in the backward direction, while SHG signals were
collected both in the backward (B-SHG) and in the forward
directions (F-SHG) with appropriate filters (FF01-680/SP, FFO1-
720/SP, Semrock for laser excitation rejection, GG400, Schott
for 2PEF signals and FF01-427/10, Semrock for SHG signals)
(Fig. 1a). These signals were detected using photon-counting
photomultiplier tubes (P25PC, Electron Tubes). Multimodal
image stacks were recorded using 200-300 kHz pixel rate.
Laser power at the objective focus was typically 20 mW at the
sample surface and was increased with imaging depth until
140 mW.

2.4.  Multiscale acquisition protocols

A volume of interest was selected off the geometric center of
the cornea to observe larger strains (Fig. 1d) (Boyce et al.,
2008). The typical distance between the center of the selected
volume and the geometric center of the cornea varied
between 0.5 and 1.1mm (mean distance: 0.8 mm). Using
conventional optical microscopy available on the same
microscope, the geometric center was identified by its equi-
distance to the sclera along two perpendicular directions.

For each loading step, three types of stack were recorded
as illustrated in Fig. 1d:

1. Stack #1 gave qualitative information (2PEF, F-SHG and
B-SHG) on the corneal microstructure through the whole
corneal thickness using circularly polarized excitation
(512 x 512 ym? field of view, 0.8 um pixel size, 20-50 pym
axial steps). Acquisition time was about 1 min.

2. Stack #2 was recorded on the surface of the specimen to
accurately locate the fluorescent beads from their 2PEF
signals for further surface deformation characterization
(512 x 512 um? field of view, 0.53 um pixel size, 1 ym axial
steps). Acquisition time was 5-10 min.
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Fig. 1 - Experimental set up. (a) Laser scanning nonlinear optical microscope with rotating waveplates to control the
polarization state of the excitation beam. The cornea, coated with fluorescent micro-beads (0.5 pm diameter), is placed in a
pressure chamber, under the microscope objective. Forward-SHG (F-SHG) and backward-SHG (B-SHG) and 2PEF signals are
simultaneously detected with appropriate spectral filters. Polarization-resolved SHG signals (P-SHG) are only acquired in the
backward direction where they are more robust (see text) (b) Picture of the setup showing the pressure chamber inserted
between the condenser and the microscope objective. (c) Mechanical loading path. Hanks balanced salt solution is injected
until the recorded pressure reaches the chosen level P;. During image acquisition, injected volume remains constant and
recorded pressure decreases due to stress relaxation. (d) Image acquisition in an off-centered volume of interest. Stack #1
(2PEF and F-SHG, field of view (FOV)=512 x 512 pm?, z-step (dz)=50 pm) gives qualitative information about the cornea. Stack
#2 (2PEF from micro-beads, FOV=512 x 512 ym?, dz=1 pm) is used to determine surface displacement. Stack #3 (P-SHG,
FOV =90 x 150 pm?, dz=3 pm, angular steps 10°) is used to determine lamellae orientations and local anisotropy parameter.

3. Stack #3 was recorded using P-SHG (polarization-resolved
B-SHG) signal to obtain quantitative information on the
fibrillar collagen organization through the whole corneal
thickness (160 x 160 um? field of view, 1.6 um pixel size, 3-
4 ym axial steps, linearly polarized excitation from —90° to
+90° with 10° angular steps). Acquisition time was 10-
20 min depending on the corneal thickness and the chosen
axial step.

P-SHG image processing was performed as already
described in (Latour et al., 2012b). Briefly, SHG signals were
averaged on regions of interest (ROI) of 8x8 pixels
(12.8x12.8 ym?) and the resulting data were then fitted
without any pre-processing using theoretically derived for-
mulas for P-SHG data (Latour et al., 2012b). For each ROI, the
orientation of the collagen fibrils (angle ¢) was obtained by
fitting the data as the excitation polarization angle giving the

maximal SHG signal. The precision on the fibril orientation is
better than 1° in our experimental conditions as demon-
strated in (Teulon et al, 2015). Fitted P-SHG data also
provided the anisotropy parameter p that was obtained as
the square root of the ratio of the signals for polariz-
ation excitation parallel (resp. perpendicular) to the collagen
fibrils: p = /I;;/I,. This anisotropy parameter has been shown
to measure the local order within the focal vol-
ume: the smaller the degree of alignment of the collagen
fibrils within lamellae, the larger the anisotropy parameter
(Gusachenko et al., 2012). These quantitative parameters ¢
and p were considered as valid only for coefficient of deter-
mination R?>0.7. Practically, low R? were obtained when the
ROI included the interface of two adjacent lamellae (Latour
et al., 2012a, b), so that our R?>0.7 criterion limited the data
to ROI within a single lamella, with aligned collagen fibrils
and significant orientation.
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2.5.  Digital volume correlation

