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ABSTRACT

Purpose: To assess the feasibility of applying scanning acoustic microscopy (SAM) on UV cross-linked corneal
tissue for mapping and analyzing its biomechanical properties.

Materials and Methods: Five corneal pairs (10 corneas) were used. In each pair, one cornea was cross-linked
(epithelium removed, riboflavin application for 45min and UVA irradiation for 30 min) and the contralateral
control cornea was epithelial debrided and treated only with riboflavin for 45 min. Histological sections were
prepared and their mechanical properties were examined using SAM. A line profile technique and 2D analysis
was used to analyze the mechanical properties of the corneas. Then the corneal paraformaldehyde and unfixed
sections were examined histologically using hematoxylin and eosin (H&E) staining.

Results: In the frozen fresh corneal tissue, the speed of sound of the treated corneas was 1672.5+36.9 ms~},
while it was 1584.24+25.9ms ™' in the untreated corneas. In the paraformaldehyde fixed corneal tissue, the
speed of sound of the treated corneas was 1863.0 +12.7 ms !, while it was 1739.5+30.4ms ! in the untreated
corneas. The images obtained from the SAM technique corresponded well with the histological images obtained
with H&E staining.

Conclusion: SAM is a novel tool for examining corneal tissue with a high spatial resolution, providing both
histological and mechanical data.
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INTRODUCTION
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Cornea is a viscoelastic tissue,' composed of collagen
and elastic fibres.”® The elasticity of the corneal tissue
changes with age®” and in cases of ocular pathology
such as keratoconus.®™® Corneal collagen cross-linking
has emerged as a new treatment for keratoconus in
the past decade.”™? Its principle is based on strength-
ening the corneal surface by enhancing the chemical
bonds within collagen fibres'"'* and within the matrix
between them."” The recent interest in assessing the
effects of collagen cross-linking on corneal tissue has
increased the necessity of developing and using

reliable and accurate techniques for measuring the
corneal biomechanical properties. Different method-
ologies have been used to assess the bulk biomechan-
ical properties of the cornea, such as strip
extensometery and inflation. We assess the possibility
of using scanning acoustic microscopy (SAM) to map
the mechanical properties of corneal tissue pixel by
pixel (with a spatial resolution of 1 pm).

SAM is a non-destructive imaging technique that
can be used to analyze the structural properties of
materials point by point, allowing both qualitative
and quantitative characterization of the tissue.'*"'”
SAM can provide  information about sample
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FIGURE 1. A schematic operation of SAM: (A) the transducer generates an acoustic pulse which propagates through the coupling
fluid. When a sound wave is generated and propagates through the acoustic lens, medium and specimen there are reflections from
acoustic lens/medium, specimen/medium, specimen/substrate and medium/substrate interfaces. The contrast observed in a SAM
image contains complex phase information from the recombination of these signals. The transducer and lens correspond to ZnO film
and sapphire rod, respectively. (B) SAM 2000 instrument utilized in this study.

thickness, density, attenuation, roughness and stiff-
ness.'® Further, as the technique uses high-frequency
ultrasound (100 MHz-1GHz), a high spatial resolu-
tion can be achieved (around 1pum at 1 GHz).

Although SAM is most widely used in the micro-
electronics and metallurgy industries,'® the technique
has long been recognized as a powerful tool for
biomedical application.'” Tt has been used to charac-
terize hard tissues such as bones and teeth,”*** living
cells®® and soft tissues such as blood vessels***> and
heart valves.?® The attractiveness of SAM for biomed-
ical applications is the ease of sample preparation, the
ability to obtain histological information alongside the
mechanical property data and its non-destructive
nature.

The principle of SAM is based on using ultrasound
waves which can propagate within the sample'*'’,
Figure 1. The acoustic waves are transmitted through
a coupling fluid, usually distilled water.'*'> The
requirement for a coupling fluid is advantageous for
biological samples as it means they are kept hydrated
during testing.

