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Abstract

Since at least two decades, corneal cross-linking by riboflavin and UV-A irradiation stands as
an established treatment option of progressive corneal ectasia. More than ten years ago, the
histological evaluation of animal corneas and later of human corneas by means of in vivo bio-
microscopy and scanning laser confocal microscopy demonstrated in corneas treated with
cross-linking procedure the occurrence of a demarcation line running almost parallel to the
corneal surface. The feature is a direct consequence of the cross-linking-induced photo-
oxidative modification of the stromal tissue due to riboflavin stromal concentration, light
distribution within the corneal stroma, riboflavin activation, oxygen availability and diffusion
in the corneal stroma, radicals release, and UV-A exposure time. In this study, the general role
of the demarcation line observed after a corneal cross-linking process, in particular its
mechanical relevance, clinical consequences, and other various findings in the numerous
nowadays available modalities of this treatment, are reviewed objectively.

Introduction

Riboflavin-UVA Cross-linking (CXL) represents an innovative therapy changing the
paradigm of the “conservative” management of progressive Keratoconus (KC) and iatrogenic
corneal ectasia.l® By combined action of 0.1% Riboflavin (photosensitizing agent) and UV-A
irradiation, this treatment induces release of singlet oxygen that photo-polymerizes stromal
collagen, reduces the lytic effect of collagenase and increases corneal resistance to
deformation,! counteracting certain major pathophysiological mechanisms of KC
degeneration.* Long-term clinical studies have shown that CXL treatment with epithelium
removal (Epi-Off) slows and in over 80% of cases blocks KC progression, with variable
refractive improvement.>° Standard Epi-Off CXL (S-CXL) reduced the need of corneal
transplants in patients affected by progressive KC or secondary ectasia by 25-30% up to
50%.%! According to unpublished data of the Veneto Italian Eye Bank the advent of CXL
reduced the percentage of KC requiring a corneal transplant from 5% to 20%, in any case
delaying the necessity of corneal transplant surgery of at least 5 years. Various modifications
of S-CXL as originally described by Wollensak et al.1 in 2003 have been proposed in the last
fifteen years. The so-called demarcation line (DL) visible at the posterior edge of the cross-
linked stroma has been used as a convenient tool for the assessment of the efficacy and safety
of the new cross-linking procedures. Recently, the role of the DL as an indicator for cross-
linking efficacy has been questioned, opinion which we do not support and consider to be
unjustified.

Demarcation Line in Epi-Off Standard Fluence CXL

Since the beginning of CXL experience,>? a sort of “cutting edge” between the cross-
linked (CX-Linked) and not CX-Linked corneal stroma was demonstrated by histological
evaluation in rabbit corneas by Wollensak et al.*? The boundary was first established in post-
CXL in vivo animal models corneas by a clear confirmation of keratocytes disappearance



(apoptosis) due to photo-oxidative damage driven by reactive oxygen species (ROS),
particularly singlet oxygen, delivered during the CXL process, being expression of the
“correct interaction” between UV-A at 370 nm wavelength, activated 0.1% Riboflavin
molecules, Oxygen and Collagen-Proteoglycans Complex (CPC) of the corneal stromal
extracellular matrix (ECM).13 The pivotal histological studies by Wollensak et al 1213
described a clear separation between the anterior-mid stroma with lacunar edema and
apoptosis of keratocytes and the posterior stroma regularly populated by cells nuclei at an
average depth of 300 pm according to the S-CXL parameters set in the Dresden protocol.?
Figure 1 a. The stromal depth of the keratocyte apoptosis was clearly correlated with the
applied surface UV-A irradiance,* Figure 2.

Seiler et al*® and Mazzotta et al*®"1® demonstrated, for the first time in vivo in
humans by means of biomicroscopy and In Vivo Scanning Laser Confocal microscopy
(IVCM), respectively, in the first 15 days after S-CXL protocol, the presence of a clear
transition between an edematous hypo-reflective anterior mid-stroma depleted of keratocytes
nuclei and a normo-reflective posterior corneal stroma without edema and regularly populated
by cells, Figure 1 b. Usually the DL gets shallower in the periphery and approaches the
corneal surface because of the UVA beam profile.*®

The Vertical Transition Area (VTA) between 270 and 330 um of stromal depth
described by Mazzotta at IVCM in humans!® was exactly correspondent to the keratocytes
apoptosis depth described by Wollensak et al*? approximately at 300 pum in in vivo rabbit
studies, documenting stromal cell apoptosis and lacunar edema with corneal reflectivity
changes. IVCM pivotal studies'®*® after S-CXL documented that the microstructural changes
were initially characterized by the presence of a “lacunar” stromal edema associated with
keratocytes loss, disappearance of sub-epithelial and anterior-mid stromal nerve fibres.
Moreover, bright micro-particles described as “apoptotic bodies” were also found in a dense
network of hyper-reflective “trabecular patterned stroma” extracellular matrix (ECM)
surrounding edematous lacunae.'® Later, between the third and the sixth month after S-CXL,
“needle-shaped” hyper-reflective micro-bands were documented at IVCM analysis with
progressive disappearance of corneal edema, associated with gradual keratocytes
repopulation, sub-epithelial and stromal nerves regeneration with increasing in ECM
reflectivity.

The first clinical observation of a “demarcation line” (DL) was reported by Seiler et al
at corneal bio-microscopy®® as showed in Figure 1 c. Authors observed this clinical feature at
slit lamp examination of the cornea two weeks after a CXL procedure, representing a “direct
clinical mark”, additionally to corneal topography, of the morphological changes induced by
CXL to the cornea.®
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Figure 1. Demarcation Line 15 days after standard irradiance 3mW/cm? and 5.4 J/cm?
of energy dose for 30 minutes of UV-A exposure (Dresden Protocol): histology (a white
arrow), in vivo confocal microscopy (b white arrow), biomicroscopy (¢ white arrow) and
corneal OCT (d white arrow). All the morphological (histological, confocal,
biomicroscopic and OCT) studies agreed that the stromal DL after CXL represents the
“boundary” between CX-linked and untreated cornea, corresponding to penetration of
CXL-induced keratocytes apoptosis depth at ultrastructural level, to keratocytes
apoptosis and stromal edema at in vivo confocal microscopy (IVCM) microstructural
level, to changes in the refraction index and optical reflection properties of treated
versus untreated corneal stroma at biomicroscopic examination, to optical interface line
due to reflectivity changes, different tissue density and light-scattering at OCT.

Early IVCM analysis after S-CXL procedurel6 confirmed in vivo in humans that the
cytotoxic effect of corneal collagen CXL with the standard irradiance of 3mW/cm2 and 5.4
J/icm2 of energy dose “fluence” delivered for 30 minutes of UV-A exposure (Dresden
Protocol) was confined in the upper 300 um of the corneal stroma (about 350 pum from the
epithelial surface). The keratocytes apoptosis observed in in vivo confocal scans confirmed
the preclinical in vivo rabbit studies12 showing that apoptosis was associated with post-CXL
stromal edemal3,14 persisting from 1 to 3 months and reducing progressively its intensity in
time by application of topical steroid therapy.”1820

Mazzotta et al*®” described in vivo the CXL-induced microstructural changes characterized
by the presence of a “lacunar” or “spongy” stromal edema associated with keratocytes loss,
disappearance of sub-epithelial, and anterior-mid stromal nerve fibres. Bright micro-particles
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“apoptotic bodies” were also found in a dense network of hyper-reflective “trabecular
patterned stroma” ECM. Moreover “needle-shaped” hyper-reflective micro-bands were
documented at IVCM analysis after S-CXL. A clear transition between photo-oxidative
damage and not CX-Linked stroma without edema, with nerves and regularly populated by
vital cells nuclei was documented.?°

The postoperative microstructural transition constituted a DL between CX-Linked and not
CX-Linked stroma as an expression of the CXL penetration was correlated with its physical
and biochemical impact leading to its well-known biomechanical changes.?

There was a “perfect match” between the first histological observation by Wollensak et al*?,
the first clinical DL documented by Seiler et al*® and the first IVCM studies by Mazzotta et
al*®, that were also confirmed by corneal optical coherence tomography (OCT) records by
Kymionis et al?, Figure 1 d.

