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ABSTRACT

PURPOSE: To develop an algorithm to predict the stiff-
ening effect of CXL and to verify the accuracy with re-
sults obtained from experimental measurements.

METHODS: The algorithm considers different variables:
the reaction kinetics of riboflavin diffusion and riboflavin
photodegradation to determine the effective riboflavin
concentration in different stromal layers; the oxygen dif-
fusion and ultraviolet (UV) absorption to determine the
amount of reactive oxygen species as a function of time
and stromal depth. For the experimental comparison,
corneas were deepithelialized, followed by riboflavin
instillation for 30 minutes and UV irradiation. Different
pulsed and continuous-light conditions were analyzed
with irradiances ranging from 3 to 100 mW/cm? and ir-
radiation times from 8 to 30 minutes. Stress-relaxation
measurements were performed in fresh-enucleated por-
cine (h = 66) and rabbit (n = 2) eyes directly after
treatment, using a load of 0.6 MPa.

RESULTS: A clear linear relationship was observed be-
tween the concentration of newly induced cross-links
and the experimentally observed stiffening factor (R?
= 0.9432). An additional 1 mol/m3 of cross-links in-
creased the mechanical stress resistance of the cornea
by 50.4%. The efficacy of standard CXL in murine, lap-
ine, and porcine corneas was inversely related to cor-
neal thickness. The stiffening effect after CXL decreased
by 4.1% per 100 um (R? = 0.9961).

CONCLUSIONS: The proposed model, supported by
data in porcine, murine, and lapine corneas, suggests
a possibility of also predicting the biomechanical CXL
efficacy in human corneas. The biomechanical efficacy
of CXL may be increased by prolonged UV irradiation at
reduced irradiances or by a higher oxygen pressure in
the environment. Pulsed CXL does not accelerate CXL or
increase its efficacy when compared to standard CXL of
the same irradiation duration. This model might be used
to calculate customized irradiation settings for high-risk
cases, but also topography-guided CXL treatments.

[J Refract Surg. 2017;33(2):128-136.]

orneal cross-linking (CXL) has the potential to
become the standard treatment to arrest keratoco-
nus progression. It is based on saturation of the

corneal stroma with a photosensitizer and activating it with
ultraviolet-A (UV-A) irradiation, which generates additional
cross-links that increase the biomechanical resistance of the
stroma.! Although CXL is being applied successfully in clin-
ics with a failure rate of approximately 7.6% and a compli-
cation rate of 2.9%,? efforts are being made to increase CXL
efficacy to shorten treatment time (lower costs) and improve
patient comfort (less pain). Modified treatment protocols use
different approaches: increasing UV irradiance to reduce irra-
diation time,? applying riboflavin transepithelially to reduce
postoperative pain and risk of infection,* using iontophoresis
to accelerate riboflavin diffusion and reduce soaking time,®
and using pulsed UV light to increase oxygen availability.®

Considering the current knowledge about CXL, all modi-
fications have been promising. However, clinical practice
proved transepithelial CXL being not,” or less,* effective and
pulsed UV irradiation equivalent to continuous irradiation.?
Experimental studies showed a significantly decreased stiff-
ening effect when using high irradiances.?'!* The reason why
these treatment protocols did not show the desired effect is
because the mechanisms behind CXL and the interaction of
different factors, such as UV energy, irradiation time, ribofla-
vin diffusion capability, and oxygen availability, and reac-
tion kinetics of CXL are poorly understood.

Although the stiffening effect after CXL has been extensive-
ly studied,®'""” so far only a few experimental studies have ad-
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dressed the theoretical modeling of CXL. Schumacher
et al.’® calculated the UV intensity and riboflavin con-
centration as a function of corneal depth and assumed
that the product of both factors is proportional to the
polymerization rate of the newly formed cross-links.
Another, more precise model based on radical-initi-
ated polymerization was proposed by Semchishen et
al.’ These authors assumed a radical-initiated photo-
polymerization process, where each radical would be-
come the center of a new polymer chain. However, the
fast oxygen consumption®® and the strong dependency
on environmental oxygen?’ in an experimental CXL set-
up make it likely that singlet oxygen is responsible for
the formation of additional cross-links instead.