The key component of SAM is a piezoelectric
transducer which is responsible for transmitting and
receiving the acoustic waves.'® The transducer trans-
forms the electrical signals into acoustic waves which
then propagate through the coupling fluid. A lens is
used to focus the acoustic waves on the surface of the
sample and the waves reflected back from the sample
are analyzed." The lens is scanned horizontally in the
x- and y-directions by a pair of oscillator coil drivers
to produce C-mode two-dimensional (2-D) images.
The SAM instrument has a z-stage that allows the
lens—sample distance to vary.

For engineering materials, quantitative data are
obtained from SAM images using the V(z)-method
(recording of output voltage versus defocus distance,
z) which determines the velocity of surface acoustic
waves (Rayleigh waves). However, this technique is
not suitable for soft biological specimens because it

requires a very smooth specimen surface and also
because Rayleigh waves are rapidly attenuated in
biological tissues.'® A number of approaches have
been developed to obtain quantitative data for bio-
logical tissues and cells including a recently devel-
oped phase analysis method.”” The aim of this study
is to investigate the feasibility of applying SAM
technique on corneal tissue.

MATERIALS AND METHODS

Five human corneal pairs (three males, two females)
were obtained from Manchester Eye Bank and
included in this study. The age range of the corneal
samples was 54-86 years. These corneas were contra-
indicated for corneal transplantation (for causes
which did not involve the eye directly e.g. insufficient
medical history). All the corneas had research per-
mission from the donors’ relatives if transplantation
was not possible.

The corneas with a 3 mm scleral rim were removed
from the eyes within 24 h of death and placed in organ
culture media at 34 °C. During this period the corneas
swell due to changes in the extracellular matrix. After
10 days the corneas were assessed macroscopically for
the presence of opacities and scars and microscopi-
cally for the quality of endothelium (determined from
the endothelial cell counts). After the cell count, the
corneas were placed in fresh media containing 10%
dextran and incubated at 34°C for a further 24h to
allow the corneas to shrink back to normal thickness.

In each pair, one cornea was cross-linked (epithe-
lium removed, riboflavin 0.1% solution (10mg
riboflavin-5-phosphate in 20% dextran-T-500 10 mL
solution) application for 15-30min prior to UV-A
irradiation (370nm, 3mW/ cm?) for 30min using
VEGA CBM X-LINKER (CSO, Florence, Italy),
while the riboflavin was being applied), and the
contralateral cornea was exposed to riboflavin only
without UV-A exposure and served as a control.
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Three corneal pairs were embedded in OCT™
(Tissue-Tek, CellPath, Powys, UK) and the central part
was sectioned using a cryostat to a thickness of 5 um.
Then, the sections were mounted on clean glass slides,
air dried and stored at —80°C wuntil usage.
Furthermore, two corneal pairs were fixed in
Paraformaldehyde (4%) for 24 hours then embedded
in paraffin wax and subsequently stored at —20°C for
24 h. Once the corneas were set in the paraffin blocks,
5um thick sections were obtained from the central
part of the cornea. Then, the samples were mounted
on glass slides, incubated at 37°C overnight and
rehydrated through xylene and a series of graded
alcohols. Corneal sections were imaged by SAM and
then stained by hematoxylin and eosin (H&E).
Corneal sections were taken from the central part of
the frozen-fresh and paraffin-fixed corneas and the
first 200 x 200 pm area of each section was imaged and
analyzed by SAM and then stained by H&E according
to a standard procedure.

Principles of SAM

We have described the principles of SAM in detail
elsewhere.” In brief, the SAM instrument utilizes a
pulse of high-frequency acoustic waves (typically 100
MHz-1GHz) which is transmitted from an acoustic
lens, through a coupling fluid (either water or a
buffered saline solution) to the sample. The reflected
signal is the result of interference between the
reflected acoustic signal and any retransmission
from surface acoustic waves. This generates contrast
that varies periodically with defocus. In stiff mate-
rials, this can be analyzed to determine elastic
constants of the material. In soft biological tissues,
quantitative analysis is more challenging. When a thin
biological specimen is mounted on a glass substrate
and immersed in an acoustic coupling fluid (such as
distilled water or buffered saline), reflections are
generated at each interface in the system: lens/fluid,
fluid/specimen and specimen/substrate. In addition
Rayleigh waves may radiate along the substrate
surface and these leaky Rayleigh waves radiate
acoustic energy from the substrate toward the lens.
The signal received at the lens thus results from the
interference between the reflections and the ampli-
tude determined by the intensities and phase of each
wave. We have developed a new method, multi-layer
phase analysis (MLPA)”, which utilizes phase
information that is preserved in the interference that
occurs between the acoustic wave reflected from the
substrate surface and internal reflections from the
acoustic lens, to extract quantitative data from SAM
images. The spatial resolution is a function of the
wavelength of the acoustic radiation; with a 1GHz
acoustic signal, the spatial resolution achievable is
close to 1 um.