Figure 2. Comparative view of the lacunar edema and keratocytes apoptosis in the first
two weeks after S-CXL by means of optical microscopy (a) of a rabbit Cornea
(Wollensak’s first observation)!?3 and IVCM (b) of human cornea (Mazzotta’s first
observation).1617

The authors of the morphological (histological, biomicroscopic confocal, and OCT
scans?!) studies agreed that the meaning of stromal DL after CXL represented a “boundary
line” between CX-linked and untreated cornea, corresponding to penetration of CXL-induced
keratocytes apoptosis depth at ultrastructural level, to keratocytes apoptosis and stromal



edema at in vivo confocal microscopy (IVCM) microstructural level, to changes in the
refraction index and optical reflection properties of treated versus untreated corneal stroma at
biomicroscopic examination, to optical interface line due to reflectivity changes, different
tissue density and light-scattering at OCT.2151621 Interestingly, a similar DL has been
reported after chemical burns, in which case it is also associated to keratocyte damage and
stromal edema dependent on the penetration depth of the chemical burn.?

Biomicroscopic and corneal OCT identification of the DL, represent simple and
effective non-invasive clinical-instrumental options easily to monitor the “effective depth” of
Epi-Off CXL treatment in the daily clinical practice, more accurate than Scheimpflug
cameras,?® while IVCM is the most powerful diagnostic tool identifying the penetration of
CXL treatment directly in vivo at cellular level .

The DL is undoubtedly the “morphological sign of CXL stromal penetration generated by
the CXL-induced photo-oxidative damage itself (e.g. keratocytes apoptosis and corneal
edema), it is visible at slit lamp due to changes in tissue reflectivity and/or different refraction
index of the CX-Linked stroma vs not CX-Linked stroma, it is recordable at AS-SD OCT as
typical expression of the post-CXL stromal light-scattering induced by the different tissue
density.

The detection of DL represents also a “therapeutic milestone” in terms of safety,
demonstrating that S-CXL spared the corneal endothelium, and efficacy, showing that the
biomechanical effects and increase in tissue stiffness were mainly confined in the anterior
two-thirds of the corneal stromal layer.182%:22

The Demarcation Line in Trans-Epithelial Standard Fluence CXL

Various laboratory studies?*?® confirmed the necessity of epithelium removal to
favour sufficient homogeneous concentration of Riboflavin into the stroma and thus to
guarantee the efficacy and safety of the CXL method.?>?6:?7 aboratory studies by Wollensak
et al?® on Trans-Epithelial Crosslinking (TE-CXL) have shown 20% of the biomechanical
efficacy of the S-CXL method involving epithelial removal (e.g. 80% less efficient). Scarcelli
et al?® Brillouin microscopy studies also documented that after TE-CXL the biomechanical
stiffening of the corneal stroma was superficial and 70% less than Epi-Off S-CXL. The
penetration of the (hydrophobic) corneal epithelium by riboflavin (a high molecular-weight
hydrophilic substance)?® was “facilitated” by different compounds that alter the epithelial
barrier integrity: preservatives (benzalkonium chloride), surfactants and amino-alcohols such
as trometamol (TRIS) and anaesthetics like tetracaine.3*3! Nevertheless, the presence of
epithelium in situ represents a physical barrier for both Riboflavin and UV-A?>% inducing a
partial penetration, that for riboflavin results in vivo at 1/4 of the standard riboflavin
concentration achieved after passive diffusion in Epi-Off S-CXL3? and for the UV-A a 30%
photo-absorption according to photobiology measurements using the standard 370 nm
wavelength.® Moreover, an additional main limitation of the presence of epithelium in situ is
oxygen consumption, estimated to be at least of 40% of the total corneal oxygen consumption,
3435 limiting its diffusion and concentration, thus reducing the biomechanical efficacy of
CXL.%®



Caporossi et al*"3® proved as a first in IVCM studies after TE-CXL with enhanced
Riboflavin solutions such as Riboflavin 0.1% plus Dextran 15%, EDTA and TRIS (Ricrolin
TE®, Sooft, Montegiorgio, Italy) at 3mw/cm? for 30 minutes, in vivo a superficial impact of
the treatment showing that apoptosis of keratocytes after TE-CXL was superficial, variable
and unevenly distributed in the anterior sub-Bowman corneal stroma.®® The typical rarefaction
of cell nuclei mixed with lacunar edema found in S-CXL was often inhomogeneous,
moreover the maximum depth of the apoptotic effect was recorded at maximum 100 = 20 pm
depth measured from the epithelial surface, Figure 3 a. OCT after TE-CXL detected no DL in
the majority of cases or a shallower and inhomogeneous DL in 20% of patients, Figure 3 b.

A systematic IVCM review analysis after CXL?® documented that the most significant
aspect differentiating TE-CXL and Epi-Off S-CXL on the qualitative confocal microstructural
plane was that after TE-CXL the apoptosis of stromal keratocytes in vivo in humans was
superficial, variable and unevenly distributed in the anterior stroma under the Bowman’s
lamina with a maximum penetration of about 100 um (measured from the surface of corneal
epithelium), whereas after Epi-Off S-CXL it was deeper (300 um under the Bowman’s
lamina) and more homogeneous. According to Mazzotta et al?® the depth of keratocytes
apoptosis correlates linearly with CXL penetration DL depth and the biomechanical effect of
CXL. Moreover, TE-CXL leads to transitory alteration of corneal epithelial cells as showed in
Figure 3. The toxic effects on the epithelium are related to chemical toxicity of enhanced
Riboflavin solutions and the associated UV-A photodynamic damage itself causing a diffuse
superficial punctate keratitis in the first months after treatment as showed in Figure 3 ¢, with
variable discomfort for the patient induced by epithelial-cells apoptosis Figure 3 d.



Figure 3: IVCM (a) and OCT (b) after TE-CXL. IVCM after TE-CXL with chemically
enhanced Riboflavin solutions showing that apoptosis of keratocytes is superficial,
variable and unevenly distributed in the anterior sub-Bowman corneal stroma with a
maximum depth of the apoptotic effect recorded at 100 + 20 um depth measured from
the epithelial surface (a white arrow). OCT after TE-CXL detected no clear optical DL
in the majority of cases or a shallower and poorly visible DL in 20% of patients with
inhomogeneous increased reflectivity (b white arrow). Diffuse superficial punctate or
striate keratitis in the first months after treatment was documented at biomicroscopy (c
white arrow) and basal corneal epithelium apoptosis at IVCM (d white arrow).

The TE-CXL largely showed unsatisfactory mid to long-term clinical results.30-31:38.3
Leccisotti et al*® documented a limited effect of TE-CXL compared with S-CXL with
epithelium removal. Koppen et al®! in a cohort study evaluating the efficacy of TE-CXL by
using proparacaine drops 0.5% plus preserved with BAC 0.005% showed that despite no
complications or haze, the TE-CXL was not effective in stabilizing progressive keratoconus,
documenting a statistically significant continuous maximum K increasing and thinnest point
decreasing (i.e. KC progression) throughout the study. Caporossi et al®® reported an
unacceptable 50% of retreatments 24-months after TE-CXL in paediatric patients that
required an additional S-CXL with epithelium removal.



In a recent prospective, interventional multicenter cohort study, assessing the efficacy of an
enhanced Riboflavin solution containing benzalkonium chloride 0.01% for TE-CXL,
Gatzioufas et al*® confirmed the clinical inefficacy of the of TE-CXL documenting that K
max, uncorrected and corrected distance visual acuity did not change significantly after 12-
months follow-up and a progression of KC (defined by an increase in K max greater than 1.00
dioptre) occurring in 46% of treated eyes. Moreover, in analogy with IVCM studies, marked
punctate corneal epitheliopathy/loose epithelium were observed in 23% of the patients in the
immediate postoperative period. Even if no adverse events (corneal infection, sterile
infiltrates, or haze) were observed after this procedure, the 46% of KC progression was
disconcerting.3®

The factors leading to TE-CXL high percentage of failure ranging from 46% to
100%31%8:39 in a follow-up between 12 and 24 months are not correlated to its refractive
impact but reasonably (if not obviously) to its incapacity to sufficiently penetrate in the
stroma?® allowing a consistent amount of crosslinks distribution, sufficient and deep
crosslinks saturation thus stabilizing KC progression in the long-term follow-up like the S-
CXL. In the order of importance there are three main limiting factors in the TE-CXL low
efficacy: the UV-A photo-absorption by antioxidant systems of epithelium,® the oxygen
consumption by the epithelium (tenfold higher than stroma),3*3® the halved and
inhomogeneous intra-stromal riboflavin concentration®? due to the uneven epithelial barrier
alteration provided by all the chemically enhanced riboflavin solutions available on the
market.383° Due to its marginal impact in the anterior sub-Bowman corneal stroma, the above
mentioned causes explain why after TE-CXL the DL is invisible in the majority of patients,
shallower and poorly visible as documented by IVCM keratocytes apoptosis confined in the
anterior 100 um of corneal stroma and OCT.?° In this contest, a correlation between DL depth
and failure rate of TE-CXL remains unquestionable.

