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PURPOSE. To explore the biomechanical changes induced by repeated cross-linking using
scanning acoustic microscopy (SAM).

METHODS. Thirty human corneas were divided into three groups. In group A, five corneas were
cross-linked once. In group B, five corneas were cross-linked twice, 24 hours apart. In group
C, five corneas were cross-linked three times, 24 hours apart. The contralateral controls in all
groups had similar treatment but without UV-A. The speed of sound, which is directly
proportional to the square root of the tissue’s elastic modulus, was assessed using SAM.

RESULTS. In group A, the speed of sound of the treated corneas was 1677.38 6 10.70 ms!1

anteriorly and 1603.90 6 9.82 ms!1 posteriorly, while it was 1595.23 6 9.66 ms!1 anteriorly
and 1577.13 6 8.16 ms!1 posteriorly in the controls. In group B, the speed of sound of the
treated corneas was 1746.33 6 23.37 ms!1 anteriorly and 1631.60 6 18.92 ms!1 posteriorly,
while it was 1637.57 6 22.15 ms!1 anteriorly and 1612.30 6 22.23 ms!1 posteriorly in the
controls. In group C, the speed of sound of the treated corneas was 1717.97 6 18.92 ms!1

anteriorly and 1616.62 6 17.58 ms!1 posteriorly, while it was 1628.69 6 9.37 ms!1

anteriorly and 1597.68 6 11.97 ms!1 posteriorly in the controls. The speed of sound in the
anterior (200 3 200 lm) region between the cross-linked and control corneas in groups A, B,
and C was increased by a factor of 1.051 (P ¼ 0.005), 1.066 (P ¼ 0.010), and 1.055 (P ¼
0.005) respectively. However, there was no significant difference among the cross-linked
corneas in all groups (P ¼ 0.067).

CONCLUSIONS. A significant increase in speed of sound was found in all treated groups
compared with the control group; however, the difference among the treated groups is not
significant, suggesting no further cross-links are induced when collagen cross-linking
treatment is repeated.

Keywords: cornea, collagen cross-linking, repeated-treatment, riboflavin, UV-A, scanning
acoustic microscopy (SAM), corneal biomechanics

The biomechanical properties of the cornea after applying
collagen cross-linking treatment have been widely investi-

gated in in vitro studies1 and in clinical studies.2 Ultraviolet A
irradiation excites the riboflavin to its excited triplet status,
producing oxygen radicals that in turn generate new covalent
cross-linking of molecules in the stroma,3 including collagens
and proteoglycans core proteins such as mimecan and
decorin,4 thus increasing the elastic modulus of the cornea.
The stiffness of the cornea was found to be significantly
increased in vitro, immediately after collagen cross-linking
treatment, by a factor of31.55 and31.056,7 in human corneas
and 31.88 and 31.39 in porcine corneas. A similar increase in

stiffness was reported by Beshtawi et al.7 using scanning
acoustic microscopy (SAM) and Schumacher et al.10 using strip
extensometry when applying low- and high-intensity collagen
cross-linking on human7 and porcine corneas.10 A long-term
study reported a persistent increase by31.6 in rabbit corneas.11

Additionally, the stiffening effect of UV-A/riboflavin treatment
was found to be depth-dependent with 70% absorbed in the
anterior (200 lm) cornea and with an additional 20% absorbed
in the anterior 400 lm of the stroma.12 Clinically, long-term
outcomes of the treatment indicated an improvement and
stabilization of the cross-linking effects.13–16
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The corneal collagen turnover ranges between 2 and 7
years.17 However, collagen cross-linking is expected to
increase the half-life of the stromal collagen to more than 10
years, provided the patient does not experience changes3 such
as pregnancy,18 hormonal alterations,19 and neurodermatitis,13

which can trigger the recurrence of keratoconus. It is possible
that ‘‘renewed’’ collagen after turnover will not have the same
increased strength and other biomechanical properties found
in cross-linked collagens.14 Therefore, collagen turnover and
unsatisfactory initial results may indicate the need for retreat-
ment.