© 2013 Informa Healthcare USA, Inc.
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The speed of sound (c) determined by SAM is
related to the tissue properties by the following
equation:

B E(1-v)
TN A+ —20) (1)

where E is Young’s modulus, v is Poisson’s ratio and p
is the density of the material. The equation demon-
strates that Young’s modulus is directly proportional
to the square value of the speed of sound measured
with SAM.

SAM Imaging with MLPA

SAM imaging was conducted with a SAM 2000
microscope (PVA TePla Analytical Systems GmbH,
Herborn, Germany) modified with a custom data
acquisition and control system.”’ The SAM images
were acquired using MATSAM software (Julius Wolff
Institut &  Berlin-Brandenburg ~ School  for
Regenerative Therapies, Berlin, Germany) and the
method MLPA.? In brief, with the MLPA method, the
acoustic focal point of the lens is initially set 4 um
above substrate surface. A series of 200 x 200 um C-
scan images are then taken at different z-positions
starting from this height toward the substrate surface
with a step-size of 0.1 um over a range of 5pm. For
this study, the images were acquired at 761 MHz
which was found to be the optimal acoustic frequency
for the cornea samples. Distilled water was used as
the coupling fluid and the experiments were con-
ducted at room temperature.

The images were processed off-line with custom
software using the phase analysis method developed
by Zhao et al.”’ In summary, the gray scale value for
every pixel (x, y position) was extracted from every
image at each z position to form a V(z) curve. The V(z)
data were then filtered and processed by Fast Fourier
Transformation. A 2D phase array is then obtained for
the dataset which is then processed and converted to a
speed of sound map as shown in Figure 2.

Histology

After SAM imaging, the corneal sections were stained
with H&E following a standard procedure. Slides
with paraffin fixed corneal tissue sections were first
de-waxed for two minutes in 95%, 90%, 80% and 70%
xylene, and then they were immersed for two minutes
in four different pots of industrial methylated spirit
(IMS) to remove xylene and placed in tap water for
two minutes. Then they were kept in filtered hema-
toxylin (Shandon Harris Haematoxylin, Thermo
Scientific, Cheshire, UK) for only a minute and were
then immediately immersed in tap water.
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FIGURE 2. Speed of sound (stiffness) map for corneal section (A) and the brightest regions representing the stiffest components of

the tissue section (B).

The following steps were followed: dipping the slides
twice in acid alcohol, and keeping them under
running warm tap water for five minutes. The slides
were then kept in alcoholic eosin (Shandon Eosin Y
Alcoholic, Thermo Scientific, Cheshire, UK) for half a
minute, dipped quickly through the four IMS pots
and then dipped through the 95%, 90%, 80% and 70%
xylene pots, for a minute each. Finally, the slides were
mounted by using transparent coverslips and DPX
mounting  (Shandon Consul-Mount™, Thermo
Scientific, Cheshire, UK), and then the slides were
left to air-dry for 20min. The same procedure was
applied to the frozen corneal sections, but without de-
waxing in xylene. The stained sections were then
visualized by optical microscopy (Leica LEITZ DMRB
microscope, San Jose, CA) and the images were
captured using an INFINITY-X digital camera and
DeltaPix software.

