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ABSTRACT
Purpose: To evaluate corneal stiffening of porcine corneas induced by corneal crosslinking (CXL)
with constant irradiance as a function of total fluence.
Methods: Ninety corneas from freshly enucleated porcine eyes were divided into five groups of
18 eyes. Groups 1–4 underwent epi-off CXL using a dextran-based riboflavin solution and an
irradiance of 18mW/cm2, group 5 served as the control group. Groups 1 to 4 were treated with a
total fluence of 20, 15, 10.8, and 5.4 J/cm2, respectively. Thereafter, biomechanical measurements
were performed on 5mm wide and 6mm long strips using an uniaxial material tester. Pachymetry
measurements were performed on each cornea.
Results: At 10% strain, the stress was 76, 56, 52, and 31% higher in groups 1–4, respectively com-
pared to the control group. The Young’s modulus was 2.85MPa for group 1, 2.53MPa for group 2,
2.46MPa for group 3, 2.12MPa for group 4, and 1.62MPa for the control group. The difference
between groups 1 to 4 and the control group 5 were statistically significant (p¼<0.001;
p¼<0.001; p¼<0.001; p¼ 0.021). In addition, group 1 showed significantly more stiffening than
group 4 (p¼<0.001), no other significant differences were found. Pachymetry measurements
revealed no statistically significant differences among the five groups.
Conclusion: Additional mechanical stiffening can be achieved by increasing the fluence of the
CXL. There was no threshold detected up to 20 J/cm2. A higher fluence could compensate the
weaker effect of accelerated or epi-on CXL procedures.

ARTICLE HISTORY
Received 1 March 2022
Accepted 14 April 2023

KEYWORDS
Corneal crosslinking;
keratoconus; fluence;
corneal biomechanics;
accelerated

Introduction

To date corneal crosslinking (CXL) is the only treatment
that halts the progression of keratoconus by increasing the
stiffness of the weakened corneal stroma.1 Therefore, ribofla-
vin is applied to the cornea and subsequently irradiated by
UV-A light to induce new bonds within the corneal extra-
cellular matrix.2,3 During this process, reactive oxygen spe-
cies (ROS) are generated, which are crucial for the process,
but also harmful to vulnerable keratocytes, corneal endothe-
lial cells, and more posterior structures. Therefore, safety
limits, such as minimal corneal thickness and total applied
UV-energy were postulated when CXL was introduced.
These limits have been valid for many years.4,5 Recent stud-
ies, however, showed that the riboflavin concentration at the
endothelium level is substantially lower than anticipated in
the initial safety calculations.6 Accordingly, the traditional
fluence limit of 5.4 J/cm2 has been violated in newer

protocols.7–9 Hence, thinner corneas have been treated by
adjusting the fluence levels to the minimal thickness, newer
epi-on treatments were evaluated,10,11 or customized energy
levels inducing a stiffening gradient were used to improve
corneal regularization.9 The clinical results of CXL using
higher fluence are promising, and to date, no endothelial
decompensation has been reported for these protocols.

These studies have shown that higher CXL fluence is
clinically safe, but the effect of higher fluence on corneal
mechanical stiffness has been only poorly studied so far. To
our knowledge, there are only two studies that measure CXL
stiffening of CXL for various fluence levels up to
10.8 J/cm2.12,13

To determine the biomechanical response of CXL, uni-
axial stress-strain measurements on porcine corneas are
used by many groups in the past,14,15 therefore, allowing
good comparability of results.
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The aim of this study is to analyze the biomechanical
stiffening after accelerated epi-off CXL, with a fluence of 5.4
up to 20 J/cm2 in porcine corneas using uniaxial
extensiometry.