Tridimensional (3D) displacement field was extracted by
tracking the pattern of the micro-beads on the 2PEF image
(stack #2) through digital volume correlation (DVC) using
CorrelManuV software (Bornert et al., 2004). The size of every
analysis region was chosen equal to 50x50 pixels
(27 x27 ym?) in x- and y-directions and 10 pixels (10 um)
along z-direction. When cornea was significantly tilted with
respect to the horizontal optical cross-section, it could be
reduced to 30 x 30 x 8 voxels (16 x 16 x 8 um®). The analysis
region size was chosen as a compromise between the
accuracy of the measured displacement and the number of
independent measurements covering the volume of interest,
that-is-to-say using non-overlapping analysis regions.

The DVC analysis regions were initially distributed over
the corneal surface to maximize the covered surface and limit
their overlapping. The edges of the image were avoided
because of artefacts. Some analysis regions were repositioned
in case of abnormal displacement of the epithelium or low
micro-beads density.

To estimate the accuracy of the measurement, DVC was
first conducted between two stacks of the same zone
recorded without any loading (Po=0 mbar) but after a small
translation of the chamber.

2.6.  Statistical analysis

Data of all loading steps between Po=0 mbar and P,=48 mbar
were analyzed using GraphPad Prism (GraphPad Software,
San Diego California). Analysis was not done for the step
Ps=64 mbar, due to the small number of corneas reaching
this step (Table 1). All measurements on single cornea and
error estimations are expressed as mean+ Standard Devia-
tion (SD). All statistical data on all corneas are expressed as
mean + Standard Error (SE). The normal distribution of popu-
lations was assessed using Shapiro-Wilk normality test.
Repeated measures one-way ANOVA with Tukey post-test
(resp. Friedman test with Dunn's post-test) were performed
for data observing (resp. not observing) a normal distribution.
A p-value less than 0.05 was considered statistically
significant.

3. Results

3.1.  Polarization-resolved SHG characterization of the
stroma

The corneal stroma that is mainly composed of type I fibrillar
collagen, exhibited strong endogenous SHG signals as pre-
viously reported (Aptel et al.,, 2010; Han et al., 2005; Latour
et al., 2012b; Matteini et al., 2009; Morishige et al., 2014;
Winkler et al.,, 2013, 2015; Yeh et al., 2002). F-SHG images
showed striated features that are generally attributed to the
orientation of the nanometer scale collagen fibrils in the
lamellae (Fig. 2a) (Latour et al., 2012b). These striated features
showed no waviness, even at low-pressure, indicating that
the slight edema of the cornea did not affect the lamellae
organization. In contrast to F-SHG signals, backward SHG (B-

SHG) signals from the same area were spatially homoge-
neous, due to smaller coherence length (Fig. 2b) (Latour et al.,
2012b). Polarization-resolved SHG was therefore performed
on backward detected signals to take advantage of this
smaller coherence length and obtain accurate quantitative
information about the microstructure of the stroma.

We previously showed that P-SHG microscopy was a
robust and effective technique to determine the orientation
of nanometer-sized collagen fibrils in cornea (Latour et al,,
2012b) (Fig. 2c). These collagen fibrils align to form collagen
lamellae and, as previously demonstrated (Latour et al,
2012b), we considered that the orientation provided by P-
SHG matched the one of the collagen fibrils within the
collagen lamellae. We computed these orientations along
the whole thickness of the corneal stroma to quantify the
lamellae orientation probability (Fig. 2 e). This histogram
clearly exhibited two orthogonal peaks (¢1 and ¢,) also
observed in polar diagram (Fig. 2f). The number of lamellae
oriented along these two peaks (+15°) represented 60-70% of
the total number of lamellae and the dominant orientation
@1, further used to define the lamellae coordinate system for
strain determination was defined as the center of the 30°-
cone containing the most lamellae through whole corneal
thickness. These results were consistent with X-ray scatter-
ing patterns reported in the literature (Hayes et al., 2007).
Simultaneously, we measured the anisotropy parameter p
from the same area (Fig. 2d) to get information about the
degree of alignment of the collagen fibrils within lamellae
(Latour et al., 2012b).