We have recently used SAM to map the biomechanical
properties of human corneas6 after cross-linking and to
compare the induced stiffness (which is related to the
measured speed of sound) of low- and high-intensity collagen
cross-linking on human corneas.7 It has been widely used in
industry20 and more recently on stiff, calcified,21,22 and soft
biological tissues.6,23 SAM is a novel tool to study the
micromechanical properties of biological tissues, with high
spatial resolution (around 1 lm at 1 GHz) and in a hydrated
environment.23,24 SAM is based on the use of ultrasound waves
with high frequency (100 MHz to 1 GHz), and the speed of
sound is related to the stiffness of the tested sample.23 The
technique is particularly useful for biomechanics research
because minimal tissue preparation is needed and the acoustic
images obtained with SAM also provide histological informa-
tion without the need for specific staining.23

The aim of this study is to experimentally investigate the
mechanical properties of the cornea after cross-linking
treatment and retreatment on eye-banked human corneas
using SAM on different depths.

MATERIALS AND METHODS

Corneas

Thirty human eye-banked corneal buttons with 3-mm scleral
rims (15 pairs, from 10 male and 5 female donors) were used in
this study and assigned randomly to be treated for one, two, or
three times, or to serve as a control. The mean donor age was
75 years (range, 55–88 years). The corneas with the scleral rim
were removed from the eyes within 24 hours of death and
placed in organ culture media at 348C.25 During this period,
the corneas swell due to changes in the extracellular matrix.
After 10 days, the corneas were assessed macroscopically and
microscopically. After the cell count, the corneas were placed
in fresh media containing 5% dextran and incubated at 348C for
a further 24 hours to allow the corneas to shrink back to their
physiological thickness.25 The corneal pairs were divided into
three treatment groups.

This study was approved by the Committee on the Ethics of
Research on Human Beings of the University of Manchester
and followed the tenets of the Declaration of Helsinki.
Manchester Eye Bank provided the corneas for this study.
These corneas were contraindicated for corneal-transplanta-
tion for non-eye related reasons. All the corneas had research
permission from the donors’ relatives if transplantation was not
possible.

Cross-Linking Procedure

For the cross-linking treatment, the corneal buttons were
placed in a Barron artificial anterior chamber (Katena Eye
Instruments, Denville, NJ). The protocol used for cross-linking
was the same as in Beshtawi et al.7 An 8-mm disc of epithelium
at the center of the cornea was debrided by gentle scraping
with a blade and exposed to 1 to 2 drops of isotonic riboflavin

0.1% solution (10 mg riboflavin-5-phosphate in 10 mL of 20%
dextran-T-500 solution) at 3-minute intervals for 30 minutes.
One cornea from each pair was then exposed to UV-A 370 nm,
3 mW/cm2 for 30 minutes while riboflavin was instilled at 5-
minute intervals, using a solid-state UV-A illuminator (VEGA
CBM X-LINKER; CSO, Florence, Italy). The contralateral cornea
was exposed to riboflavin instillation (at 5-minute intervals) for
an additional 30 minutes without exposure to UV-A irradiation.
The cornea was then rinsed with saline, placed back in a bottle
of fresh media containing 5% dextran to limit the corneal
swelling, and incubated at 348C for 24 hours prior to
assessment.

Treatment Groups

Group A. In group A, five pairs (n ¼ 10) of corneas were
treated once according to the cross-linking procedure
described above. The cornea was then rinsed with saline and
placed back in a bottle of fresh media containing 5% dextran
and incubated at 348C for 24 hours prior to assessment. Group
A corneas were the same as in a previous study (group A).7

Group B. In group B, another five pairs (n¼ 10) of corneas
were treated according to the cross-linking procedure de-
scribed earlier. The cornea was then rinsed with saline and
placed in a bottle of fresh media containing 5% dextran, and
incubated at 348C for 24 hours. On the next day, the corneas
were treated again with the same cross-linking protocol. The
cornea was then rinsed with saline and placed in a bottle of
fresh media containing 5% dextran, and incubated at 348C for
24 hours prior to assessment.