In order to overcome the limitations of the TE-CXL techniques based on chemical
disruption and uneven alteration of the epithelial barrier, an electricity-assisted methodology
of riboflavin transport with epithelium in situ, so called lontophoresis-assisted CXL (I-CXL),
was developed with promising results with respect to standard CXL.*>-* The purposes of Epi-
On CXL remain the prevention of pain, risk of infectious keratitis and wound healing
complications related to epithelial removal, with faster recovery and reduced glare disability,
thus avoiding the necessity to perform CXL necessarily in an operating theatre.

Early clinical data on I-CXL have shown an increased permeation of the riboflavin into the
stroma compared to previously mentioned trans-epithelial techniques.®? Clinical data reported
in literature showed the efficacy of I-CXL in stabilizing KC in the short term follow-up.*%-42
The 24-months follow-up evaluation concluded that I-CXL halted progression of keratoconus
better than the pharmacological TE-CXL but less efficiently than the standard Epi-Off
CXL.*# Nevertheless, the DL assessed by OCT and IVCM after I-CXL was visible in less
than 50% of the cases and it was more superficial (150-200pum measured with epithelium)
than the one of the traditional procedure.*

However, the percentage of DL observation in I-CXL is twofold the one in TE-CXL (50%
instead of 25%) as well as the penetration of the photo-oxidative effect (200 instead of
100pum) even though non homogeneous and still inferior to S-CXL.*4



In this setting, Vinciguerra et al*® removed also the epithelium and after I-CXL imbibition
improved the efficacy of this CXL technique in both functional and DL detection, regrettably
loosing the overall advantages of the Epi-On CXL.: less pain, reduced corneal infectious risk
and CXL-wound related complications.

Mazzotta et al* recently published a new lontophoresis protocol called Enhanced Fluence
Pulsed-light lontophoresis (EF-ICXL) showing promising 12-months follow-up reduced
maximum keratometry, corneal surface asymmetry indices and higher-order aberrations. This
new protocol improved the visibility of DL in over 80% at 285 + 20 um depth on average,
increased the penetration of photo-oxidative damage improving the photochemical kinetic of
the original I-CXL technique by increasing of 30% the treatment fluence (from 5.4J/cm? to
7J/cm? compensating the UV-A energy photo-attenuation provided by the corneal epithelium
and Bowman'’s layer antioxidants systems, Figure 3.

Figure 3. Demarcation Line after Mazzotta’s Enhanced Fluence Pulsed Light
lontophoresis (EF I-CXL). Increasing of 30% the treatment fluence (from 5.4J/cm? to
7J/cm?) thus compensating the UV-A energy photo-attenuation provided by the corneal
epithelium and Bowman’s layer antioxidants system and adding the pulsed light
partially compensating the 40% estimated oxygen consumption by the corneal
epithelium in situ, the DL is detectable in over 80% at 280 + 20 pm depth on average,
increasing the penetration of photo-oxidative damage improving the photochemical
kinetic of the original I-CXL technique.

The variability and unpredictability of collagen and ECM collagen-proteoglycans
redistribution after CXL may partially explain the non-linear correlation between DL depth
and functional results.*’ Indeed, there is no linear correlation between the depth of DL and the
functional results after CXL but there are incontrovertible evidences that the best
postoperative clinical response in the sense of long-term ectasia stabilization was statistically
and practically achieved after S-CXL with epithelium removal where the DL was deeper and
detectable in over 90% of patients.*® Moreover, though the CXL is not a refractive procedure
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but it has long-acting unpredictable refractive impact on the cornea, the treatment’s goal is the
stiffening of the corneal structure achieving a long-term, possibly irreversible biomechanical
stabilization of the progressive ectatic diseases. The fundamental ex vivo and in vivo CXL
studies clearly demonstrated that the best biomechanical stability can be achieved if the
photo-oxidative process includes a sufficient volume of corneal stroma of at least 2/3 of the
baseline stromal thickness.*8-%

The Demarcation Line in Standard Fluence A CXL Protocols

Since the Epi-Off S-CXL procedure required long treatment time (1 hour
approximately)?*, accelerated crosslinking (A-CXL) protocols have been proposed to shorten
the duration of the procedure improving patient’s comfort.>3

According to equal dose principles stated in the BunsenRoscoe’s Law of reciprocity®*, by
setting the UV-A power at 9mW/cm? x 10 min, 30mW/cm? x 3 min, 18mW/cm? x 5 min,
45mW/cm? x 2 min while maintaining a constant fluence of 5.4J/cm? the same photochemical
effect as the conventional Dresden protocol at 3mW/cm? for 30 min could be theoretically
achievable.%

As an adjunctive enhancement, facilitating the CXL photodynamic reaction in A-CXL, recent
laboratory studies by Kamaev et al®* highlighted the importance of intraoperative oxygen
diffusion into the corneal stroma demonstrating that by pulsing the ultraviolet-A (UV-A) light
radiation light (1 second ON/1 second OFF), CXL efficiency may be improved allowing
partial oxygen re-diffusion during the UV-OFF pauses. This kinetic mechanism was also
described as “dark phase amplification”.

Touboul et al®® demonstrated that by using a continuous light UV-A exposure in A-CXL with
30mW/cm? the average DL depth was found at 150 + 20 um. Mazzotta et al®” confirmed this
finding in vivo by means of IVCM after 30mW/cm? continuous light irradiation A-CXL,
Figure 4 a - b, and documented for the first time that fractionating the UV-A exposure by
pulsing the light (1 second on/1 second off) an enhancement of CXL penetration can be
achievable increasing the depth of DL by a mean of 50 £20 um of depth as documented by
corneal OCT and IVCM photo-oxidative keratocytes damage, Figure 4 ¢ - d.

This finding was also confirmed by Moramarco et al®® and Peyman et al®® evaluating corneal
OCT scans in the same A-CXL protocol. These results proved the consistency of the kinetic
models provided by Kamaev et al®* demonstrating that by pulsing the UV effectively
increases intraoperative oxygen diffusion and the penetration of CXL apoptotic effect
reasonably due to the enhanced amount of singlet oxygen formation.

Jiang et al’® documented that the DL depth in the pulsed light 30mW/cm? A-CXL group was
201 + 27 um at 1 month postoperatively confirming Mazzotta’s first observation®’ as showed
in Figure 4 ¢ - d. The study revealed keratocyte apoptosis and stromal edema at 1 month
postoperatively, which gradually recovered towards the normal status with no changes in the
posterior stroma and endothelium. Pulsed light A-CXL" was safe and effective procedure in
stabilizing the progression of keratoconus and by comparing the S-CXL, where the DL depth
was 284.94+33.29 um, authors obtained more effective visual and topographic outcomes than
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with pulsed light 30mW/cm? A-CXL group. A correlation between DL depth and clinical
efficacy was documented.’®"* The pulsed light A-CXL ensured a shorter treatment time,
increased the average penetration of the DL from 150 um of the continuous light to 200 pm
and reduced postoperative microstructural damage thus limiting stromal wound healing
reactivity. 67.70.71

Substantially, the kinetic models after S-CXL and A-CXL protocols confirmed that there is a
faster oxygen depletion and a slow oxygen replenishment shifting the CXL photodynamic
reaction predominantly in the type I. It happens also in the standard protocol with continuous
light UV-A exposure because of the fast oxygen consumption (10-15 sec) during the UV-ON
phase.>

A preclinical laboratory study conducted by Krueger et al’?, evaluating the biomechanical
efficacy of high versus standard irradiance and pulsed light CXL with equivalent energy dose
(5.4J/cm?), demonstrated that riboflavin 0.1% with 15mW/cm? UV-A exposure was as
effective as conventional 3mW/cm? CXL and 9mW/cm? A-CXL in biomechanical
strengthening of the cornea. Also this study established that pulsed UV-A delivery should
improve the degree of cross-linking, especially with the faster higher-irradiance exposures
where oxygen is more quickly consumed.>:"

