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Abstract
Background: The corneal cross-linking (CXL) photochemical reaction is essentially dependent on oxygen and
hypothermia, which usually leads to higher dissolved oxygen levels in tissues, with potentially greater oxygen
availability for treatment. Here, we evaluate whether a reduction of corneal temperature during CXL may increase
oxygen availability and therefore enhance the CXL biomechanical stiffening effect in ex vivo porcine corneas.
Methods: One hundred and twelve porcine corneas had their epithelium manually debrided before being soaked
with 0.1% hypo-osmolaric riboflavin. These corneas were equally assigned to one of four groups. Groups 2 and 4
underwent accelerated epithelium-off CXL using 9 mW/cm2 irradiance for 10 min, performed either in a cold room
temperature (group 2, 4 °C) or at standard room temperature (group 4, 24 °C). Groups 1 and 3 served as non-crosslinked, temperature-matched controls. Using a stress-strain extensometer, the elastic moduli of 5-mm wide corneal
strips were analyzed as an indicator of corneal stiffness.
Results: Accelerated epithelium-off CXL led to significant increases in the elastic modulus between 1 and 5% of
strain when compared to non-cross-linked controls (P < 0.05), both at 4 °C (1.40 ± 0.22 vs 1.23 ± 0.18 N/mm) and
24 °C (1.42 ± 0.15 vs 1.19 ± 0.11 N/mm). However, no significant difference was found between control groups (P =
0.846) or between groups in which CXL was performed at low or standard room temperature (P = 0.969).
Conclusions: Although initial oxygen availability should be increased under hypothermic conditions, it does not
appear to play a significant role in the biomechanical strengthening effect of epithelium-off CXL accelerated
protocols in ex vivo porcine corneas.
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Background
Corneal cross-linking (CXL) with riboflavin and ultraviolet (UV)-A light is able to successfully halt the progression of progressive forms of keratoconus [1, 2] and other
corneal ectasias [3, 4]. CXL stiffens the cornea through a
photochemical process [5, 6], in which oxygen radicals
induce the formation of additional covalent bonds between collagen fibrils and proteoglycan core proteins [7].
In 2013, our group showed for the first time that the
photochemical reaction underlying CXL is essentially
dependent on oxygen [8, 9]. This dependence on oxygen
may explain numerous recent CXL protocols, either with
a lower stiffening effect whenever the availability of oxygen is lower - as in protocols that maintain the epithelium intact (epi-on) and with contact lens-assisted CXL
[8, 10], or with a greater stiffening effect whenever the
availability of oxygen is higher - as in thin corneas [8].
At the same time, several elements suggest a potential
dependency of oxygen availability on temperature: on
the one hand, hypothermia leads to higher levels of dissolved oxygen (oxygen tension) in water [11] and the
cornea is composed of more than 70% of water [12]. For
example, water at 4 °C could hold 10.92 mg/L oxygen,
but only 8.68 mg/L at 21 °C. On the other hand, the oxygen diffusion coefficient DO2 in tissue is affected by
temperature, with slower diffusion rates at lower temperatures [13]. The diffusion coefficient into corneal
tissue was reported to be 4 × 10− 6 cm2/s at 25 °C and
6 × 10− 6 cm2/s at 35 °C [14]. An exponential relation
between DO2 and temperature T (DO2 = C ∙ eb ∙ T), with
b = 4.4%/°C has been reported in the hamster retractor
muscle, where C is a constant [13]. Assuming the same
exponential relation, b can be estimated for cornea from
previous experimental data (4.05%/°C). Accordingly, at
4 °C, an oxygen diffusion coefficient of 1.7 × 10− 6 cm2/s
into corneal tissue may be expected. Overall oxygen
availability within corneal tissue can be described by
Fick’s second law of diffusion; one dimension (i.e.,
along corneal depth x) can be expressed for a given time
t as: ðx; tÞ ¼ n0 ∙ erfcð2pxﬃﬃﬃﬃ
Þ, where n0 is the oxygen conDt

centration at the surface, and D the diffusion coefficient. Applying this equation to estimate the oxygen
concentration between 0 and 550 μm stromal depth,
we noticed that after 20 min of diffusion, there is on
average 7.39 mg/L oxygen available at 4 °C, but only
6.93 mg/L at 25 °C (Fig. 1).
Routine CXL procedures are normally conducted in
ambient temperature conditions, at a typical corneal surface temperature of 20 – 25 °C. We hypothesized that
reducing the room temperature, and therefore the corneal surface temperature, might be a way to increase
oxygen availability and potentially increase biomechanical stiffening effect of CXL. Such a reduction of surface
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Fig. 1 Oxygen concentration after 20 min of diffusion into corneal
tissue at 4 and 25 °C

stromal temperature could be clinically achieved by rinsing the corneal surface with chilled balanced salt solution (BSS), for example. We therefore investigated here
whether hypothermia would modulate the biomechanical effect of the cross-linking process.