The clinical efficacy of CXL is analyzed in terms of
the potential to stop keratoconus progression, or by the
depth of the postoperative demarcation line observed
in OCT images.?*?3 The demarcation line has been
considered to be an indicator of how deep CXL is effec-
tive?* because additional cross-links are supposed to
increase the density, which in turn changes the refrac-
tive index. Alternatively, the demarcation line could
indicate the region of initial keratocyte apoptosis.

This study aimed to develop a theoretical model
to predict the stiffening effect of CXL under different
conditions, considering UV energy, light absorption,
riboflavin and oxygen diffusion, available locations for
cross-link formation, and rate constants, as a function
of time and stromal depth. Furthermore, the objective
of this study was to measure the experimental mechan-
ical effect of different CXL protocols to verify the ac-
curacy of the theoretical model.

MATERIALS AND METHODS
This study consists of an experimental and a theo-
retical part, which are compared to each other to verify
the accuracy of the theoretical model.

THEORETICAL MODEL

On UV irradiation, the long-lived triplet state of ribo-
flavin (approximately 1 ms) reacts with triplet oxygen to
form singlet oxygen,?” with the substrate to form ribofla-
vin radicals, or with a quencher. Although both reaction
products (singlet oxygen and riboflavin radicals) have
the potential to induce cross-links, the oxygen content
determines whether type I or II photochemical mecha-
nisms dominate and how many cross-links can be in-
duced. The type I mechanism involves the generation of
radicals and consumes less oxygen than type II mecha-
nism, which involves the generation of singlet oxygen.

Therefore, for the theoretical description of CXL we
considered the following parameters: riboflavin con-
centration (diffusion/degradation), UV intensity, and

oxygen availability. Equations were formulated ac-
cording to the biochemical reaction scheme shown in
Figure A (available in the online version of this article).
All equations were discretized and solved in custom-
ized programs written in Matlab (MathWorks, Bern,
Switzerland) with a time step of 1/10 sec or smaller.
The error due to step-size was less than 0.41%.

The first order rate constant for the uptake of oxygen
and riboflavin from the corneal surface was estimated
with Fick’s second law of diffusion. The integration of
Fick’s law was approximated by twice applying the finite
difference operator and by assuming that the concentra-
tion gradient within the cornea is negligible compared
to the concentration gradient between environment and
cornea. This leads to the following equation:
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where [A]represents the concentration of the diffusion me-
dium, k[A] the corresponding diffusion rate, th the stromal
depth, [A,] the concentration on top of the corneal surface,
and [A,] the concentration at a given stromal depth.

To describe the individual concentrations as a func-
tion of time and one dimension in space (ie, stromal
depth), we used the integrated forms of first and sec-
ond order rate equations for independent and com-
petitive?® reactions. The values of the constants used
throughout the manuscript are listed in Table A (avail-
able in the online version of this article).

Accordingly, the riboflavin concentration in the cor-
nea [CO,, ] is determined by the amount of uptake by
diffusion and degradation by photolysis:

i
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(eq. 2)

where A, is the difference in riboflavin concentration
between cornea and riboflavin solution, A , is the diffu-
sion coefficient of riboflavin, k degRibo is the first order rate
constant of riboflavin degradation during UV irradiation,
tis time, t_ , is soaking time with riboflavin, and ¢, is
irradiation time. The th,, .  represents the thickness of
the riboflavin layer on top of the corneal surface during
irradiation and [Photon] the photon concentration (see
equation 6) resulting from the UV irradiation. The ex-
pressions within curly brackets represent if-statements.
The oxygen concentration in the cornea [CO,_] is
determined by the amount of uptake by diffusion, the

cellular oxygen consumption of the stroma Q_,, the
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production and degradation of singlet oxygen and the
oxidation of the reduced form of riboflavin:
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where A is the difference in oxygen concentration
between the current and the normal oxygen content in
the cornea, [S__J is the concentration of singlet oxygen,
k degSoxy 1S the first order degeneration rate constant of sin-
glet oxygen, [RFH2] is the concentration of the reduced
form of riboflavin, quibo is the quenching rate of ribofla-
vin, kpp,,, is the oxidation rate of the reduced form of
riboflavin, Q_, is the stromal oxygen consumption for a
given oxygen tension Oxy,, . .*° The oxygen tension can
be calculated from the oxygen concentration [CO,_], the

molar mass of oxygen and experimental data®*3%:

102mmHg

mg

Oxytension = [COUly] ‘M02 : (eq 4)

7.3
L
[EM] is the concentration of the estimated ratio of ex-
tracellular matrix (ie, collagen and non-collagenous
proteins).