As for biomechanical model studies***°, the CXL treatment should cover at least 200 pm of
corneal stroma to be stronger conferring a durable strength to corneal stroma. Contradictory
results are reported in the literature after different A-CXL protocols by using 9mwW/cm,?
18mW/cm? and 30mW/cm? UV-A power. However, according to Lang et al,% with respect to
either accelerated protocols the standard protocol (S-CXL) showed at 12 months significant
improvements in a larger number of parameters.>2-%2 A-CXL with irradiance of 9mW/cm? for
10 min®2 was demonstrated to be effective in stabilizing topographic parameters after 12-
month of follow-up in mild-moderate keratoconus-affected corneas. Improvement in the
UDVA and stabilization of all tested corneal parameters were noted after the treatment.
Moreover, the 9mW/cm? A-CXL was safe for corneal endothelium, stabilizing the
progression of keratoconus and iatrogenic ectasia with a significant reduction in topographic
keratometry values and a significant increase in CDVA, comparable with conventional
3mW/cm? CXL in a mid-term (two-years) follow-up.®

Mazzotta et al® documented the clinical and microstructural IVCM and OCT results of
accelerated 15mwW/cm? pulsed-light corneal crosslinking (CXL) in progressive KC showing a
distinct DL at 280 +30 pum depth on average. The 15mW/cm? pulsed-light epithelium-off A-
CXL confirmed the laboratory data of Krueger et al’? demonstrating the safety and the clinical
efficacy of this protocol in stabilizing KC progression through 2 years of follow-up. However,
none of these protocols have long-term follow-up, Figure 4 e - f.

Mazzotta et al’* demonstrated by means of comparative corneal OCT and IVCM scans that
the DL depth achievable after the 9mW/cm? A-CXL protocol with 5.4J/cm? fluence and 10
minutes of continuous light UV-A exposure was at 310 = 30 um depth on average measured
from the epithelial surface, Figure 4 g - h, nearer to S-CXL 3mW/cm? Dresden protocol (350
pm measured from the epithelial surface), Figure 41 - I.
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30 mW continuous

30 mW pulsed

15 mW pulsed

Figure 4. DL depth determined by spectral domain corneal OCT and comparative
photo-oxidative damage documented by scanning laser IVCM after different
Accelerated CXL protocols at standard fluence of 5.4J/cm?. 30mW/cm? x 3 min UV-A
continuous light, 150 + 20um (a-b); 30mwW/cm?x 6 min UV-A pulsed light (1 sec on 1 sec
off), 200 + 30um (b-c), 15mW/cm?x 12 min UV-A pulsed light (1 sec on 1 sec off), 280 +
30um (e-f); 9ImW/cm? x 10 min UV-A continuous light, DL 310 + 30 um (g-h); 3mW/cm?
x 30 min continuous light, 350 = 30 pm (i-1).

In a recent study Hashemi et al®® documented that A-CXL with 18mW/cm? UV-A power
showed less topographic flattening compared with conventional CXL. Refractive and visual
results of the A-CXL by using continuous light and pulsed light treatment at 30mW/cm? gave
similar results compared to conventional 3mW/cm2 CXL after 12-months follow-up. All the
protocols giving similar results compared to 3mW/cm? were using a power in the range
between 9mW/cm? and 18mW/cm?, demonstrating similar clinical outcomes, sometimes less
flattening compared to standard 3mw/cm? %3

The Demarcation Line in Enhanced Fluence A-CXL Protocols
13



Roy et al” firstly proposed Topography guided A-CXL as a potential approach to
improve the optical predictability of CXL and maximize the corneal regularization using a
computational patient specific model of keratoconus progression and differential responses to
CXL. In simulations comparing broad-zone CXL treatments and focal, cone-localized
treatments, for a variety of patients cone-localized patterns presented in tomography
examinations larger reductions in the cone curvature and higher order aberrations (HOA).

According to Roberts et al’®, given that corneal ectasia is driven by “focal” rather than
generalized weakness, focal stiffening of the cone region may promote a more favourable
material property redistribution with compensatory steepening of surrounding areas, thereby
enhancing topographic normalization.

In 2016 Seiler et al’” and Mazzotta et al’® carried out for the first time in Europe the
Topography-Guided A-CXL with the KXL 1™ UVA illuminator (Avedro, Waltham, MS,
USA), using a 30 mW/cm? UV-A power with pulsed light emission (1 second on/ 1 second
off) and enhanced fluence (7.2 J/cm?, 10 J/cm? and 15 J/cm?) associated to the maximum
corneal curvature. Experimental KC treatments were planned individually by means of a
dedicated software (Avedro’s Mosaic System version 1.0, Avedro Inc., Waltham, MS, USA),
as suggested by the preoperative topography data, Figure 5. The 30 mW/cm? topography
based A-CXL treatments consisted in a differentiated energy dose release according to the
corneal curvatures of each keratoconus. The 7.2 J/cm? entry level energy dose was delivered
as broad beam treatment by using 30mwW/cm? UVA power and pulsed (1sec on/1 sec off) light
illumination for 8 min exposure time. Then, KC areas showing a corneal curvature in the
range 48 to 52 D were treated with 10 J/cm? energy dose, keeping the 30 mW/cm? UV-A
power, extending the exposure time by 3 min in order to reach the programmed dose of

10 J/cm? (reaching 11 min total exposure time), and masking the peripheral area of the KC
that just received the 7.2 J/cm? energy dose. The paracentral or central steepest area, with a
curvature above 52 D, was treated by extending further the UVA exposure time to deliver the
15 J/em? maximum energy dose, reaching 6 min total treatment time. The treatment planning
was established by using semi-meridians K values on Pentacam maps. The total treatment
time was 8 min for keratoconus with maximum K values not larger than 48 D, 11 min for
keratoconus with K values in the steepest area, including simulated, in the range 48 to 52 D,
and extended to 16 min for keratoconus showing in the steepest areas K values above 52 D.
The treatment started from a baseline broad beam illumination that included the flattest
peripheral areas (48 D and below) at 7.2 J/cm?. After 8 min, peripheral areas were masked and
the illumination was prolonged only in the steepest zones to deliver a final energy dose of 10 J
or 15 J/cm?, depending on the maximum curvature values. The thinnest point and the area of
major posterior elevation were included within the highest dose treatment zone. The
irradiation patterns shapes included arc, circular, oval and combined patterns, according to
keratoconus tomography and shape. The irradiation pattern was aligned by using a direct real
time visualization of the cornea, maintaining a perfect centration with the eye-tracking system
provided by the machine. Corneal OCT scans of the same cornea showed multiple local DL,
dependent on the irradiance delivered over the corneal tissue and the exposure time. The
studies on Topography-Guided ACXL by Seiler et al’” and Mazzotta et al”® demonstrated that
the DL is also function of the irradiance, the treatment time, the concentration of riboflavin,
the depletion of riboflavin, and the oxygen.
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15 Jjem2 (252 D)

10 Jjcm2 (48-52 D)

7-2 Jjem2 (48-52D

30 mW Pulsed

Topography-Guided Fluence: 7.2 Jfemz (< 48 D) - 10 Jjcm2 (48-52 D) -

Figure 5. Topography Guided A-CXL showing the depth of DL depending on Enhanced
Fluence and exposure time. After 8 min of UV-A exposure time at 30mW/cm? with
pulsed light illumination (1 sec on/1sec off) delivering 7.2 J/cm? in a broad beam spot of
9 mm, including the peripheral flattest area of the cone, the depth of DL measured from
epithelial surface was 200 + 20 um (white arrows) in the flatter corneal area; 250 * 20
pHm in the intermediate curvature paracentral area between 48 and 52 D undergoing
10J/cm? fluence and 11 minutes of UV-A exposure time (green arrow); 330+ 20 pm (red
arrow) in the central steeper cone area undergoing 15J/cm? for 16 minutes of UV-A
exposure. The increased depth of DL in the paracentral and central areas was correlated
with the prolonged exposure times (11 and 16 min respectively) necessary to deliver 10
and 15 J/cm? fluence.