3.2.  Corneal microstructure versus loading for one cornea

Corneal microstructure was characterized under increasing
pressure by P-SHG. To have a better insight into the micro-
structure organization, the initial acquired volume was
divided into three parts of equal thickness along corneal
depth. Fig. 3a shows the lamellae orientation probability in
the whole stromal thickness (in gray) and in the anterior (in
blue), middle (in red) and posterior (in green) stroma for cornea
#13, which is representative of the typical behavior observed
in this study. The two orthogonal main orientations were
present at each depth, and they remained constant when
intra-ocular pressure increased.

We quantified the proportion of collagen lamellae oriented
along the main direction ¢;+15° (Fig. 3b) and along the
orthogonal direction ¢,+15° (Fig. 3c), for each pressure step.
At each step, the very same volume of interest was observed
by retrieving the pattern of the fluorescent beads at the
surface.

The proportion of lamellae in the stroma along the main
peak decreased with pressure while the one along the second
orthogonal peak increased with pressure (gray bars in Fig. 3b
and c). More specifically, we observed a decrease (resp.
increase) of the number of collagen lamellae oriented along
the main (resp. perpendicular) direction with the pressure for
the middle and posterior parts (red and green bars in Fig. 3b
and c), while the more isotropic organization of the lamellae
in the anterior part was maintained (blue bars).

The local anisotropy parameter p, related to the local
organization within lamellae, was also quantified for each
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of this article.)

loading step and the average values were calculated on the
whole thickness. p values did not vary versus depth (data not
shown); a slight increase was observed during the experiment
(Fig. 3d).

3.3. Statistical analysis of corneal microstructure
evolution versus loading

The previous analyses were performed for all corneas. The
summary of the corneal microstructure evolution is pre-
sented in Fig. 4. For all corneas, the proportion of collagen
lamellae along the direction ¢;+15° (resp. ¢»+15°) decreased
(resp. increased) with increasing pressure in the middle and
posterior parts (Fig. 4a and b). In the anterior part, the
proportion of lamellae did not significantly change, due to
the more isotropic organization of the collagen lamellae in
this region of the stroma. This behavior was emphasized by
computing the ratio of collagen lamellae along directions
@1+15° and ¢,+15° (Fig. 4c). This ratio increased with pres-
sure, showing a reorganization of the stroma toward a
balancing of the numbers of lamellae in the two main
directions.

For all corneas, the local anisotropy parameter p was
calculated and averaged along the whole thickness of corneas
at each loading step (Fig. 4d). A slight increase was observed,
which meant that the disorder increased slightly at sub-
micrometer scale. It was tightly related to the evolution of
the corneal thickness, which was measured at each pressure
step by use of stack #1 (Fig. 4e). During our quite long
experiments, the corneas became edematous probably
impairing the well-aligned organization of the collagen fibrils
within the lamellae.

3.4. Strain determination

A post-processing procedure combining DVC and strain
analysis was applied on 2PEF images of the micro-beads
(stack #2) to quantify corneal anterior surface strains, as
illustrated in Fig. 5. Micro-beads were spread all over the
corneal anterior surface included in the volume of interest,
providing variations of the fluorescence signal recorded in
stack #2. Fig. 5a shows the maximum intensity projection on
x-y plane of this fluorescence signal, which is represented in
red. Fig. 5a also shows a typical distribution of the analysis
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Fig. 3 - Corneal micro-structure versus loading on cornea #13. (a) Histogram of collagen lamellae orientation probability versus
the loading steps (0, 16, 32, 48 and 64 mbar) for the whole thickness (gray), the anterior (blue), middle (red) and posterior parts
(green) of the cornea. The orthogonal preferential orientations (¢4, ¢,) are shown with dashed lines. Evolution of the proportion

of collagen lamellae along (b) the main orientation ¢,+15° and (c) the orthogonal one ¢, +15° with the loading steps.
(d) Evolution of the local anisotropy parameter p with the loading steps. Error bars correspond to SD. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

regions (white squares) over the field of view. Using DVC, the
displacement of the analysis regions was calculated in 3D. A
2D mesh was created using Delaunay triangulation to con-
nect the analysis regions' centers and imported in Abaqus
software using S3 shell elements. For each loading step, the
measured displacement of every node was applied as new
boundary conditions.