Methods

Corneal preparation and CXL procedure

Ninety freshly enucleated porcine eyes were collected from the
local slaughterhouse. All eyes were examined for integrity and
pachymetry (SP-100; Tomey Corporation) was performed to
exclude damaged eyes. The eyes were randomly divided into
five groups. All eyes were de-epithelialized with a hockey
knife. A solution containing 0.1% riboflavin (riboflavin-5-
monophosphate in 0.9% NaCl) dissolved in 16% dextran was
applied on the corneal surface every 2min for 30min. Then,
the eyes of group 1–4 were continuously irradiated with
UVA-light (k¼ 365 nm) (Mosaic, Avedro, Inc., Waltham, MA,
USA) at an irradiance of 18mW/cm2, applying a total fluence
of 20, 15, 10.8, and 5.4 J/cm2 in group 1, 2, 3, and 4, respect-
ively. Group five was not irradiated and served as a control
group. After the treatment, corneal discs were excised and
stored in a 16% dextran bath for 2 h to ensure uniform hydra-
tion conditions. Pachymetry was then measured again and
5mm wide strips were excised along the vertical axis.

Stress–strain measurement

Corneal biomechanics was quantified using uniaxial tensile
tests. The samples were mounted with two clamps on the
testing device equipped with a 1N load cell (UStrech
Cellscale, Ontario, Canada). A preload of 5� 103 Pa pre-
stress was applied to each specimen for 2min to ensure uni-
form tension of the tissue at the beginning of each
measurement. The strain was applied at a rate of
0.035mm/s, similar to previous biomechanical measure-
ments.16–18 The force on the sample was measured during
the extension until a strain of 10%. Both force and displace-
ment were recorded every 10ms during the measurement.
The distance between the two clamps was 6mm at the
beginning of the measurement, similar to previous experi-
ments.17,18 The samples were immersed in a bath containing
16% dextran solution to maintain hydration during the
measurement. The stress and strain were calculated at each
measurement point, while the Young’s modulus was calcu-
lated at 6, 8, and 10% strain.

Numerical evaluation

Data was exported to Excel MS Software (Microsoft
Corporation) where descriptive analysis was performed. The

cross-section area of the samples required to determine the
stress was calculated by multiplying the sample thickness
measured by pachymetry by its width of 5mm. The Young’s
modulus (E) describing the relationship between stress (r)
and strain (e) was calculated as:

E ¼ r=e

Then, the mean of the Young’s modulus at 10% strain
were compared using the unifactorial ANOVA using SPSS
(version 26.0 IBM Corporation). Post-hoc Holm-Bonferroni
correction for multiple comparisons was performed.
Pachymetry of the five groups was analyzed using Kruskal–
Wallis. A p-value of <.05 was considered statistically
significant.

Results

Eighty-six (96%) of 90 eyes could be considered for the stat-
istical evaluation. Four eyes of had to be excluded due to a
failure of the software of the mechanical testing device dur-
ing the measurement. Accordingly, 16 corneas from group
3, 17 from groups 2 and 4, and 18 from groups 1 and 5
were included in the data analysis.

The average stress of groups 1–5 at 6, 8, and 10% strain
is shown in Table 1. The stress at 10% strain was increased
by 76% in group 1, 56% in group 2, 52% in group 3, and by
31% in group 4 compared to control group 5. The linear
regression analysis at a strain of 10% showed a high correl-
ation between fluence and stress (R2¼ 0.955; p¼ 0.004).

The Young’s modulus at 10% strain was calculated for
the five groups and is shown in Figure 1. The Young’s
modulus was compared using post-hoc Bonferroni adjusted
Analysis of Variance (ANOVA), resulting p values are
shown in Table 2. Groups 1–4 showed a statistically signifi-
cant stiffening compared with group 5 (p¼<0.001;
p¼<0.001; p¼<0.001; p¼ 0.021). In addition, group 1
showed significantly more stiffening than group 4
(p¼<0.001), no other significant differences were found.

The average pachymetry before stress-strain measurement
was 731 ± 57, 725 ± 59, 713 ± 52, 711 ± 62, and 741 ± 62mm in
groups 1–5, respectively. There was no statistically signifi-
cant difference between the five groups (p¼ 0.538).

Discussion

The most important finding of this study is the significant
dose-response relationship of the stiffening effect after epi-
off CXL with increasing applied fluence from 5.4 to
20 J/cm2.

The first studies reporting the biomechanical response
after CXL using the Dresden protocol with a total fluence of
5.4 J/cm2 showed an increased stress by a factor of 1.8 at a

Table 1. Stress (kPa) at the strain of 6, 8, and 10%.