_ 0.18 - peornea _ _ _ kRrH. [EM]- (1—¢ e 40
[EM] = G —E = 400 - [S,] 4 — ¢ o )
(eqg. 5)
where M is the molecular mass of collagen with

approxirﬁg{aéfgf 407 Da (6.76 - 10° kg), p,, .., is the den-
sity of the cornea, and 0.18 is the assumed content of
collagen and non-collagenous proteins in the cornea.
Factor 400 is the authors’ estimate to describe the re-
duction of possible additional cross-links per formed
cross-link due to obstructing potential binding sites.

The concentration of photons in the cornea [Pho-
ton] is determined by the absorbed UV energy along
the cornea:
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[Photon] = (eq. 6)

where I, is the nominal intensity of the UV lamp, \ is
the wavelength, « is the absorption coefficient of the
cornea stroma, e is the extinction coefficient of ribofla-
vin, th is the corneal thickness, thn.boTOp =50 pm is the
thickness of the riboflavin film®' on top of the cornea
in the clinical setting, h is the Planck constant, c is the
speed of light, and N, is the Avogadro number.

The concentration of singlet oxygen is determined
by the quantum yield of riboflavin, the singlet oxygen
degradation through physical and chemical quench-
ing, and the consumption of singlet oxygen during
substrate oxidation:
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(eq. 7)

where A, is the quantum yield*® of singlet oxygen
production for riboflavin and kg, is the oxidation
rate of the extracellular matrix.

The concentration of the riboflavin radical [RFH*]
is given by:
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where ® . is the quantum yield of intersystem cross-

ing for riboflavin and qua dicas 18 the quenching rate or
the riboflavin radical.

The concentration of the reduced form of riboflavin
[RFH,] can be calculated by:

. 1
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and the resulting formation of hydrogen peroxide H,0O,
is given by:
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(eq. 10)
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Finally, the formation of cross-links is determined
by:

_ kRPHw ¢ ke Bt
[CXL] = [CXL]o + [Sury] - (1 = ¢ T 170

eq. 11)
where [CXL] is the potential concentration of newly
formed cross-links in the corneal stroma or at least pro-
portional to it.

EXPERIMENTS
Two different sets of experiments were performed
to analyze the efficacy of pulsed CXL and to study the
effect of continuous-irradiation (standard) CXL in dif-
ferent species.
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PULSED CXL

Sixty freshly enucleated porcine eyes were ob-
tained from a local slaughterhouse and divided into
five groups. All corneas were deepithelialized with a
hockey-knife and 0.1% riboflavin solution was admin-
istered by applying a drop every 3 minutes for a total
of 30 minutes. Several CXL protocols were applied to
study the reaction mechanism in more detail.

The first group received 3 mW/cm? UV-A irradiation
at 365 nm during 30 minutes (5.4 J/cm?), the second
group received 9 mW/cm? during 10 min (5.4 J/cm?),
the third group received 30 mW/cm? in 1s-on-1s-off
pulses during 8 minutes (7.2 J/cm?), the fourth group
received 100 mW/cm? in 1/10s-on-9/10s-off pulses
during 9 minutes (5.4 J/cm?), and the fifth group re-
ceived 100 mW/cm? in 1/100s-on-99/100s-off pulses
during 9 minutes (0.54 J/cm?). The sixth group was not
irradiated and served as control. The first three groups
represent clinically applied CXL protocols. The fourth
and fifth groups were designed to have an optimized
on/off-ratio of UV irradiation (fast oxygen depletion
versus slow oxygen replenishment®’) at standard flu-
ence or at 1/10 of the standard fluence, respectively.
An irradiance of 100 mW/cm? was chosen because it
decreased the on/off ratio by factor 10 and at the same
time maintained a fluence of 5.4 J/cm? and a similar
overall UV irradiation time.