Group C. The last five corneal pairs (n¼ 10) were treated
according to the cross-linking procedure described above. The
cornea was then rinsed with saline and placed in a bottle of
fresh media containing 5% dextran, and incubated at 348C for
24 hours. The next day, the corneas were treated as before.
The cornea was then rinsed with saline and placed in a bottle
of fresh media containing 5% dextran, and incubated at 348C
for 24 hours. On the following day, the cornea was treated for
the third time with the same cross-linking protocol then placed
back in a bottle of fresh media containing 5% dextran, and
incubated at 348C for 24 hours prior to assessment.

Tissue Preparation. The corneas were bisected and
embedded in optimal cutting temperature (OCT) resin
(Tissue-Tek; CellPath Ltd., Powys, UK). The frozen OCT-
embedded cornea blocks were secured to a cryostat chunk
(Leica CM-3050-S Cryostat; Leica Microsystems, Wetzlar,
Germany) and sectioned to a thickness of 7 lm. Both halves
were embedded. The sections were then mounted on glass
slides, and stored at !208C until usage. The central corneal
sections were evaluated using SAM. Two sections from each
cornea were tested by SAM and the average was taken.

Scanning Acoustic Microscopy Evaluation

The main components of SAM (SAM200 PVA; Tepla, Heborn,
Germany) are the transducer (sapphire rod with a zinc oxide
piezoelectric film) that transmits acoustic waves and receives
the reflected waves from the sample, a spherical lens that acts
as an acoustic lens, the coupling fluid that is mainly distilled
water, and a z-stage that allows a variation in the distance
between the lens and the sample down to 0.1 lm.23,26 The
sample is set perpendicular to the incident sound beam and
the acoustic waves are transmitted longitudinally through the
sample from the anterior surface of the cornea toward the
posterior surface. SAM testing was carried out in an air-
conditioned laboratory with minimal temperature fluctuations.
The principles of SAM have been detailed extensively
elsewhere.6,7
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The SAM images were collected with a custom version of
MATSAM software (Julius Wolff Institute & Berlin-Brandenburg
School for Regenerative Therapies, Berlin, Germany) and the
recently developed phase analysis method, multi-layer phase
analysis (MLPA).24 Using this method, the speed of sound data
are extracted from the SAM images by utilizing the phase
information that occurs at the substrate surface and internal
reflections from the lens.

The images were processed off-line with custom software
using the phase analysis method developed by Zhao et al.24

Briefly, the gray scale value for every pixel (x, y position) is
extracted from all the images at each z position to form a V(z)
curve. The V(z) data are then filtered and processed by fast
Fourier transformation (FFT).24 A two-dimensional phase array
is then obtained for the dataset which is then processed and
converted to a speed of sound map.

Variation of the speed of sound values for isotropic
materials is proportional to the square root of the Young’s
modulus.6 The speed of sound in any selected region was
quantitatively measured by averaging the values within a
region of the cornea, excluding the artificial gaps (caused by
the cryosectioning procedure). The variation of the speed of
sound is plotted using a 0 to 255 level gray scale.

Statistical Analysis

All data are reported as mean 6 SE. Kolmogrov-Smirnov test
was used to determine whether or not the data were normally
distributed (P > 0.05). A two sample t-test was used to test
whether the mean values of the measurements were signifi-
cantly different from each other. One-way ANOVA test was
used to test whether the differences among the three groups
was significant. Data analysis was conducted using statistical
software (SPSS 19.0; SPSS, Inc., Chicago, IL) and a P value <
0.05 was considered to be statistically significant.

RESULTS

The speed of sound, proportional to the square root of the
Young’s modulus, of the anterior (200 3 200 lm) region and
the posterior (200 3 200 lm) region for treated and control
corneas as measured by SAM is given in Tables 1 and 2. There is
no statistically significant difference among the cross-linked
corneas in the three groups (P ¼ 0.067), as determined with
one-way ANOVA.