RESULTS

Figure 3  illustrates  corneal  cross-sections
(200 x 200 pm) imaged first by SAM (A, C, E, G) and
then subsequently stained with H&E and imaged
with the optical microscope (B, D, F, H). The cross-
linked corneal sections (A, E) showed brighter
images than the untreated cornea tissue sections
(C, G). The same level of histological detail is visible
in both sets of images although the former images
were acquired without any staining. Furthermore,
gaps are visible in both imaging techniques, which
are the artifacts created as a result of the sectioning
process.

The SAM images can be analyzed either by taking
measurements across a line profile (Figure 4) or by
averaging the values within a region of the cornea

(Figure 5). The analysis automatically excludes the air
pockets and artificial tears. Figure 4 shows the local
variation in stiffness across the line profile. Such
information cannot be gleaned from techniques where
global measurements are obtained, for example, from
an entire corneal strip.

In this study, we used both a line profile technique
and 2D analysis to analyze the intrinsic properties of
the cross-linked and untreated corneas in the anterior
200 x 200 um of the corneal tissue.

In the frozen fresh corneal tissue, the speed of
sound, which is related to the tissue stiffness, was
1672.5+£36.9ms ' while it was 1584.2+259ms™ ' in
the untreated corneas (which gives 1.056 increase
factor). In the paraformaldehyde fixed corneal tissue,
the speed of sound of the treated corneas was
1863.0+12.7ms ', while it was 1739.5+30.4ms ' in
the untreated corneas (which gives 1.071 increase
factor).

The posterior 200 x 200 pm regions of the cross-
linked and untreated frozen corneas were also imaged
using the scanning acoustic microscope (Figure 6).
The speed of sound of the posterior portion of the
cross-linked corneas was 1591.4 +20.0ms ™' while it
was 1557.74+19.7ms™' in the untreated corneas
(which gives 1.050 increase factor between the ante-
rior and posterior portions of the cross-linked cornea).

DISCUSSION

In vitro measurement of corneal stiffness and other
mechanical properties is important to understand the
mechanisms of corneal pathology and to assess the
effectiveness of different types of treatments.

We chose to explore the feasibility of applying
quantitative SAM to determine the elastic properties
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FIGURE 3. Frozen fresh (A, B, C, D) and paraffin fixed (E, E, G,
H) cornea tissue sections imaged by SAM (A, C, E, G) and then
by optical microscopy (B, D, F, H) following H&E staining.
Brighter images were obtained from the cross-linked cornea
tissue sections (A, E), when compared with sections taken from
the untreated corneas (C, G). Each image is 200 x 200 um. In
each pair of images the same section has been stained for
optical microscopy following SAM imaging; however, the pair
of images has not been registered.

of corneal tissue because it is a relatively fast
technique, requires minimal sample preparation and
provides a high spatial resolution. Corneal tissue
stiffness can be determined for every pixel in the SAM
images, and thus gives precise mechanical property
information across the different layers of the cornea.
Moreover, artificial gaps in the tissue section can be
excluded from the analysis (Figure 5). It is also a non-
destructive technique and thus the samples can be
used for subsequent measurements with other tech-
niques, e.g. immunohistochemistry.

The most commonly used method to assess the
mechanical properties of corneal tissue is the strip

© 2013 Informa Healthcare USA, Inc.
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extensometery technique due to its simplicity.'>***
However, this technique results in the stromal lamel-
lae being cut.*® Additionally, the accuracy and the
reliability of this method are variable for some
reasons. Firstly, the strip extensometery technique
flattens the strips taken from the corneas, as they are
naturally curved.*® Secondly, it neglects the variation
in the length of the centerline and edges of the corneal
strip and it also neglects the thickness variation
between the corneal center and periphery.*
Furthermore, only one strip can be taken from each
cornea and thus only one measurement can be made
per section. In contrast, as only thin sections are used
for SAM, multiple sections can be imaged per cornea.
Nonetheless, on average, the SAM technique, in this
study, and strip extensometery from previous studies
found an increase rigidity of the cross-linked corneas
when compared with the untreated corneas.