Methods
Specimens

Freshly enucleated porcine eyes with intact epithelium
(n = 112) from young adult pigs, aged between 6 to 8
months old (that had first been sacrificed for food production) were obtained from the local abattoir and used
within 6 h. Eyes were allocated equally to four groups,
n = 28 per group. Eyes from groups 1 and 2 were always
handled in a refrigerated, cold temperature-controlled
room at 4 °C. Eyes from groups 3 and 4 were always
handled in a standard temperature-controlled room at
24 °C.
Experimental protocols

All corneas of all groups had their epithelium removed
manually with a surgical blade, and then, were soaked with
0.1% iso-osmolar riboflavin (Streuli Pharma, Uznach,
Switzerland) for 20 min. Corneas from groups 1 and 3
served as non-CXL controls. In the corneas of groups 2
and 4, an accelerated epithelium-off protocol CXL was
performed as follows. After soaking, corneas in
groups 2 and 4 were exposed to UV-A irradiation
(365 nm; CCL-Vario Crosslinking; Peschke MediTrade
GmbH, Zurich, Switzerland) at an intensity of 9 mW/
cm2 for 10 min (Table 1). In all groups, throughout
soaking and irradiation, corneal surface temperature
was continuously monitored using an infrared laser
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Table 1 Corneal cross-linking experimental protocol
specifications used in both groups
Parameter

Experimental groups

Treatment target

Experiment

Fluence (total; J/cm2)

5.4

Soak time (minutes) and interval

20 (q2)

Intensity (mW/cm2)

9

Treatment time (minutes)

10

Epithelium status

Off

Chromophore

0.1% riboflavin

Light source

CCL-Vario

Irradiation mode

Continuous

thermometer (Extech Instruments, FLIR Commercial
Systems Inc., Nashua, USA).
Sample preparations

After removing the corneoscleral button from the globe,
two corneoscleral strips (5 mm width, full thickness)
were prepared centrally in the horizontal axis of each
eye. Four millimeters at the end of each strip were dedicated to fixation, leaving approximately 11 mm of central
corneal strip length. Since hydration status and corneal
temperature could impact biomechanical measures, such
factors were controlled. Prior to stress-strain measurements, all samples were kept in a 400 mOsml/l balanced
saline solution in room temperature for 10 min.
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Kolmogorov-Smirnov and D’Agostino & Pearson tests.
Due normality in all groups, one-way ANOVA test with
statistical significance was used to determine significant
differences between groups, with a confidence interval of
95%. Statistical significance was considered whenever
the p value was 0.05.

Results
Corneal surface temperatures varied between 23 and
25 °C for the standard temperature-controlled room
groups and between 3 and 5 °C for the cold
temperature-controlled room groups.
Figure 2 shows the Elastic Modulus in all groups. Accelerated epithelium-off CXL led to significant increases
in the elastic modulus between 1 and 5% of strain when
compared to non-cross-linked controls, both at 4 °C
(1.40 ± 0.22 vs 1.23 ± 0.18 N/mm, P = 0.006) and 24 °C
(1.42 ± 0.15 vs 1.19 ± 0.11 N/mm, P < 0.001). No significant difference was found in the Elastic Modulus between control groups 1 and 3 (P = 0.846) or between
groups 2 and 4, in which CXL was performed (P = 0.969)
at the low and standard room temperature, respectively.
Discussion
Considering that (a) the availability of tissue oxygen may
vary at different temperatures, and (b) oxygen is essential for CXL reactions, this study aimed to assess
whether a reduction in the surface temperature of the
cornea during CXL could cause an additional stiffening
effect. However, a temperature-dependent effect on CXL

Biomechanical measurements

The tensile strength of all corneas was analyzed using a
stress-strain extensometer (Z0.5; Zwick GmbH & Co.,
Ulm, Germany). The Z0.5 is a classical extensometer
that measures the real-time force in Newtons exerted by
the arm that holds the specimen; the speed at which the
force is applied can be controlled by the user. The conversion from force to stress was calculated from the
thickness and width of the specimen. The arm speed
was 2 mm per minute in the conditioning cycles and the
stress-strain testing was performed over a 4 mm length.
The biomechanical analysis included testing up to a
force of 4 N. The slope of the stress-strain curve corresponds to the tangent elastic modulus and was determined between 1 and 5% of strain. This range was
selected as it showed a linear relation in the stress-strain
diagram.
Statistical analysis