The corneas were excised with a scleral rim and
full-thickness corneal flaps were obtained immedi-
ately after treatment. For this purpose, a customized
blade holder was used to cut two 5-mm-width flaps
from the central cornea in superior-inferior direction.
Each flap was subsequently mounted in a stress-strain
extensometer (iZwicki line; Zwick Roell, Ulm, Ger-
many) with 4-mm effective length and subjected to
two steps of uniaxial (1D) biomechanical testing: two
cycles of preconditioning between 0.2 and 2 N and
stress-relaxation at 2 N (corresponding to 580 kPa). 1D
testing was chosen due to its simplicity and suitability
to determine differences between CXL treatment con-
ditions. Yet, compared to the natural stress situation
of the cornea subjected to the intraocular pressure, 1D
testing applies a more distinct stress distribution than
biaxial tensile testing.??

CONTINUOUS IRRADIATION (STANDARD) CXL IN DIFFERENT
SPECIES

Rabbit eyes (New Zealand white rabbits, male, aged
approximately 8 weeks, n = 2) were obtained immedi-
ately after termination of a prior experiment, which was
not related to the eye. Six porcine eyes were obtained
from a local slaughterhouse and used within 4 hours.
The eyes were treated according to the standard Dres-

den protocol,’ including deepithelialization, riboflavin
soaking for 30 minutes, and irradiation with UV-A at
365 nm for 30 minutes. After treatment, corneal but-
tons were excised and mounted into a custom-made
holder for 2D extensometry, fixing the corneas circum-
ferentially at a diameter of 1 cm. The holder was placed
in a stress-strain extensometer (iZwicki line; Zwick
Roell) that was operated in indentation mode to apply
tensile stress on the cornea. The testing procedure was
similar to the one described above, with the difference
of a greater 2D testing force (12.6 N for porcine, 6.3 N
for lapine) to induce a similar stress of approximately
600 kPa. We used a 2D biomechanical analysis in this
part of the study to have better comparability to our
previously published stress relaxation curves® in mu-
rine corneas treated at different CXL conditions. The
holder for murine corneas in those experiments had a
diameter of 1.6 mm and the applied force to induce a
stress of approximately 600 kPa was 0.4 N.

DATA ANALYSIS

The testXpert II (Zwick Roell) and Excel (Excel for
Mac Version 14.5.4; Microsoft Corporation, Redmond,
WA) software were used for data analysis. Statistical
analysis was performed in SPSS software (version 23;
SPSS, Inc., Chicago, IL). The data were tested for ho-
mogeneity of variance with the Levene method. Then
one-way analysis of variance was applied to compare
the remaining stress after 119 sec of stress-relaxation.
The significance level was set to 5%.

CORRELATION OF THEORETICAL AND EXPERIMENTAL DATA

The comparison of the theoretical and the experi-
mental parts of the study was performed in three
steps for all experimental conditions: (1) calculation
of the theoretically predicted concentrations of new-
ly formed cross-links and (2) analysis of the obtained
experimental stress relaxation data. To account for
differences in corneal thickness between species, we
applied the same stress (0.6 MPa) to every cornea.
Differences in corneal diameter did not play a role,
because strain is measured in percent. Also, for better
comparability of the remaining stress after relaxation
between 1D and 2D tests, the stiffening factor was cal-
culated and used for further interpretation. (3) Cor-
relation of (1) and (2).

RESULTS
RESULTS FROM THEORETICAL MODELING
Our model was used to predict fundamental charac-
teristics of the CXL treatment that have been described
previously, such as the penetration depth and oxygen
depletion during UV irradiation.
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Figure 1. Theoretical prediction of the depth of effective corneal col-
lagen cross-linking (CXL) (demarcation line). A more profound CXL was
predicted with standard CXL compared to accelerated CXL, confirming
clinical evidence.

DEMARCATION LINE

Figure 1 displays the theoretical prediction of the
distribution of newly formed cross-links as a function
of stromal depth. We could determine the theoretical
threshold for effective CXL out from Figure 1 by draw-
ing a horizontal line that cuts the 3mW30min condi-
tion at 350 pm. The resulting demarcation line for
9mW10min as predicted from the model is then at 280
pm. Clinical studies have shown that standard CXL
(3mW30min) induces a demarcation line at approxi-
mately 350.78 + 49.34 pm depth, whereas accelerated
CXL (9mW10min) induces a shallower demarcation
line (288.46 + 42.37 ym).2®

OXYGEN DEPLETION BELOW A 130- M CORNEAL FLAP

A low-frequency pulsed UV irradiation (19min-on-
9min-off, 3mW/cm?) was simulated, similar to the ex-
periments presented in a recent study.?® The predic-
tion by our model matched the temporal course of the
effective oxygen depletion under the 130-pm corneal
flap (Figure 2).