A lamellae coordinate system was defined from P-SHG
analysis: axes 1 and 2 corresponded to the previously identi-
fied dominant orientations ¢; and ¢, while axis 3 was the
cross-product of axes 1 and 2. The displacement of the
anterior surface of the cornea was visualized in this lamellae
coordinate system (Fig. 5b) and local strains were evaluated
in every element to calculate the strain distribution over the

zone of interest. We observed a high dispersion in the local
strain distribution (Fig. 5c) related to the positioning error of
each node. To improve the accuracy of the results, a meso-
scopic strain (Fig. 5d), representative of an average strain of
the zone of interest, was defined for each loading step as
follows:

- Since the field of view was only 0.5 mm wide, the corneal
surface was approximated by a median plane identified
using least-squares method between the analysis regions'
centers. The mean angle between the median plane and
the x-y plane was 5.2+ 3.3° for all corneas (maximum value
15.1°).
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Fig. 5 - Mechanical post-processing. (a) Digital volume correlation was used on detailed 2PEF imaging of the micro-beads
(stack #2) to calculate the 3D-displacement of the corneal surface between two loading steps. Pictures are maximum intensity
projections of 2PEF acquisitions along the z-axis. White squares represent the analysis regions and white dots their centers.
(b) Visualization of the displacement in the coordinate system defined by the two dominant orthogonal orientations (p1, @) of
the collagen lamellae obtained from P-SHG data. (c) Distribution of the normal strain along ¢, measured in every element.
(d) Calculation of the mesoscopic strain of the zone of interest, defined by integration of the displacement along its contour.
Scale bars: 100 pm. (For interpretation of the references to color in this figure, the reader is referred to the web version of this
article.)

- The displacements, measured between the reference step — The strain tensor was then defined, under the small
and the analyzed step, were projected on this plane, axes perturbation hypothesis, by emeso=1/2 (F'+F) and consid-
1 and 2 still corresponding to dominant orientations ¢, and ered as the surface strain of the region of interest.
P2-

— The mesoscopic deformation gradient tensor F was calcu- This mesoscopic strain was less sensitive to the displace-

lated by integration of the projected displacements along ment noise since at least 20 nodes, distributed on the edges of
the edges of the zone of interest. the volume of interest, were used to compute it.
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3.5.  Surface strain evolution versus loading for one cornea

We measured the evolution of the surface strain distributions
corresponding to the volume of interest versus increasing
pressures for all corneas. The results obtained for cornea #13
are displayed in Fig. 6. The first loading step, P;, was chosen
as reference since large displacements were observed
between Po=0mbar and P;=16 mbar, due to corneal edges
repositioning in the experimental set up at first loading. The
same post-processing was performed between two images
acquired sequentially before inflation of the cornea to eval-
uate the measurement error without any loading but after a
small translation of the chamber (column 1 in Fig. 6a). These
error strains were representative of inaccuracies related to
image acquisition, micro-bead fixation and DVC, and reached
1% in some elements. Normal strain maps (lines 1 and 2 in
Fig. 6a) showed the progressive stretching of cornea #13 along
dominant orientations ¢; and ¢, between the first loading
step at P;=16 mbar and the following loading steps (P,=32
mbar, P;=48 mbar, P,=64 mbar in columns 2-4 respectively).
Shear strain map (line 3) showed similarly the progressive
shearing of the corneal surface. Due to the large uncertain-
ties, we could not directly use the local measurements and
therefore focused on the less noisy mesoscopic strain
(Fig. 6b). Apart from poorly positioned nodes, the strain
seemed rather uniform, meaning that the deformation

was likely to be homogeneous at the hundreds of
micrometers scale.

For cornea #13, components 11 and 22 of the mesoscopic
strain increased during inflation (Fig. 6b). A larger increase
was observed for component 11, revealing more elongation
along main orientation ¢; in comparison with elongation
along ¢,. Component 12 slightly decreased toward negative
values but its evolution was minor compared to the evolution
of the normal strains. This behavior was generally observed
for all corneas.