The speed of sound data across the stromal regions is
shown in the Figure. The speed of sound in all groups
decreased from the anterior region to the posterior region, but
with different patterns. In group A, the cross-linked corneas
showed a gradual decrease in the speed of sound up to 300
lm, then a sharp drop was noted in the region between 300

and 400 lm. In groups B and C, the cross-linked corneas
showed a gradual decrease in the speed of sound through the
corneal thickness from the anterior to the posterior part, but
sharper than the decrease in the contralateral controls in this
group. This decrease in the speed of sound, of the cross-linked
corneas, was found to fit a cubic function for the single
treatment group (R2¼ 0.9938), the two-treatment group (R2¼
0.9999), and the three-treatment group (R2 ¼ 0.9997). The
control corneas of all groups showed a steady decrease in the
measured speed of sound from the anterior region to the
posterior region.

DISCUSSION

Collagen cross-linking using ultraviolet A and riboflavin is a
novel treatment to treat corneal ectasias such as keratoconus.
The increase in corneal stiffness after collagen cross-linking is a
definite outcome of the treatment proved experimentally,
although not yet clinically due to the lack of suitable methods
to clinically monitor and measure the changes in corneal
biomechanics after cross-linking. Although collagen cross-
linking treatment is expected to increase the half-life of the
corneal collagen renewal from 5 to 10 years, repeated
treatment may be necessary in keratoconic patients who have
previously undergone cross-linking in addition to patients with
unsatisfactory results after the first treatment. Therefore,
studying the effects of repeated treatment is important. In this
study, we evaluated the speed of sound changes of collagen
cross-linking treatment and repeated treatment carried out on
postmortem human corneas in-vitro using SAM.

SAM is a powerful tool to quantify the mechanical
properties of tissue in-vitro, pixel by pixel, in different depths.
It has been used successfully on human corneas to quantify the
speed of sound measurements after collagen cross-linking
treatment.6,7 The corneal tissue is not homogeneous or
isotropic and the mechanical properties in this setting may
be influenced by the interfibrillar ground substance.27 How-
ever, in our previous work,28 we have demonstrated that the
speed of sound values obtained with SAM closely correlate
with collagen content in tissues (in other tissues that were also
cryosectioned). Hence, we expect the speed of sound

TABLE 1. The Speed of Sound (Mean 6 SE) of the Anterior and
Posterior Parts of The Cross-Linked and Control Corneas in All Groups.

Cornea

Speed of Sound of the
Anterior Cornea,
Mean 6 SE, ms!1

Speed of Sound of the
Posterior Cornea,
Mean 6 SE, ms!1

CXL, group A 1677.38 6 10.70 1603.90 6 9.82
Control, group A 1595.23 6 9.66 1577.13 6 8.16
CXL, group B 1746.33 6 23.37 1631.60 6 18.92
Control, group B 1637.57 6 22.15 1612.30 6 22.23
CXL, group C 1717.97 6 18.92 1616.62 6 17.58
Control, group C 1628.69 6 9.37 1597.68 6 11.97

CXL, cross-linking.

TABLE 2. The Factorial Increase in the Speed of Sound Between the
Anterior and Posterior Parts of the Same Cornea and Between the
Cross-Linked and Control Corneas in All Groups With P Values for
Comparisons Using Analysis of Variance.

Cornea Increase Factor P Value

Group A

CXL ant vs. post 1.046 0.001
Control ant vs. post 1.011 0.190
CXL ant vs. control ant 1.051 0.005
CXL post vs. control post 1.017 0.069

Group B

CXL ant vs. post 1.070 0.005
Control ant vs. post 1.015 0.564
CXL ant vs. control ant 1.066 0.010
CXL post vs. control post 1.012 0.681

Group C

CXL ant vs. post 1.063 0.008
Control ant vs. post 1.019 0.568
CXL ant vs. control ant 1.055 0.005
CXL post vs. control post 1.012 0.688

ant, anterior; post, posterior.
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properties in the cornea to be dominated by the collagen
content and properties. The SAM technique is sensitive to the
properties of extracellular matrix proteins such as collagen.29

Hence, we expect the mechanical properties determined with
SAM to be dominated by the fibrous (load-bearing) compo-
nents of the tissue and reflective of the biomechanical
properties of the overall tissue.