After 30 mW/cm? with 7.2 J/cm? enhanced fluence pulsed light (1 sec on 1 sec off) A-
CXL, Bohm et al” observed a mean stromal DL at a depth of 203.00 pm =+ 13.53 (SD) and
concluded that, by increasing the fluence and using the pulsed light while increasing the
exposure time from 3 to 4 minutes (to 8 minutes in pulsed light enhanced fluence protocol),
the depth of DL increases, confirming the pivotal OCT and IVCM studies on A-CXL.57#

Mazzotta et al® published recently a new lontophoresis protocol with an Enhanced
Fluence Pulsed-light lontophoresis (EF-ICXL) showing a promising 12-months follow-up
characterized by reduced maximum keratometry, corneal surface asymmetry indices, and
higher-order aberrations. The new protocol improved the visibility of DL in over 80% at 285
+ 20 um depth on average and increased the penetration of photo-oxidative damage, by
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enhancing the photochemical kinetic of the original 1-CXL technique with a 30% increase of
the treatment fluence (from 5.4J/cm?to 7J/cm?) in order to compensate the UV-A energy
photo-attenuation provided by the corneal epithelium and Bowman’s layer antioxidants
systems, Figure 6.

Figure 6. Demarcation Line after Mazzotta’s Enhanced Fluence Pulsed Light
lontophoresis (EF I-CXL). Increasing of 30% the treatment fluence (from 5.4J/cm? to
7J/cm?) thus compensating the UV-A energy photo-attenuation provided by the corneal
epithelium and Bowman’s layer antioxidants system and adding the pulsed light
partially compensating the 40% estimated oxygen consumption by the corneal
epithelium in situ, the DL is detectable in over 80% at 280 + 20 pum depth on average,
increasing the penetration of photo-oxidative damage improving the photochemical
kinetic of the original I-CXL technique.

The pulsed-light irradiation was added to partially increase the intraoperative oxygen
diffusion and treatment penetration according to literature data.>* These two modifications of
the original I-CXL protocol allowed a superior and repeatable visualization of the DL that
was considered an advance in the recent view on trans-epithelial CXL. The preliminary data
observed in the study were closer to S-CXL evidences, in absence of wound related
complications (haze) and/or endothelial damage. Of course long-term data in larger cohorts of
patients will clarify if the crosslinks amount, distribution and saturation will be sufficient to
maintain a long-term stability similar to Epi-Off S-CXL.5!

Interestingly, Kannellopoulos et al®? showed a DL depth closer to 250 um from the
epithelial surface by calibrating a fluence of 6.3 J/cm? at the corneal surface setting a UV-A
power of 7 mW/cm? for 15 minutes.

In analogy with the same principles of the Enhanced Fluence I-CXL protocol, Kymionis et
al®3, in evaluating the stromal DL depth following a modified accelerated (A-CXL) procedure
by using 18mW/cm? UV-A power, with an enhanced fluence of 7.5 J/cm?’ for 7 minutes of
UV-A exposure time instead of standard 5.4J/cm? for 5 minutes, demonstrated that increasing
the fluence and consequently the UV-A exposure time by 30-40%, the depth of DL was
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similar to the one of S-CXL. However, whether accelerated CXL procedures warrant a
sufficient crosslinks amount, distribution and saturation to maintain long-term stability similar
to Epi-Off S-CXL remains an open question.

Relationship between depth of DL and CXL biomechanical efficacy

Author DL Depth Irradiance Time E-modulus
(First Name-Journal-Year) (um) noepi  (MW/cm?2) (min) (MPa)® Rel E
Yam-JRS-2013 262 3 30
Yam-JRS-2012 241 3 30
Thorsrud-JCRS-2017 237 3 30
Ng-Cornea-2015 295 3 30
Asgari-JCurrOphthalmol-2018 315 3 30
Awwad-AJO-2019 282 3 30
Doors-AJO-2009 273 3 30
Brittingham-IOVS-2014 283 3 30
Bouheraoua- I0VS-2014 263 3 30
Mesen-Cornea-2018 295 3 30
Mazzotta-AJO-2008 260 3 30
Kymionis-JCRS-2014 310 3 30
Kymionis-Cornea-2013 270 3 30
Kymionis-AJO-2014 298 3 30
Knutsson-BJO-2018 209 3 30
Cerman-JCRS-2015 227 3 30
Shetty-AJO-2015 240 3 30
Average 268 1.18 1.00
Ng-Cornea-2015 203 9 10
Kymionis-JCRS-2014 248 9 10
Brittingham-10VS-2014 205 9 10
Pircher-Graefe-2018 200 9 10
Shetty-AJO-2015 252 9 10
Average 221 1.14 0.93
Mesen-Cornea-2018 265 18 5
Asgari-JCurrOphthalmol-2018 183 18 5
Shetty-AJO-2015 163 18 5
Average 204 1.03 0.75
Bouheraoua- J Vis Exp-2015 144 30 3
Shetty-AJO-2015 161 30 3
153 0.78 0.34
Celik-JCRS-2012 80 45 2 0.70 0.21
Estimated 15 90 1 0.62 0.08

Table 1: Compilation of depths of the DL for several irradiances by a fluence of 5.4J/cm?

and of riboflavin 0.1 % concentration. The depth of the DL does not include the

thickness of the epithelium.

Asgari et al® reported a lot of values for the depth of DL for several irradiances, see
Table 1. From these DL depths the relative DL was calculated as
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Rel DL = —=
e = DL,

where DL is the depth at a specific irradiance, and DL, is the depth of DL at 3 mW/cm? for 30
min (standard CXL with a fixed dose of 5400 mJ/cm?) according to the Dresden protocol DL
outcome assumed as benchmark?® . Figure 8 shows the dependence of the average values of
the relative depth on the irradiance.

1.00
0.80
0.60
0.40

0.20

relative depth of demarcation line

0 20 40 60 80 100
irradiance in m\W/cm?

Figure 8: Mean values of relative depth of DL as a function of the irradiance, according
to experimental data from the literature, see Table 1.

By means of ex-vivo inflation tests on rabbit corneas, Bao’s®* measured the average elastic
modulus (E-modulus) for irradiances within the range 3 to 90 mW/cm?. Starting from these
results, the relative increase of the E-modulus due to CXL was estimated according to the
following expression

E—E,
E; = Ej

Rel E =

where E, = 0.57 MPa8 is the average elastic modulus of untreated corneas, E; the average
elastic modulus of corneas treated with 3 mwW/cm? irradiance for 30 min (standard CXL with
a fixed dose of 5400 mJ/cm?) and E the E-modulus at the generic irradiance. The relative
increase of the elastic modulus as a function of the irradiance power is shown in Figure 9.
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Figure 9: Relative increase of the corneal elastic modulus as a function of irradiance
(values determined according to experimental measurements of Bao et al’®). The Bunsen-
Roscoe law is not valid, otherwise the relative increase of Young’s modulus would be 1 for all
equivalent UVA doses.

Figure 10 shows the dependence of the relative value of the elastic modulus on the relative
DL depth, characterized by a strong nonlinear dependence of the relative stiffness increase of
the corneal material induced by CXL and the depth of the demarcation line.

1.00 *
0.80
0.60
0.40

0.20

relative increase of Young's modulus

0 0.20 0.40 0.60 0.80 1.00
relative depth of demarcation line

Figure 10: Overall CXL biomechanical effect in terms of relative increase of the elastic
modulus E on the relative depth of D driven by the irradiance.

The diagram is a clear visualization of the biomechanical effects of the CXL. The result of
Scarcelli et al?’, i.e., TE-CXL with an DL =100um (Rel D L= 0.37) shows about 70% lower
efficacy than standard CXL, is confirmed here. From this curve it is also possible to estimate
the biomechanical efficacy of the TE-CXL or enhanced fluence CXL methods.

Discussion
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Starting from the original S-CXL protocol described by Wollensak et al. in 2003, the
so-called DL occurring at the posterior edge of the CX-Linked stroma has been universally
accepted as “therapeutic milestone” and has been considered an appropriate tool for the
assessment of the effectiveness and safety of CXL procedures.

Critical reviews of basic laboratory and clinical CXL studies about the DL, in terms of
relative DL depth and the relative CXL-induced change in the average corneal E-modulus,
show that a deeper DL is associated with a higher amount and saturation level of crosslinks
and a more marked stiffening effect (Figures 8, 9, 10). Furthermore, clinical studies report
that, at a deeper DL, a more durable ectasia stability occurs, often accompanied with a
stronger corneal flattening.

By taking the irradiance at 3 mW/cm? for 30 min (5400 mJ/cm? dose) as reference, the
relative DL depth and the relative increase of the corneal E-modulus are asymptotic functions
of the irradiance (Figures 8, 9). A saturation occurs in the relative DL depth, showing that the
best penetration and corneal stiffening is achieved at low irradiance and long times.