An equivalent strain was defined by the following equa-
tion:

2
feq=\/3 (8%1 + €5, + 2¢7,).

This variable, always positive, was representative of the
general state of strain. For cornea #13, 4 increased similarly
to e with loading, but, generally, the equivalent strain
increase was more pronounced as a result of the combined
increase of components 11 and 22.

3.6.  Statistical analysis of the surface strain evolution
versus loading

Fig. 7 shows the mean and the SE of the normal (¢11 and &y,),
shear (e1,) and equivalent (g.q) surface mesoscopic strains for
each loading step for all studied corneas. Regarding error
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Fig. 7 - Corneal surface mesoscopic strains. Mean and SE
(solid error bars) of the mesoscopic strains along directions
11, 22 and 12 and of the equivalent strain for each loading
step for all studied corneas (Table 1). Mean and SD (dotted
error bars) for error estimations. A p-value <0.05 using Tukey
or Dunn's post-test was chosen for statistical significance.

estimation (black columns with dotted error bars in Fig. 7), the
mean and the SD are displayed for all the components of the
error mesoscopic strains measured between two successive
image acquisitions with no additional mechanical loading.
For components 11, 22 and 12, the mean of the error strains
represents the accuracy (i.e. repeatability) of the results
whereas the error bar calculated as the standard deviation
represents the precision of the measurement. As the equiva-
lent strain is always positive, the mean of the calculated error
equivalent strains represents the precision of the
measurements.

Despite the large dispersion of the results, we measured a
significant increase of £;; and e, strains between 16 and
48 mbar, larger than the measured noise. This confirmed the
increasing trend observed for both variables on each indivi-
dual cornea. Similar trend was observed for 5, and €1, but our
number of samples was not large enough to reach a statis-
tically significant difference. Regarding normal strains, &4
was generally higher than ey but the difference was not
statistically significant at 48 mbar.

3.7.  Correlation between microstructure reorganization
and mechanical loading

The proportion Alé\'” “ of lamellae that aligned within 15° either
side of the dominant orientations @i (i=1,2) during loading
(P;=16 mbar to P;=48 mbar) was defined by the following
equation:

AN, N, (P3 =48 mbar)-N,, (P, = 16 mbar)

N, N,,.(P; = 16 mbar)

with N, (P;) the number of lamellae oriented along direction
¢,£15° at loading step P;.

A higher (resp. lower) density of collagen fibrils along
direction ¢ +15° for P;=48 mbar corresponded to AN, /AN,
positive (resp. negative). In Fig. 8, AN,, /AN, was plotted as a
function of the observed normal strain ¢; along direction ¢;. A
significant correlation was observed between the reorienta-
tion of the lamellae and the normal strain: when the collagen
fibril density increased (resp. decreased) along one direction,
a smaller (resp. larger) elongation was observed on the
anterior surface of the cornea. Microstructural reorganization
was then observed in the volume, mostly in the two posterior
thirds of corneas, whereas strains were measured on their
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Fig. 8 - Correlation between proportion of reoriented
lamellae and mesoscopic strain from 16 mbar to 48 mbar for
all corneas. Data along the direction ¢, (resp. ¢,) are
represented by circles (resp. triangles). The proportion of
reoriented lamellae is calculated in the whole thickness of
the cornea (see text). Black line corresponds to a linear
regression. Using an F test, the reported p-value tested the
null hypothesis that the overall slope was zero.

anterior surface. However, using current technologies, strains
could not be measured in the corresponding volume without
affecting the mechanical behavior of the stroma (by section-
ing or markers insertion).