The outcomes of this study showed an increase in speed of
sound measurements in the anterior region of the cross-linked
corneas in all groups, when compared with the posterior part
of the same corneal section, and a higher speed of sound was
documented in the cross-linked corneas when compared with
the contralateral control in all groups. The increase in speed of
sound found in the single treatment group was by a factor of
1.053 and this is lower than what was reported previously:
1.5,5 1.6,12 1.8,8 and 1.33.10 This difference may be due to
different species, experimental settings, and procedures used.

The corneas that received repeated treatments (two and
three treatments) showed a higher increase in speed of sound
(1.066 and 1.0553, respectively) and thus increased stiffness
when compared with the single treatment group (1.0513),
suggesting further cross-links are induced when collagen cross-
linking treatment is repeated. The corneas that received
repeated treatments (two and three treatments) also showed

an increase in speed of sound (1.066 and 1.0553, respectively).
However, the difference among the treated groups was not
significant, suggesting no further cross-links in the anterior
stroma region are induced when collagen cross-linking
treatment is repeated.

The storage time for the three examined groups, where
corneas in single, two-, and three-times treatment groups were
stored in medium for 48, 72, and 96 hours, respectively. This
difference in storage time us unlikely to have influenced the
results as corneal tissue is stable in dextran media for 5 days
with no change or detriment to the cells, with the deswelling
occurring within 24 hours.25,30

The increase of the speed of sound in the cross-linked
corneas was depth-dependent, decreasing from the anterior
stroma to the posterior part of the stroma. In the single
treatment (group A) the cross-linked corneas showed a gradual
decrease in the speed of sound up to 300 lm. This has
previously been shown to be the region where cross-linking
occurs.8,12 A sharp drop was noted in the region between 300
and 400 lm followed by a gradual decrease toward the
posterior stroma. The regional depth of the collagen cross-
linking treatment effect was investigated previously by
Scarcelli et al.31 and similar results were reported after
standard collagen cross-linking treatment on porcine corneas.

FIGURE. Speed of sound measurements of cross-linked corneas from groups A, B, and C and their contralateral control from the anterior to the
posterior regions of the stroma. Note the sharp change in speed of sound at 300 to 400 microns in each of the cross-linked corneas.
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However, in the present study, the cross-linked corneas in the
repeated treatment groups (B and C) exhibited a steady gradual
decrease from the anterior to the posterior part of the stromal
cornea, which may suggest that repeated cross-linking creates
new cross-links at a deeper level compared with a single cross-
linking treatment. Additionally, as each plotted graph fitted a
cubic function (R2 > 0.99), the increase in speed of sound after
single and repeated treatment can be calculated at any depth.
The safety of repeated treatments with respect to the stromal
keratocytes and endothelium is still under investigation by our
group. The control corneas of all groups showed a steady
decrease in the measured speed of sound from the anterior
region to the posterior region, which may be due to their
inherently different structural architecture. In a future study,
the speed of sound could be measured from the posterior part
of the cornea to disassociate the cross-linking from the stromal
structure.

The advanced age (mean ¼ 75 years) of the corneas is a
limitation in this study as corneas cross-link naturally with age.
Nevertheless, differences between the treated corneas and
their contralateral controls were found in all treatment groups.

In conclusion, since repeated cross-linking might be
necessary for some patients, we assessed in this study the
induced stiffness (with acoustic microscopy) after repeated
collagen cross-linking treatment and compared it with single
treatment results. A greater speed of sound was demonstrated
in the treated corneas compared with the controls in all
groups. Additionally, a small but insignificant increase in speed
of sound measurements were found in the twice-treated group
compared with the single- and three-treatment groups,
suggesting further cross-links may be induced when collagen
cross-linking is carried out a second time. However, consecu-
tive repeated treatment within a few days is ineffective. The
safety of repeated cross-linking is yet to be determined.
Evidence-based criteria relating to which patients to re-treat
and when the optimum time to re-treat is, need to be
established.
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