Group 1 (20 J/cm2) Group 2 (15 J/cm2) Group 3 (10.8 J/cm2) Group 4 (5.4 J/cm2) Group 5 (control)

6% 116.9 ± 33.6 93.9 ± 20.6 97.8 ± 23.9 81.0 ± 23.5 59.9 ± 34.0
8% 193.9 ± 44.4 166.8 ± 25.9 166.7 ± 36.0 141.0 ± 32.2 103.6 ± 46.8
10% 284.5 ± 51.5 252.8 ± 32.1 246.0 ± 46.8 212.1 ± 39.1 162.0 ± 58.9
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strain of 10%.3 Previous studies by our group using similar
experimental settings and the same mechanical tester
showed a similar increased stress of up to 80% at a strain of
10% using an accelerated protocol (9mW/cm2, 10min).16,17

The current results of the accelerated treatment show a
much smaller increase of stress of only 31% compared to
the control group. However, in this study, the standard flu-
ence of 5.4 J/cm2 was induced by an irradiance of
18mW/cm2 for 5min, whereas the irradiance of the
Dresden protocol is only 3mW/cm2. Similar findings of
reduced stiffening in accelerated protocols were reported by
our group17 and other authors.15 Hammer et al. found an
even smaller and non-significant (p¼ 0.065) stiffening of
about 12% in their experiments using 18mW/cm2 with a
standard fluence of 5.4 J/cm2 too.15 This effect can be
explained by the hypothesis, that high irradiances are associ-
ated with a rapid depletion of oxygen in the anterior layers
of the cornea, which limits oxygen availability in the

posterior layers, and consequently leads to a more superficial
crosslinking effect.19,20 This is consistent with the more
superficial demarcation lines after CXL with high
irradiance.21

Although higher fluences than 5.4 up to 15 J/cm2 have
been used clinically for several years,10,22 to our knowledge,
there are only two recently published studies12,13 reporting
biomechanical measurements using fluences up to 10.8 J/cm2

for CXL. Biomechanical investigations for higher fluences do
not exist to date but are relevant, as they are used clinically.

We found that doubling the fluence increased the stiffen-
ing effect from 31 to 53%, which is comparable to the 22
and 49% stiffening reported by Abrishamchi et al. using a
similar setting to measure the corneal biomechanics.
However, the CXL protocol used differed from our study as
they used an irradiance of 9mW/cm2 for 10min to reach
the fluence of 5.4 J/cm2 and an irradiation of 18mW/cm2

for 9min and 15 s, corresponding to a slightly smaller total

Figure 1. Young’s modulus at a strain of 10%. Group 1¼ corneal crosslinking (CXL) with a fluence of 20 J/cm2, group 2¼ CXL with a fluence of 15 J/cm2; group
3¼ CXL with a fluence of 10.8 J/cm2; group 4¼ CXL with a fluence of 5.4 J/cm2; group 5¼ control group untreated corneas.

Table 2. p-Values resulting from post-hoc Bonferroni adjusted analysis of variance (ANOVA) between stress (kPa) at the strain of 10% after CXL with different
fluences.

Group 1 (20 J/cm2) Group 2 (15 J/cm2) Group 3 (10.8 J/cm2) Group 4 (5.4 J/cm2) Group 5 (control)

Group 1 (20 J/cm2) x 0.475 0.210 <0.001 <0.001
Group 2 (15 J/cm2) 0.475 x 1.000 0.129 <0.001
Group 3 (10.8 J/cm2) 0.210 1.000 x 0.304 <0.001
Group 4 (5.4 J/cm2) <0.001 0.129 0.304 x 0.021
Group 5 (Control) <0.001 <0.001 <0.001 0.021 x
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fluence of 10 J/cm2 than in our study. The authors also did
not specify which riboflavin solution was used in their
experiments. The use of a HPMC based solution could
explain the somewhat weaker stiffening effect, as dextran-
based solutions which were used in our study are known to
produce stronger stiffening.16 Boschetti et al. reported more
stiffening for higher fluences using inflation tests to measure
the biomechanics, what makes a comparison of the results
difficult.13