4, Discussion

Biomechanical studies of cornea have focused on the link
between the microstructure of the collagen lamellae and the
mechanical properties, to better understand structural
pathologies and to help laser surgery. However, they have
been impeded by technical difficulties in obtaining informa-
tion on the corneal microstructure without damaging the
tissue. Techniques such as scanning electron microscopy
(SEM) (Radner et al., 1998) and X-ray scattering from Synchro-
tron radiation (Meek and Boote, 2009) require tissue fixation,
and even sectioning for electron microscopy, preventing any
follow-up of the organization on fresh tissues. In this study,
we used P-SHG microscopy to overcome these technical
limitations, since this optical method is applicable in intact
fresh tissue and does not require any staining. By combining
P-SHG with an inflation test, we were able for the first time to
our knowledge to investigate the reorganization of the col-
lagen lamellae at increasing pressure in the same cornea.
Previous works using SEM and X-rays have demonstrated
that collagen lamellae are mainly oriented along two ortho-
gonal directions in human corneas. SEM results were
obtained on slices cut at different selected depths along the
stroma (Radner et al,, 1998) and X-ray results were averaged
orientations on the whole thickness (Meek and Boote, 2009).
By using P-SHG microscopy, we quantitatively determined
the orientation of the collagen lamellae at each depth within
the tissue thanks to the intrinsic optical sectioning of this
nonlinear optical mode of contrast. Orientation probability
was then obtained by computing all these orientations within
the whole corneal thickness or in specific volumes of interest.
On the whole thickness, we measured two orthogonal pre-
ferential orientations attributed to the nasal-temporal and
inferior-superior directions (Hayes et al., 2007). As a further
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characterization, we showed that this organization was
found in the middle and posterior parts whereas, in the
anterior part, collagen lamellae were isotropically organized.
Note that the whole thickness lamellae organization deduced
from X-ray diffraction measurements showed an isotropic
component beside the oriented one. This isotropic compo-
nent was less present in our SHG measurements and further
correlative measurements on same corneas would be of great
interest to explain such a difference.

Mechanical measurements reported by Hjordtal (Hjortdal,
1995, 1996; Hjortdal and Jensen, 1995) and Shin et al. (1997)
were obtained using particle tracking on the epithelial side of
corneas subjected to increased IOP, as in our study, and
therefore deserve a comparison with our results. These
groups divided the cornea into different regions (center,
para-center, periphery and limbus) to evaluate regional
mechanical properties. The zone of interest in our study
was located between the center and the para-center zone.
The levels of strain measured here were slightly higher than
Hjordtal finding for normo-hydrated corneas (Hjortdal, 1995,
1996) but were in good agreement with strains measured by
Hjordtal in swollen corneas (Hjortdal and Jensen, 1995) and by
Shin on normo-hydrated corneas (Shin et al, 1997). The
standard deviation of the measurements for all corneas was
in good agreement with the one obtained by Shin et al. (1997).
Several factors led to this high-standard deviation such as the
small size of the zone of interest (450 x 450 um?), the pro-
gressive crimping of the epithelium and the migration of the
micro-beads inside the epithelium. Hjordtal noticed in the
para-center zone that circumferential strain was significantly
higher than meridional strain. This is consistent with the
difference observed here between normal strains measured
along dominant orientations ¢; and ¢,, although this differ-
ence was not statistically significant.

In our experiments, the measured strain showed no
correlation with the initial distribution of collagen lamellae
orientations. With increasing IOP, elongation of the cornea
along the first dominant orientation ¢, was larger than along
the second dominant orientation ¢, whereas lamellae
oriented along ¢;+15° were almost twice more numerous
than lamellae oriented along ¢,+15°. Hence, at the scale of
our field of view and for IOP variations close to physiological
ranges, cornea appeared more rigid along the direction
involving less aligned collagen fibrils. This observation is
inconsistent with numerous studies that attributed stromal
stiffness to the orientation and the density of collagen fibrils
only (Nguyen and Boyce, 2011; Pandolfi and Vasta, 2012;
Petsche and Pinsky, 2013; Pinsky et al., 2005; Studer et al,,
2010; Whitford et al., 2015). However, since the measured
difference was not statistically significant, this observation
may result from experimental artefacts. Recent studies
showed also that other parameters, which were not quanti-
fied here, such as lamellae inclination relative to Bowman's
layer (Abass et al., 2015; Cheng et al., 2015; Morishige et al.,
2014) and lamellar interweaving (Winkler et al., 2015) con-
tributed to stroma mechanical behavior. Since strains were
measured locally and on the anterior surface of the cornea,
the way lamellae inserted into Bowman's layer and con-
nected to each other may significantly affect the measured
strain. Indeed, if locally, lamellae oriented within 15° either

side of direction ¢, were more involved in branching, the
rigidity along this direction would be increased.