EXPERIMENTAL RESULTS

Pulsed CXL. Measurements in porcine corneas follow-
ing different pulsed and standard CXL protocols showed
a significantly reduced stiffening effect at UV irradiation
times shorter than 30 minutes, independent from the
mode of UV administration. Standard CXL (442 + 20 kPa)

] in mol/m 2

oxy’

[co
oxygen concentration, mg/L

0 !
10 15 20 25 30 35 40
time in min

Figure 2. Oxygen depletion under a 130-um flap as predicted from the
model (blue line) and compared to previously published experimental data
(black dots).2°

showed the strongest increase in stress resistance after re-
laxation (factor 1.21), compared to riboflavin control (365
+ 19 kPa). Continuous irradiation at 9 mW/cm? during 10
min (398 + 26 kPa), pulsed irradiation at 30 mW/cm? with
1s-on-1s-off during 8 min (398 + 33 kPa), and pulsed ir-
radiation at 100 mW/cm? with 1/10s-on-9/10s-off during
9 min (393 + 25 kPa) had a similar efficacy (Figure 3).

Statistical analysis revealed significant dif-
ferences between standard CXL and riboflavin
control (P < .001), between riboflavin and 9mW-
10min_, (P = .005), 30mW8min, . . (P =
.017), 100mW9min,_, . . om0 (P = .004), and
100mWOmin, ,; 1o« ongo/100s0if (E = -012), and between
standard CXL and 9mW10min_, (P = .002), 30mW-
8minls-0n—1s—off (P = 006)’ 10OInVVQminl/105-0n»9/1l]s»0ff (P
= .006), and 100mW,, .. /1006099110050t (P = -001).
No differences (P > .732) were found between the
conditions 9mW10min_, 30mW8min
lOomWQminlllOs—on—g/l()s—off’ and 1OOInVVQminl/l005—0n—99/1005-
o The condition 100mW/9min,, 0. - ae/100s.0r DA
a lower fluence, but induced the same mechanical
stiffening as 9mW/10min_, and the other pulsed
CXL conditions.

Standard CXL in Different Species. Measurements
of standard CXL in murine, lapine, and porcine corneas
showed a clear linear relationship between CXL efficacy
and corneal thickness (Figure 4). On average, the stiff-
ening effect after CXL decreased by 4.1% per 100 pm.
The R? value of the linear regression was 0.9961.

1s-on-1s-off’

CORRELATION OF THEORETICAL AND EXPERIMENTAL DATA
Theoretical Concentration of Cross-links Versus

Experimentally Obtained Stiffening Factor. Figure 5

presents the scatter plot for the theoretical increase in
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Figure 3. Stress-relaxation curves for the different conditions. The effect
of corneal collagen cross-linking (CXL) is more dependent on the duration
of the ultraviolet (UV) irradiation than to the overall applied UV fluence.
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Figure 5. The scatter plot comparing the experimental stiffness increase with
the predicted concentration of induced cross-links from simulation demon-
strates a linear relationship. The stiffness increase was determined from 1D
and 2D stress relaxation tests. CXL = corneal collagen cross-linking

concentration of cross-links and the corresponding ex-
perimentally obtained stiffening factor for all conditions
that were analyzed in this study. We observed a clear
linear relationship between both parameters with an R?
value of 0.9432. Accordingly, an additional 1 mol/m? of
cross-links increases the mechanical stress resistance of
the cornea by 50.4%.

Efficacy of Different CXL Protocols. Figure 6 shows
the theoretical concentration of cross-links as a function
of time. The number of cross-links reached at the end
of the treatment is a measure of the increase of corneal
stress resistance. Similarly, in Figure 1 the stress re-
maining after a relaxation period of 120 sec is a measure

Figure 4.
standard

Experimental data show a linear decrease in the effect of the
corneal collagen cross-linking (CXL) treatment with corneal

thickness in different species. The stiffness increase was determined from
2D stress relaxation tests.