By expressing the dependence of the relative change in E-modulus on the relative depth of the
DL, the resulting non-linear function confirms the existence of a marked correlation between
the depth of the DL and the biomechanical behaviour of the stromal tissue, see Figure 10,
although a correlation with post-CLX functional results cannot be directly established.

The deeper the apoptosis at IVCM and optical interface line at bio-microscopy and OCT, the
higher is the volume of CX-linked stroma, the higher is the amount (%) of crosslinks, the
higher the increase of biomechanical stiffness conferred to the corneal stroma. The non-linear
biomechanical correlation can be explained by the saturation and homogeneity of crosslinks
distribution into the stroma, that depends on many factors other than the DL depth.

The strong motivation that promoted the DL concept is that it can be used to assess the
performance of CXL procedures in terms of biomechanical efficacy and safety without the
need of conducting extensive invasive experiments. This feature represents also the main
advantage of the DL concept itself.

It is well known that CXL is an oxygen dependent reaction. The amount of singlet oxygen
depends on the energy transfer from the activated riboflavin to the oxygen and, therefore, on
the oxygen concentration in corneal stroma available for this transfer. The epithelium in situ
and the presence of antioxidants systems (radical absorbers) decrease the CXL amount by
diminishing the availability of oxygen and absorbing a portion of the UV-A light. With no
oxygen, no stiffening effects are possible, although no direct correlation between the
percentage of oxygen reduction and percentage of stiffening reduction has been established
yet.

The occurrence of DL is a direct morphological sign of performed CXL and is a fact
confirmed by histology, IVCM, bio-microscopy and OCT. This feature is validated in the
majority of CXL protocols, and depends on the protocol used and accuracy of the CXL
technique application. The DL is the clear evidence of the CXL-induced photo-oxidative
tissue modification derived from riboflavin stromal concentration and gradient of
concentration, light distribution within the stroma and riboflavin activation, oxygen
availability and diffusion, radical release, and UV-A exposure time (the longer the deeper
DL). Moreover, the DL is a function of irradiance, treatment time, concentration of riboflavin,
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depletion of riboflavin, and oxygen. If, after CXL, the DL is detected, it can be taken as a
positive indicator that the interaction among UV, riboflavin and oxygen was successful.

Not fortuitously, with respect to the conventional Dresden CXL protocol, the DL measured
through of higher-resolution spectral domain (SD) corneal OCT was shallower, or less
detectable, after Epi-On treatments and A-CXL protocol.

The variability of the complex distribution of collagen and ECM collagen-proteoglycans
redistribution and the uneven collagen compaction and rearrangement associated with the
changes in the refraction index of the cornea after CXL protocols may explain the non-linear
functional correlation between DL depth and changes in visual acuity documented in recent
studies by Pircher et al’” and Mesen et al’®.

Records of topographic changes in KC after CXL are more complex and depend on cone
localization or eccentricity, age, baseline visual acuity and baseline thinnest pachymetry,
status of epithelium, and lacrimal fluid on the corneal surface, together with accuracy of the
instrumental measurements, and consistency and comparability of collected data.”®8!

Indeed, no statistically significant differences in topographic/refractive results between the
different CXL protocols, A-CXL protocols and Epi-On protocols are observed. Literature
reports on various CXL protocols have been presenting comparable results with no
statistically significant differences, even though corneal flattening measurements achieved
after Epi-On CXL, I-CXL and A-CXL were often inferior to K max flattening and visual
acuity recorded after Epi-Off S-CXL.>°

According to Uysal et al®, the optical performance of the cornea following CXL gained an
improvement in visual, refractive, topographic, and most corneal higher-order aberrations
(HOAS) outcomes. In addition to the maximum Keratometry flattening, not appropriate to
reflect the global corneal changes induced by CXL because is a local parameter relative to a
single point, significant improvements in mean Root Mean Square (RMS) error values for
corneal total HOAs, vertical coma and vertical trefoil following CXL were reported. Such
results, though, cannot be considered predictable in CXL. The only functional predictability
of CLX confirmed by literature data is restricted to the preoperative baseline thinnest
pachymetry (less than 450um), which was found to be significantly associated with higher
flattening in maximum keratometry.

Recent studies by Mathews et al®3, correlating the corneal densitometry after CXL to visual
acuity, demonstrated that, although the greatest and most durable post-CXL densitometry
change was in the anterior layer, the degree of increased densitometry haze in the mid-stromal
layer was mostly associated with (possibly predictive factor) improvement in CDVA,
maximum K, and HOAs. The persistence of corneal haze at 6 months, measured by increased
densitometry, might be a prognostic marker for CXL effectiveness. This could imply a
potential refractive implication of DL depth if associated with higher densitometry values of
the mid stroma.

Clearly, in addition to the important morphological meaning as “boundary line” between CX-
linked and non-CX-linked stroma and the potential refractive impact, the depth of the DL has
important implications on the biomechanical changes induced by CXL.

Wollensak et al® ex vivo stress strain tests on CXL corneas demonstrated a correlation DL
depth and corneal stiffening. As previously mentioned, ex vivo tests are not able to quantify
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the level of stiffening and strengthening, but they provide an indication of biomechanical
changes. Non-destructive Brillouin microscopy demonstrated a biomechanical stiffening of
the stroma after TE-CXL for cases where the DL was invisible, poorly visible or located
below 100um (measured with epithelium), about 70% less than the conventional epithelium-
off Dresden protocol.?’

The biomechanical implication of the DL depth can be explained by considering that ectasia
originates in almost all cases from the posterior float of the cornea.®® The well-known
structure of the human corneal stromal has been revealed by many studies based on X ray
diffraction®”°, The anisotropy, the orientation, the intersection and the distribution of corneal
lamellar structure and collagen fibrils interweaves are not uniform across the thickness of the
stroma, but the reinforcing structure characterizes a stronger cornea in the anterior third (160-
180um) and a progressively weaker stroma in the posterior part (over 160-180). The
particular structure explains the fact that most of ectatic corneas treated with Epi-Off S-CXL
were stable in the long term follow-up?®, even in paediatrics patients 18 years and younger®,
whereas after Epi-On treatments showing a superficial DL, with a depth from the epithelial
surface less than 200 pum and unevenly detectable, had almost 50% of unstable cases with the
need to repeat CXL procedures,?>18:3536

A supporting prove was provided by the stress-strain tests performed by Kohlhaas et al®? at
different depths, showing that the CXL treatment of the cornea with riboflavin and UVA
significantly stiffened the cornea only in the anterior 200um. This depth-dependent stiffening
effect may be explained by the absorption behaviour for UV-A in the riboflavin-treated
cornea: 70% percent of UV-A irradiation was absorbed within the anterior 200 um and only
30% reached the deeper layers.

Clearly, the goal of a CXL procedure is the halt of the progression of keratectasia. The
refractive improvement represents an eventual additional gain. There is general consensus
regarding to the fact that the efficacy of S-CXL is reflected by a deep DL which implies better
clinical results. The deeper the DL the stronger the overall biomechanical effect. By
accounting that the posterior stroma beyond 160 um depth is the weakest portion and that
ectasia originates from the posterior side of the cornea, optimization models of CXL and
clinical results recommend to stiffen the cornea by reaching at least a stromal DL depth of
200 pm or more.

It has been observed that the biomechanical effect does not necessarily correlates with the
UV-A dose when the treatment time or UV-A dose exceed certain limits. For example, the
biomechanical effect obtained after 60 min irradiation is equivalent and not significantly
increased with respect to the effect obtained after 30 min irradiation as described in the
Wollensak’s protocol. Moreover, the photo-oxidative damage would not diminish between
30 and 60 minutes UV-A irradiation, because cells that become apoptotic after 30 min
irradiation will not recover, and a higher cumulative UV-A dose is delivered to the
endothelium.

Interestingly, on AS-OCT immediately after hydration, Wollensak et al*® observed at the
depth of 540 um in the treated portion of the anterior stroma a pronounced line, correlating
with the combined area of the anterior intensely and less intensely CX-Linked intermediate
layers. Since hydration is a very sensitive parameter, it seems possible that the line includes
the intensely CX-Linked stroma and the less intensely CX-Linked intermediate layers.
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Lanchares et al.* did not observed CXL effects due to the increase of the cross-linking time
to 60 minutes. Nevertheless, they found that for the same UV-A dose of 5.4J/cm?, both the
CXL efficacy and the increase of the elastic modulus show a reduction at a higher irradiance.
This would apparently invalidate the Bunsen-Roscoe law, because the biomechanical effect of
CXL reduces at a higher irradiance.