Moreover, microstructure reorganized with increasing
pressure, especially in posterior and mid-stroma. We
observed an inverse correlation between the surface elonga-
tion and the proportion of lamellae reoriented during loading
along the same direction ¢;. In response to increased IOP,
some lamellae, which were within 15° either side of domi-
nant orientation ¢4, rotated to deviate from this direction ¢-.
Conversely, other lamellae rotated to align with the orthogo-
nal direction ¢,+15°. To resist loading, more (resp. less)
collagen fibrils were progressively mobilized along direction
@2 (resp. ¢4), thus inducing a lower (resp. higher) surface
elongation along this direction. This reorganization occurred
mainly in posterior and mid-stroma, which are composed of
large lamellae with limited connectivity, and mostly parallel
to the corneal surface (Winkler et al., 2013). Two mechanisms
could explain the observed lamellae reorientation under
increasing pressure: lamellae could be sliding past each other
when pressure increased or they could be simply deformed
by the motion. Strain measurements inside corneal tissue
would be necessary to identify the exact mechanism. How-
ever, using current technologies, such measurements would
require markers or slicing of the tissue, which would modify
its mechanical behavior. Swelling of the tissue may also
contribute to lamella reorientation. However, between the
loading steps at 16 and 48 mbar, swelling was limited to
14+7% of initial corneal thickness and no correlation was
identified between corneal thickness variation and lamella
reorientation (Supplementary material). Thus, the impact of
swelling on reorganization was considered as secondary.

We also probed the nanometric organization of the col-
lagen fibrils within the lamellae. Indeed, P-SHG microscopy is
sensitive to optical anisotropy within the focal volume,
through the anisotropy parameter p. It therefore enabled
the determination of the degree of alignment of the 35nm
diameter collagen fibrils in the lamellae, although these
fibrils were not optically resolved. The increase of the aniso-
tropy parameter p was attributed to a lesser alignment of the
collagen fibrils within the lamellae during the experiment
(Gusachenko et al., 2012). We observed that this increase was
associated to an increase of the cornea thickness (Fig. 4).
Indeed, cornea became edematous during the loading experi-
ment, probably due to the Hanks balanced salt solution
injected in the pressure chamber under the cornea. It has
been shown using transmission electron microscopy that
stromal edema was associated with collagen fibril misalign-
ment within lamellae (Plamann et al., 2010) and with mod-
ification of the interfibrillar distance. We therefore attributed
the evolution of the local anisotropy parameter mainly to the
edema within the corneal stroma that impaired the well-
aligned organization of the collagen fibrils, rather than to the
increasing IOP.

Finally, the stroma microstructure appeared to be mod-
ified by increased IOP. Lamellae from posterior and mid-
stroma presented initially two orthogonal preferential orien-
tations, with a first clearly dominant orientation. While IOP
increased, these collagen lamellae slid and slightly rotated
relative to each other toward balancing the proportions of
lamellae oriented along the two preferential orientations. The
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collagen organization within each lamella was kept intact,
except for the small disorder introduced by the edema related
to the duration of the experiment. Therefore, the stroma
microstructure adapted to the increased IOP toward an
equibiaxial microstructure, more resistant to the loading
conditions. These new observations of non-elastic evolution
of the lamellae distribution could lead to an improvement of
the recent biomechanical models, which rely presently only
on the initial distribution of lamellae orientation to predict
the behavior of cornea during inflation (Petsche and Pinsky,
2013; Studer et al., 2010; Whitford et al., 2015) assuming a
purely elastic evolution.

5. Conclusion

To our knowledge, we presented the first experimental
investigation of the relationship between collagen lamellae
orientation and surface strain in human corneas. We simul-
taneously carried out nonlinear optical microscopy imaging
for structural characterization of the tissue and loading
assays to mimic IOP variations. We showed that the 3D
architecture of the stroma varied with depth, with less
preferentially oriented lamellae in the anterior part, while
deeper lamellae were organized along two orthogonal pre-
ferential orientations. We obtained clues about the relation-
ship between the microstructure of the corneal stroma and
the mechanical properties of this tissue. We showed that it
was not the initial lamellae distribution but its evolution that
was correlated to the surface strain. This effect should be
incorporated in future biomechanical models of human
cornea to help further understanding of ocular pathologies
such as keratoconus (distorted corneal shape) and glaucoma,
where intraocular pressure can reach, for long periods, the
maximum level applied in this study. It should also improve
develop optimized protocols for corneal graft surgery.
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