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INDIVIDUALIZING BIOMECHANICAL
STIFFENING IN CXL

BY SABINE KLING, PuD; AND FARHAD HAFEZI, MD, PuD

Reducing UV irradiation time in thin corneas is a promising and potentially more
precise tool to individualize CXL while ignoring corneal thickness.

n recent years, CXL has significantly

reduced the number of kerato-

plasties required for patients with

corneal ectasia. The origin of kera-

toconus is unclear, but its incidence
in those older than 40 years is much
lower than in those younger, prob-
ably because of age-related corneal
stiffening. CXL can be considered a
technique that accelerates natural
aging so that progression of keratoco-
nus can be stopped.

The standard Dresden protocol for
CXL'is limited to use in corneas with
stromal thickness of greater 400 um.
However, corneas with advanced
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keratoconus often fall below this
thickness threshold and require the
use of modified protocols. Most cur-
rently used modified protocols for
thin corneas aim to increase overall
stromal thickness, either by swelling
the cornea with hypoosmolar ribo-
flavin solution to increase absorption
throughout the corneal stroma or by
applying a contact lens on top of the
deepithelialized cornea. These proto-
cols increase the complexity of CXL in
thin corneas.

In this article, we describe a new
approach we have devised, which
aims to simplify the protocol while

» The standard CXL Dresden protocol is limited to use in corneas with stromal
thickness of greater 400 um, but corneas with advanced keratoconus often
fall below this threshold and require use of a modified protocol.

» Most currently used modified protocols for thin corneas aim to increase
overall stromal thickness, therefore also increasing the complexity of CXL in

thin corneas.

» The authors' new approach tries to simplify the protocol and make it
more precise: It reduces UV energy by shortening irradiation time based
on individual stromal thickness, as measured at the end of riboflavin
imbibition, thus lowering total irradiance.
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making it even more precise. We
reduce UV energy by shortening the
irradiation time based on the eye’s
individual stromal thickness, as mea-
sured at the end of riboflavin imbibi-
tion, thus lowering total irradiance.
This technique should not be con-
fused with customized CXL, in which
different but fixed areas of irradiance
are used.

PRINCIPAL FACTORS OF CXL

CXL relies on a photochemical reac-
tion that is initiated by the absorp-
tion of UV energy by the photosensi-
tizer riboflavin. As a consequence, the
highly reactive triplet state of ribo-
flavin is excited, generating reactive
radicals and reactive oxygen species
by type 1 and type 2 photochemi-
cal reactions.? These highly reactive
species then oxidize the extracellular
matrix of the cornea.

To date, the underlying chemical
reactions responsible for the observed
mechanical stiffening effect of CXL
are not fully understood. The molecu-
lar weight of both collagens and
proteoglycans have been reported
to increase after CXL. Interestingly,
the stiffening effect of CXL does not
strictly correlate with the overall
applied UV dosage; it also depends
on irradiation time and oxygen
availability.?

To better understand the interac-
tion of the three principal factors of
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CXL—UV energy, riboflavin concen-
tration (which determines absorp-
tion), and oxygen availability (which
depends on oxygen pressure and
irradiation time)—we recently devel-
oped a theoretical model and per-
formed experimental validation with
multiple CXL protocols.* This model
allows us to predict how the stiffen-
ing effect of CXL is altered if a single
treatment parameter is changed. By
applying this model, we found that
the standard CXL protocol is limited
by oxygen diffusion, and hence the
UV fluence can be reduced by half, at
no cost to the stiffening effect, if the
irradiation time remains the same.’
The ability to predict the overall
stiffening effect, and, more important,
to predict the depth of corneal stiff-
ening also opens the way for individu-
alized CXL parameter calculation, as is
further discussed later in this article.

SAFETY CONSIDERATIONS IN CXL

If the UV energy absorbed by a
single cell surpasses a certain thresh-
old, apoptosis is induced.® With
standard CXL, and if corneal thickness
is greater than 400 pm, keratocytes
go into apoptosis up to a depth of
approximately 300 um; endothelial
cells remain unaffected and therefore
safe.” In thinner corneas, more UV
energy is absorbed by the endothe-
lium, increasing the risk of endothelial
cell loss.

Although keratocyte apoptosis
and repopulation occur naturally in
corneal wound healing, endothelial
cells cannot regenerate. Therefore,

Figure. Demarcation line at 1 month after CXL treatment in a cornea that is 364 pm thick.

endothelial cell loss or UV-induced
endothelial mutations are the
major safety concerns of CXL in
thin corneas.

POTENTIAL FOR INDIVIDUALIZED CXL

Previous attempts to increase cor-
neal thickness during CXL treatment
have included the use of hypoos-
molar riboflavin solution,® increased
dosing frequency, and interplay with
the eyelid speculum. Nevertheless,
the induction of excessive corneal
swelling is not recommended, as it
separates the extracellular matrix.
Therefore, reducing UV irradiation
time in thin corneas is a promising
and potentially more precise tool to
individualize CXL while keeping cor-
neal thickness constant.

Given the predictions of our theo-
retical model, we devised a nomogram
for a UV intensity of 3 mW/cm? With
the help of our model, the UV irra-
diation time that is required to reach
a stiffening effect up to a depth of
70 um distance from the endothelium
can be determined for an individual
corneal thickness during surgery. A
decisive factor for determining the
individualized irradiation time is the
corneal thickness directly before UV
irradiation. The distance of 70 um to
the endothelium is comparable to the
demarcation line in standard Dresden
protocol CXL.

MORE WORK NEEDED

To date, we have performed indi-
vidualized CXL in eyes with corneal
thickness as low as 312 pm (Figure).
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As expected, the demarcation line
was much shallower in thinner cor-
neas being irradiated for shorter
times, and the endothelium did not
show any sign of damage. Despite
these promising preliminary out-
comes, it remains yet to be investi-
gated whether CXL with reduced UV
dosage can effectively halt keratoco-
nus progression in the long term. m
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