Statistical analysis was performed using GraphPad Prism
8.0 software package (GraphPad Software, Zurich,
Switzerland) and Microsoft Excel (Excel 11 for Mac;
Microsoft Corporation, Redmond, WA). Normal distribution was confirmed with the Shapiro–Wilk,

Fig. 2 Representation of the tangential elastic modulus in all groups
studied: low room temperature riboflavin-soaked corneas without
irradiation (Group 1, 4 °C control), low room temperature riboflavinsoaked corneas irradiated with 9 mW/cm2 for 10 min (Group 2, 4 °C
CXL), standard room temperature riboflavin-soaked corneas without
irradiation (Group 3, 24 °C control) and standard room temperature
riboflavin-soaked corneas irradiated with 9 mW/cm2 for 10 min
(Group 4, 24 °C CXL)
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could not be measured: no significant differences were
found between corneas treated with CXL at cold (4 °C)
or at standard (24 °C) temperature-controlled rooms.
When interpreting this result in more detail, we need
to consider that CXL is based on a photochemical
process that involves a chromophore (riboflavin, vitamin
B2) activated by an energy source (UV-A light) [5]. According to Fick’s law, higher oxygen concentrations and
faster replenishment can be expected in the most anterior stroma. Apart from a higher UV absorption in the
anterior stroma, this is possibly an additional reason
why CXL is only effective up to a stromal depth of approximately 350 μm. When accounting for the effect of
temperature on oxygen diffusion, we found that the imbalance of oxygen availability between anterior and posterior stromal tissue is increased at lower temperatures
(Fig. 3). In this study, no significant differences were observed between 4 and 24 °C cross-linking conditions,
suggesting that the initial oxygen concentration in the
anterior stroma is less relevant for the biomechanical
stiffening effect.
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In 2013, our group demonstrated that oxygen availability in the corneal stroma is an essential and limiting
factor for the effectiveness of biomechanical stiffening in
CXL [9]. Later, it has been shown that as the photochemical reaction proceeds, oxygen is consumed, and
tissue oxygenation decreases within a few seconds after
the onset of UV-A light, but only gets replenished minutes after UV-A irradiation has been stopped [14].
When looking at the first seconds of oxygen diffusion
into the cornea, higher temperatures are favorable according to Fick’s law, because of the higher diffusion coefficient. In the context of our results, this likely
indicates that throughout the irradiation period, more
oxygen might be diffusing into the cornea at higher temperatures. The benefit of a higher oxygen concentration
at the beginning of the irradiation at lower temperatures
is likely comparable to the benefit of a higher oxygen
flux into the tissue during irradiation at higher
temperatures.
The fact that there was a tendency of greater stiffening
effect when CXL was performed at standard temperature

Fig. 3 Oxygen concentration at different stromal depths after 20 min of diffusion
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rather than at cold temperature – the normalized CXL
stiffening effect was 19% at 24 °C and 14% at 24 °C –
might indicate that the continuous oxygen flux during
irradiation is potentially more important than initial
oxygen saturation in terms of biomechanical stiffening.
Further investigations in this direction are needed to
verify this hypothesis. If it holds true, conventional CXL
with 30 min irradiation time should benefit more from
higher temperatures than accelerated CXL, which was
used in this study.
This study has potential limitations. Whereas the
scope of this study was to investigate the effect of
temperature on oxygen diffusion, changing ambient
temperature might not only affect the rate of oxygen diffusion, but also the reaction rates of enzymes like the
lysyl oxidase (LOX)-mediated pathway [15]. The role of
such enzymes in ectatic diseases, however, is not fully
understood and there is still a lack of evidence that this
could directly lead to KC development [15]. Additionally, the temperature condition used in this study would
not entirely represent clinical conditions. Although the
objective here was to verify the basic principles rather
than immediately develop a clinical application, corneal
cooling could potentially be achieved by applying cold
BSS.

Conclusions
In conclusion, while oxygen plays an essential role in
corneal cross-linking, our results suggest that corneal
stromal temperature does not affect the biomechanical
effect of epithelium-off accelerated CXL in ex vivo porcine corneas.
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