1.4
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1L
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0.8
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0.4
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Figure 6. Corneal collagen cross-linking (CXL) concentration as a func-
tion of time according to the theoretical model at stromal depths of 100
and 200 um: comparison between standard, accelerated, and pulsed
CXL protocols.

for the experimental stress resistance. The comparison
between Figure 1 and Figure 6 shows that experimen-
tally and theoretically CXL efficacy match: standard
CXL demonstrated a clear higher efficacy than acceler-
ated CXL, whereas any of the pulsed CXL conditions
showed an efficacy similar to accelerated CXL.

DISCUSSION

We present a theoretical model and algorithm to
predict the biomechanical effect of CXL. The model
considers UV fluence, riboflavin concentration, and
irradiation time, but also oxygen availability and
consumption during CXL. We provide experimental
data to confirm the model’s accuracy regarding differ-
ent CXL protocols and different corneal thicknesses.
A comparison to previously published data confirms
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that the model can be used to predict the demarcation
line and also reproduces well the oxygen consumption
during UV irradiation below a 130-pm corneal flap.

Both experimental and theoretical data matched in
the extent of corneal stiffening after CXL. We found that
pulsed UV irradiation does not increase the biomechan-
ical effect of CXL. Also, all accelerated and pulsed pro-
tocols were inferior to standard CXL (Dresden protocol).
However, CXL protocols with irradiation times from 8
to 10 minutes had the same effect, independently of the
mode of UV administration (pulsed and standard) (Fig-
ure 3 and Figure 6). These observations suggest that the
limiting factor in CXL is time rather than UV irradiance
or fluence. The time factor is critically dependent on the
oxygen diffusion rate and other reaction kinetics, which
(under standard laboratory conditions [1,013 hPa, 21%
0O,, 25°C]) cannot be modified. Figure 6 visualizes this
context for two stromal depths demonstrating that the
slope and hence the speed of cross-link formation is
constant for the tested parameter variation.

We have assumed a factor of 400 in equation 5,
which decreases the number of possible cross-links
the more cross-links have been induced. If this fac-
tor, which represents the depletion of potential bind-
ing sites, is too small, the cross-linking density in the
most anterior layer would be exceedingly high. As a
consequence, the theoretical number of cross-links
would not correlate linearly with the experimentally
measured stiffening effect.

For the clinical setting, our results suggest that the
UV intensity in the standard treatment might be re-
duced without losing the desired biomechanical effect.
However, although at 10 minutes a 10x reduction of
the UV fluence theoretically leads to 96.8% of the bio-
mechanical stiffening (for a 500-pm cornea), at 30 min-
utes the same reduction in UV fluence leads to 89.5%
of the stiffening. Further investigations are therefore
needed to determine to which extent the fluence may
be reduced at the same clinical success.

A reduction of the UV fluence would also allow us
to perform CXL in corneas thinner than the current
limit of 400 pm because the threshold for endotheli-
al toxicity would not be surpassed. According to the
Lambert—Beer law, for a treatment with 0.3mW/30min
the corneal thickness could be as low as 88 pm, with
0.9mW/30min approximately 278 pm. However, the
minimally required thickness for CXL at low irradi-
ances may no longer be determined by the UV energy
absorbed by the endothelium, but potentially by the
penetration depth of singlet oxygen and therefore
might require a higher riboflavin concentration.

A limitation of this work is the rough approxima-
tion of Fick’s law, which leads to a slight overestima-

tion of the diffusion rates for long diffusion times. For
the riboflavin diffusion, we tested a second approxi-
mation that slightly underestimates the diffusion rate.
This induced a less than 1% variation in the stiffening
effect, demonstrating that equation 1 is realistic in this
context. Also, regarding the oxygen diffusion, we have
verified that our model makes correct predictions re-
garding oxygen consumption and replenishment with-
in the range of interest (Figure 4). Another limitation of
this study is that many experimental parameters from
the literature were used (Table A), potentially leading
to an accumulated error.