In this study, SAM images taken from the cross-
linked corneas (Figure 3A and E) were found to be
brighter than the untreated corneal tissue sections
(Figure 3C and G), which reflect a higher speed of
sound and a higher stiffness in the cross-linked
corneas in both the frozen fresh and the paraformal-
dehyde fixed tissue. The speed of sound measure-
ments in both fixation methods showed an increase in
stiffness by a factor of 1.056x and 1.071, respectively,
between the cross-linked and the untreated corneas
using the SAM technique. A higher speed of sound
was found in the anterior part of the cross-linked
corneas than in the posterior part of the same sample
(1.05x) which indicates that the cross-linking effect is
mainly concentrated in the anterior part of the cornea.
However, the speed of sound values were found to be
higher in the paraffin fixed tissue, which may be due
to the paraffin fixing procedure. The cryosections are
more representative of the intrinsic stiffness of the
cornea.

The increase in stiffness between the cross-linked
and untreated corneal tissue (1.1x) is a bit lower than
what was reported by previous studies. The increase
in Young’'s modulus after cross-linking was found to
be by a factor of 1.3x three months after treatment®'
and by 1.5x immediately after treatment.>* Similar
results were reported by Spoerl et al.'> (1.5x) and by
Lanchares et al.?’ (1.6 x). Moreover, our value matches
very well with what was reported by Kohlhaas et al.*®
for the anterior portion of the cornea. In the Kohlhaas
et al.®® study, two anterior and posterior flaps of
200 um thickness were cut from the corneas and
Young’s modulus was calculated separately for each
flap. An increase by a factor of 1.66 was reported from
the anterior flaps, which matches the increase of
sound speed in the anterior 200 pm thickness analysis
in our study using SAM.

Another advantageous feature of SAM is that the
images provide both histological and mechanical
property data. The histological features visible in the
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FIGURE 4. (A) Line profile through cornea section showing pixel by pixel variation in stiffness across the different layers of the
corneal section and (B) the line begins close to glass substrate (S), traverses Bowman’s layer and then deeper into the cornea.

(A) ()

FIGURE 5. (A) Region selected for 2-D analysis and (B) only the regions that appear white in the inset image are analyzed (artificial
tears in the tissue are automatically excluded from the analysis).

(A) (B)

FIGURE 6. The posterior (200 x 200) pm portion of cross-linked (A) and untreated (B) frozen cornea tissue sections imaged by SAM.
Arrows refer to the corneal endothelium.

optical images following H&E staining are clearly
visible in the SAM image without any staining
(Figure 3). Coupled with the high spatial resolution
quantitative data that are obtained, SAM becomes a
powerful tool for studying changes within corneal
tissue.

Akhtar et al.'® compared images of ferret aorta
obtained from the same section which was first
imaged with SAM at 400MHz and subsequently
stained with H&E and then imaged with fluorescence
microscopy. A similar spatial resolution was achieved
in both images, with the elastic fibers clearly visible in
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the SAM images without any fixation or staining.
More recently, Graham et al.”® have shown that at
1GHz, SAM images of ovine aorta encompass both
elastin-rich lamellae and fibrillar collagen, which can
be clearly identified by subsequent fluorescence
microscopy (elastin autofluorescence) and polarized
light microscopy (following picrosirius red stain for
collagen).

The vast majority of studies on SAM, similar to this
investigation, have been conducted with chemically
fixed sections as utilized in this study (e.g. Saijo
et al.**). However, we also used unfixed cryosections
in order to avoid inducing any mechanical changes in
the tissues due to the fixation process'®. The results
from the cryosectioned corneal samples were found to
be similar to those in fixed samples when comparing
the cross-linked versus un-crosslinked corneal tissue.
However, the speed of sound varied between fixed
and unfixed samples. To avoid artifacts caused by
inadequate de-waxing or changes in corneal structure
due to the fixing procedure, it might be useful to
apply the SAM technique to cornea cryosections only
for future investigations.

In conclusion, SAM can be used to effectively
determine the mechanical properties of corneal tissue
qualitatively and quantitatively. It can be used to
determine the intrinsic properties of corneal tissue
and detect the variation of the speed of sound
between cross-linked and untreated corneas. The
increase in the speed of sound of the anterior 200 pm
using SAM matches well with strip extensometery for
the anterior portion of the cornea.
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