To date, the in-vivo correlation between DL depth and corneal biomechanics cannot be
estimated by means of a simple relationship. According to Fuchsluger et al® the
biomechanical parameters of the cornea in healthy and KC eyes, CXL treated or not, can be
evaluated by means of ultrahigh-speed Scheimpflug measurements (Corvis ST). A newly
introduced parameter, namely the difference between inward applanation length and outward
applanation length (A1L — A2L), indicated highly significant differences between CX-linked
corneas and untreated KC or healthy corneas. Moreover, the velocity at the second
applanation (A2V) and the deformation amplitude (DA) were significantly increased in
crosslinked KC eyes with respect to both untreated KC and healthy control eyes. Also the
radius at the maximum curvature was significant among all groups. Inward applanation length
(A1L) was significantly increased in controls, whereas outward applanation length (A2L) was
significantly reduced in CX-Linked KC eyes with respect to both untreated KC and healthy
control eyes.

CXL essentially improves corneal stiffness by increasing the percentage of links among
stromal collagen fibres basically due to a photo-oxidative process followed by reinforcement
of CPC and ECM, leading to a local increment of the stromal stiffness. Since the DL is a clear
mark of the penetration of the CXL-induced photo-oxidative damage, an evident, although not
linear, correlation between the DL depth and the local increase of the stromal stiffness does
exist.

The elastic modulus (E-modulus) measures the ability of a material to oppose the
deformation, and in biological tissues it is increasing with the level of deformation. In the case
of the cornea, it increases with the IOP and, at high deformations, it modifies in time
revealing viscosity. The corneal stiffness is a more general term that indicates the propensity
of the cornea, thought as a structure, to oppose the change of its geometry under the effect of
external actions. The corneal stiffness depends not only on the elastic modulus, i.e. on IOP
and time, but on many other geometric parameters, listed as follows, in order of decreasing
importance: white-to-white distance (WTWD), mean curvature (K Avg), pachymetry, and
scleral connection.

CXL increases the E-modulus only of the anterior portion of the stroma up to the DL, leading
to a modification of the overall corneal stiffness. However, the resulting increase of the
corneal stiffness is not linearly dependent on the DL depth, because CXL acts only on a
portion of the thickness, making the structure inhomogeneous.

It follows that the simple geometrical interpretation of the whole dynamic deformation of the
cornea, as induced by a soliciting force by using air-puff tonometry devices®* %, cannot
provide a direct estimate of the actual value of the E-modulus of the cornea, for two main
reasons. First, the E-modulus across the cornea is not uniform, in particular in pathologic
corneas. Second, the motion of the cornea under the dynamic test depends not only on the E-
modulus, but also on the geometric parameters listed above. It is therefore hard to try to
establish a correlation between the global deformation of the cornea during the air-puff test
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and the E-modulus; even harder to find a correlation between the global deformation and the
DL depth.

In comparing pre and post-CXL corneas, the parameters of the air puff test based exclusively
on the analysis of the geometrical changes of the cornea during the motion can only provide a
general indication of the modification of the stiffness, but they will not be able to quantify the
change on E-modulus and thus to provide a meaningful estimate of the biomechanical effects
of the CXL.

So far, the most reliable approach to the estimate of the biomechanical effects of CXL must
be based on numerical analysis using realistic geometrical and material models of the cornea,
e.g., the finite element analysis (FEA) 8+ 103.104 'that accounts for the exact geometry, the
complex microstructure of the stroma, and furthermore for the presence of the fluids filling
the anterior chamber®® 196197 Numerical approaches must be combined with experimental
testing conducted with advanced devices conceived to provide accurate information on the
variability of the material parameters of the stroma, such as the ones based on Bruilloin
microscopy?’. Such approaches are under development but not available yet for clinical
practice.

Up to now, no fast, inexpensive, and patient-friendly method is available to control under
clinical conditions the biomechanical efficacy of the CXL treatment but the depth of the DL.

Obviously, DL depth is an immediate indicator unable to predict the long term response to
CXL in terms of tissue stabilization, which is strongly affected also by many biological,
genetic, and environmental factors.%-1% Each KC is different from any other, and
characterized by different ectasia progression indices related to different genetic penetrance,
phenotypic expression and comorbidities,® environmental factors such eye-rubbing, patient’s
age, allergy®” and presence of hormones (cortisol, thyroxin, estrogens, androgens, progesteron,
prolactin).9-102

All these factors inevitably have a great influence on the time evolution of KC pathology and
also in the clinical response to any CXL treatment. None of them, however, affects the
fundamental significance of the DL to assess the evidence of CXL penetration and to quantify
the overall CXL biomechanical efficiency.

24



References

1.

10.

11.

12.

13.

14.

Wollensak G, Spoerl E, Seiler Th. Riboflavin/ultraviolet-A-induced collagen
crosslinking for the treatment of keratoconus. Am J Ophtalmol 2003;135(5): 620-
627.

Caporossi A, Baiocchi S, Mazzotta C et al. Parasurgical therapy for keratoconus by
riboflavin-ultraviolet type A-induced cross-linking of corneal collagen: preliminary
refractive results in an Italian study. J Cataract Refract Surg 2006; 32(5):837-845.

Hafezi F, Kanellopoulos J, Wiltfang R, Seiler T. Corneal collagen crosslinking with
riboflavin and ultraviolet A to treat induced keratectasia after laser in situ
keratomileusis. J Cataract Refract Surg. 2007 Dec; 33(12):2035-40.

Rabinowitz YS. Keratoconus. Surv Ophthalmol. 1998 Jan-Feb;42(4):297-319.

Raiskup F, Theuring A, Pillunat LE, Spoerl E. Corneal collagen crosslinking with
riboflavin and ultraviolet-A light in progressive keratoconus: ten-year results. J
Cataract Refract Surg. 2015 Jan;41(1):41-6.

Mazzotta C, Traversi C, Baiocchi S, Bagaglia S, Caporossi O, Villano A, Caporossi
A. Corneal Collagen Cross-Linking with Riboflavin and Ultraviolet A Light for
Pediatric Keratoconus: Ten-Year Results. Cornea. 2018 May;37(5):560-566.

O'Brart DP, Patel P, Lascaratos G, Wagh VK, Tam C, Lee J, O'Brart NA. Corneal
Cross-linking to Halt the Progression of Keratoconus and Corneal Ectasia: Seven-
Year Follow-up. Am J Ophthalmol. 2015 Dec;160(6):1154-63.

Caporossi A, Mazzotta C, Baiocchi S, Caporossi T. Long-term results of riboflavin
ultraviolet a corneal collagen cross-linking for keratoconus in Italy: the Siena eye
cross study. Am J Ophthalmol. 2010;149(4):585-593.

Wittig-Silva C, Chan E, Islam FM, Wu T, Whiting M, Snibson GR. A randomized,
controlled trial of corneal collagen cross-linking in progressive keratoconus: three-
year results. Ophthalmology. 2014 Apr;121(4):812-21.

Godefrooij DA, Gans R, Imhof SM, Wisse RP. Nationwide reduction in the number
of corneal transplantations for keratoconus following the implementation of cross-
linking. Acta Ophthalmol. 2016 Nov;94(7):675-678.

Sandvik GF, Thorsrud A, Raen M, @stern AE, Sathre M, Drolsum L. Does Corneal
Collagen Cross-linking Reduce the Need for Keratoplasties in Patients With
Keratoconus? Cornea. 2015 Sep;34(9):991-5.

Wollensak G, Spoerl E, Wilsch M, Seiler T. Keratocyte apoptosis after corneal
collagen cross-linking using riboflavin/UV A treatment. Cornea. 2004 Jan;23(1):43-
9.

Wollensak G, Herbst H. Significance of the lacunar hydration pattern after corneal
cross-linking. Cornea 2010; 29: 899-903.

Wollensak G, Aurich H, Pham DT, Wirbelauer C. Hydration behavior of porcine
cornea crosslinked with riboflavin and ultraviolet A. J Cataract Refract Surg. 2007
Mar;33(3):516-21.

25



15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

Seiler T, Hafezi F. Corneal cross-linking-induced stromal demarcation line. Cornea.
2006 Oct;25(9):1057-9.