A consequence of the data presented here is that stiffen-
ing can be increased by additional treatment time and fluen-
ces above 10.8 J/cm2, a significant difference was found
between 5.4 and 20 J/cm2. A longer treatment allows more
oxygen to diffuse in the cornea and therefore enables more
CXL. Based on the present results, we cannot determine
which factor has the greatest influence, the additional treat-
ment time or energy. Clinical data of customized CXL
report deeper demarcation lines in areas with higher applied
fluence and treatment duration9,23 suggesting that some re-
diffusion of oxygen in deeper layers, after an initial satur-
ation of the anterior stroma, is responsible for this deepen-
ing of the demarcation line. This theory is supported by the
slight increase in oxygen after 10min during continuous
UV-irradiation in a depth of 200 microns, found by Kamaev
et al. in 2012.24 However, only future oxygen measurements
in combination with biomechanical tests can confirm this
assumption and determine the upper threshold for induced
crosslinks. An increased anaerobic CXL24 might also serve
as a potential explanation for the deeper demarcation line
and the increased stiffening.

The classic Dresden protocol with a total fluence of
5.4 J/cm2 applies an uniform energy to the treated area of
the cornea, stopping the progression of ectatic corneas with
good outcomes and patients safety.25,26 Already a few years
after the introduction of CXL, the procedure has been suc-
cessfully accelerated by increasing the irradiance and varying
the riboflavin solutions,27–30 but the stiffening effect, as well
as the regularization of the cornea, were not noticeably
improved for a long time.31,32 But since the introduction of
customized CXL, favorable results have been published
regarding the regularization and flattening of the cornea.9,10

According to these protocols, weaker parts of the cornea are
treated with a higher fluence to achieve a stronger flattening
in these areas. The assumption, that higher fluences cause
more stiffening is confirmed by our results.

Currently, the individual amount of the induced cross-
linking that is required to stop the progression of an ectatic
cornea is not known preoperatively, since the individual bio-
mechanical state of the patient’s cornea cannot be assessed
accurately clinically. Therefore, it might be inappropriate to
apply more energy in every CXL treatment, as the success
rates of current protocols are very high. In addition, clini-
cians have to be aware that in rare cases, there is ongoing
flattening even years after CXL,33 so not all patients will
benefit from a very strong CXL.

Though the former fluence threshold of 5.4 J/cm2 is no
longer valid and higher radiant exposures can be used,6 flu-
ences higher than 10.8 J/cm2 should be used reluctant, since

little data about safety exists.22 In thinner corneas higher
fluences are not recommended at all, but a reduction should
be considered.11 Epi-on CXL, where the epithelium absorbs
additional UV light and probably causes additional safety
for the endothelium might be a field of application for
higher fluences.

One limitation of this study is the use of porcine corneas.
Because they are much more readily available and have
similar dimensions to human corneas, porcine specimens
are commonly used in experimental CXL studies, although
previous studies have found a smaller CXL effect in porcine
than in human corneas.3 Nevertheless, it is believed that the
results are transferable to human eyes. In our experiments,
we used riboflavin dissolved in 16% dextran, as opposed to
the 20% dextran used by clinicians and other ex vivo studies.
The 16% solution was chosen to minimize corneal thinning
which is reduced by using a lower concentration of dextran.
The uniaxial stress-strain measurements could be identified
as an additional disadvantage. Cutting the strips compro-
mises the integrity of the cornea. In addition, the strips are
pulled flat in the extensometer, so that the superficial fibers
are stressed less than the deeper layers. However, many
other studies have used a similar experimental design, so it
is a standard protocol that allows the comparison of results
with the existing literature.

In conclusion, the stiffening effect of the accelerated
protocol based on 18mW/cm2 with a standard fluence of
5.4 J/cm2 is lower than earlier reported for the standard CXL
that relies on 3mW/cm2. The biomechanical response after
accelerated CXL can be increased by extending the treat-
ment time causing a higher fluence. According to our
results, there seems to be no threshold up to 20 J/cm2. A
higher fluence could compensate the weaker effect of accel-
erated or epi-on CXL procedures.
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