In its current state, the proposed theoretical model
can be used to predict the treatment effect of differ-
ent CXL protocols and help in the safety evaluation
in thin corneas. In the future, the model might be
combined with mechanical models (numerical®# or fi-
nite-element®-7) to determine the optimal irradiation
protocol in a patient-specific manner. The findings of
this study suggest that a longer irradiation should be
performed at the steepest position of the cornea and a
shorter irradiation in its periphery to obtain the maxi-
mal flattening effect, analog to the piXL technique?®
but with the difference that long irradiation is applied
instead of high fluence. Another direct application of
our findings could be the use of the iontophoresis ap-
proach® in combination with long irradiation for tran-
sepithelial CXL. Transepithelial CXL is comparable to
standard CXL at a deeper stromal layer: the epithelium
absorbs UV light and riboflavin similar to the stroma,
but with the difference that the epithelium does not get
stiffened. A longer irradiation would permit more oxy-
gen to diffuse into the stroma and increase the amount
of cross-links that can be generated.

To our knowledge, this is the first study that pres-
ents a theoretical model for CXL and directly compares
its predictions to the actual experimental efficacy of a
set of different CXL protocols. The advantage of our
model is that it already can be applied for clinical
studies. Among others, it predicts that CXL can even
be performed in corneas thinner than the current limit
of 400 pm, without the need of hypo-osmolar ribofla-
vin or other supplements (contact lenses and stromal
flaps), while still respecting safety restrictions. Clini-
cal trials will be the next step.

CXL efficacy may be predicted by a combination of
reaction kinetics and oxygen availability. Although
the penetration depth is mainly determined by oxygen
availability, the speed of cross-link formation depends
on general reaction kinetics, oxygen availability, and,
to a minor extent, UV intensity. Increasing CXL effica-
cy would require prolonged UV irradiation at reduced
irradiances, or a higher oxygen pressure in the envi-
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ronment. Pulsed CXL does not allow to accelerate CXL
or to increase its efficacy when compared to standard
CXL of the same irradiation time.
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Figure A. Chemical reaction scheme for
Karibo Kdegsoxy the formation of additional cross-links in
/\ /\ the corneal stroma during corneal collagen
h-v KqRriibo Kenmtox cross-linking (CXL). RF = riboflavin; 1RF*
RF —> 1RF* <> 3RF* + 302 7€—> 10, + EM —> EMyy = CXL | = excited singlet state of riboflavin; 3RF*
o = excited triplet state of riboflavin; 30, =
lkdegRibo lquibo lkdegSoxy excited triplet state of oxygen; 30, = excit-
ed singlet state of oxygen; O, = molecular
LC REH: 02 oxyggn; EM = ex‘tracellular matrix_; CXL =
additional cross-links; LC = lumichrome;
CDRF lkqmw CDRF = cyclodehydroriboflavin; RFH-=
riboflavin radical; RFH, = reduced form of
Kretaox riboflavin; H,0, =hydrogen peroxide; CMF
’ 272 ’
RFH; + O, > H,0, + CMF = carbomethylflavin
TABLE A
Parameters and Values as Used in the Theoretical Model
Parameter Value Description Literature
D 0.61 Quantum yield of intersystem crossing for riboflavin Chacon et al.?®
‘Dsw 0.54 Quantum yield of singlet oxygen production for riboflavin Baier et al.2®
a 267 m? Absorption coefficient of the corneal stroma Kamaev et al.2°
€ 1,339.3 m3:(mol-m)* Extinction coefficient of riboflavin The authors’ fit to data taken
from Koppen et al.**
Ao 4-1011 m2-st Diffusion coefficient of riboflavin into the cornea Kamaev et al.?°
ony 8:101° m2-st Diffusion coefficient of oxygen into the cornea Similar to the range previously
reported?%:42
©. 1.4:10°° mly, (Ml .-S)*  Stromal oxygen consumption at an oxygen tension of 160 Freeman?®
mm Hg; a linear relation between oxygen consumption and
tension was considered in the model
—— 7.08:10° st Rate constant of riboflavin degeneration due to photolysis Ahmad et al.*®
- 2.56:10° st Rate constant of singlet oxygen degeneration due to quenching Huang et al.?”
L. 3.2:108 st Rate constant of riboflavin triplet quenching to produce singlet Baier et al.?®
oxygen
A 3-10° st Rate constant of riboflavin radical quenching to produce Kamaev et al.?°
reduced riboflavin
Mg 1.7-10% st Rate constant of extracellular matrix oxidation by singlet oxygen Matheson et al.**
(chemical quenching by histidine)
[(— 150 st Rate constant of reduced riboflavin oxidation by oxygen The authors’ estimate