Mazzotta C, Balestrazzi A, Traversi C, Baiocchi S, Caporossi T, Tommasi C,
Caporossi A. Treatment of progressive keratoconus by riboflavin-UVA-induced
cross-linking of corneal collagen: ultrastructural analysis by Heidelberg Retinal
Tomograph Il in vivo confocal microscopy in humans. Cornea. 2007 May;26(4):390-
7.

Mazzotta C, Traversi C, Baiocchi S, Caporossi O, Bovone C, Sparano MC,
Balestrazzi A, Caporossi A. Corneal healing after riboflavin ultraviolet-A collagen
cross-linking determined by confocal laser scanning microscopy in vivo: early and
late modifications. Am J Ophthalmol. 2008 Oct;146(4):527-533.

Mazzotta C, Traversi C, Baiocchi S, Sergio P, Caporossi T, Caporossi A.
Conservative treatment of keratoconus by riboflavin-uva-induced cross-linking of
corneal collagen: qualitative investigation. Eur J Ophthalmol. 2006 Jul-
Aug;16(4):530-5.

Yamm et al. Reduced cross-linking demarcation line depth at the peripheral cornea
after corneal collagen cross-linking.JRS 2013; 19 (1): 49-53.

Mazzotta C, Hafezi F, Kymionis G, Caragiuli S, Jacob S, Traversi C, Barabino S,
Randleman JB. In Vivo Confocal Microscopy after Corneal Collagen Crosslinking.
Ocul Surf. 2015 Oct;13(4):298-314.

Kymionis GD, Tsoulnaras KI, Grentzelos MA, Liakopoulos DA, Tsakalis NG,
Blazaki SV, Paraskevopoulos TA, Tsilimbaris MK. Evaluation of corneal stromal
demarcation line depth following standard and a modified-accelerated collagen
cross-linking protocol. Am J Ophthalmol. 2014 Oct;158(4):671-675.

Brosh K, Rozenman Y. Chemical burn-induced stromal demarcation line. Cornea
2016; 35 (2): 286-288).

Thorsrud A, Sandvik GF, Hagem AM, Drolsum L. Measuring the depth of
crosslinking demarcation line in vivo: Comparison of methods and devices. J
Cataract Refract Surg. 2017 Feb;43(2):255-262.

Spoerl E, Mrochen M, Sliney D, Trokel S, Seiler T. Safety of UVA-riboflavin cross-
linking of the cornea. Cornea. 2007 May;26(4):385-9.

Baiocchi S, Mazzotta C, Cerretani D, Caporossi T, Caporossi A. Corneal
crosslinking: riboflavin concentration in corneal stroma exposed with and without
epithelium. J Cataract Refract Surg. 2009 May;35(5):893-9.

Hayes S, O'Brart DP, Lamdin LS, Doutch J, Samaras K, Marshall J, Meek KM.
Effect of complete epithelial debridement before riboflavin-ultraviolet-A corneal
collagen crosslinking therapy. J Cataract Refract Surg. 2008 Apr;34(4):657-61.

Bottos KM, Dreyfuss JL, Regatieri CV, Lima-Filho AA, Schor P, Nader HB,
Chamon W. Immunofluorescence confocal microscopy of porcine corneas following
collagen cross-linking treatment with riboflavin and ultraviolet A. J Refract Surg.
2008 Sep;24(7): S715-9.

26



28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Wollensak G, lomdina E. Biomechanical and histological changes after corneal
crosslinking with and without epithelial debridement. J Cataract Refract Surg. 2009
Mar;35(3):540-6.

Scarcelli G, Kling S, Quijano E, Pineda R, Marcos S, Yun SH. Brillouin microscopy
of collagen crosslinking: non-contact depth-dependent analysis of corneal elastic
modulus. Invest Ophthalmol Vis Sci. 2013 Feb 19;54(2):1418-25.

Leccisotti A, Islam T. Transepithelial corneal collagen cross-linking in keratoconus.
J Refract Surg. 2010 Feb 25:1-7.

Koppen C, Wouters K, Mathysen D, Rozema J, Tassignon MJ. Refractive and
topographic results of benzalkonium chloride-assisted transepithelial crosslinking. J
Cataract Refract Surg. 2012 Jun;38(6):1000-5.

Franch A, Birattari F, Dal Mas G, Luznik Z, Parekh M, Ferrari S, Ponzin D.
Evaluation of Intrastromal Riboflavin Concentration in Human Corneas after Three
Corneal Cross-Linking Imbibition Procedures: A Pilot Study. J Ophthalmol. 2015;
2015:794256.

Kolozsvéri L, Négradi A, Hopp B, Bor Z. UV absorbance of the human cornea in the
240- to 400-nm range. Invest Ophthalmol Vis Sci. 2002 Jul;43(7):2165-8.

Freeman RD. Oxygen consumption by the component layers of the cornea. J Physiol
1972;225(1):15-32.

Harvitt DM, Bonanno JA. Oxygen consumption of the rabbit cornea. Invest
Ophthalmol Vis Sci 1998;39(2):444-8.

Richoz O, Hammer A, Tabibian D, Gatzioufas Z, Hafezi F. The biomechanical effect
of corneal collagen cross-linking (CXL) with riboflavin and UV-A is oxygen
dependent. Trans Vis Sci Tech. 2013; 2(7):6.

Caporossi A, Mazzotta C, Baiocchi S, Caporossi T, Paradiso AL. Transepithelial
corneal collagen crosslinking for keratoconus: qualitative investigation by in vivo
HRT Il confocal analysis. Eur J Ophthalmol. 2012 Feb 17:0.

Caporossi A, Mazzotta C, Paradiso AL, et al. Transepithelial corneal collagen
crosslinking for progressive keratoconus: 24-month clinical results. J Cataract
Refract Surg 2013;39(8):1157-63.

Gatzioufas Z, Raiskup F, O'Brart D, Spoerl E, Panos GD, Hafezi F. Transepithelial
Corneal Cross-linking Using an Enhanced Riboflavin Solution. J Refract Surg. 2016
Jun 1;32(6):372-7

Bikbova G, Bikbov M. Transepithelial corneal collagen cross-linking by
iontophoresis of riboflavin. Acta Ophthalmol 2014;92(1): e30-4.

Vinciguerra P, Randleman JB, Romano V, Legrottaglie EF, Rosetta P, Camesasca
FI, Piscopo R, Azzolini C, Vinciguerra R. J Transepithelial iontophoresis corneal
collagen cross-linking for progressive keratoconus: initial clinical outcomes. Refract
Surg. 2014 Nov;30(11):746-53.

27



42.

43.

44,

45.

46.

47.

48.

49.

50.

51l

52.

53.

54,

Vinciguerra P, Romano V, Rosetta P, et al. Trans-epithelial lontophoresis Versus
Standard Corneal Collagen Cross-linking: 1-Year Results of a Prospective Clinical
Study. J Refract Surg 2016;32(10):672-8.

Jouve L, Borderie V, Sandali O, et al. Conventional and lontophoresis Corneal
Cross-Linking for Keratoconus: Efficacy and Assessment by Optical Coherence
Tomography and Confocal Microscopy. Cornea 2017;36(2):153-62.

Bouheraoua N, Jouve L, El Sanharawi M, et al. Optical coherence tomography and
confocal microscopy following three different protocols of corneal collagen-
crosslinking in keratoconus. Invest Ophthalmol Vis Sci 2014;55(11):7601-9.

Bonnel S, Berguiga M, De Rivoyre B, Bedubourg G, Sendon D, Froussart-Maille F,
Rigal-Sastourne JC. Demarcation line evaluation of iontophoresis-assisted
transepithelial corneal collagen cross-linking for keratoconus. J Refract Surg. 2015
Jan;31(1):36-40.

Vinciguerra P, Romano V, Rosetta P, Legrottaglie EF, Kubrak-Kisza M, Azzolini C,
Vinciguerra R. lontophoresis-Assisted Corneal Collagen Cross-Linking with
Epithelial Debridement: Preliminary Results. Biomed Res Int. 2016; 2016:3720517.
doi: 10.1155/2016/3720517. Epub 2016 Jul 28.

Mazzotta C, Caporossi T, Denaro R, Bovone C, Sparano C, Paradiso A, Baiocchi S,
Caporossi A. Morphological and functional correlations in riboflavin UV A corneal
collagen cross-linking for keratoconus. Acta Ophthalmol. 2012 May;90(3):259-65.

Raiskup F, Spoerl E. Corneal crosslinking with riboflavin and ultraviolet A. Part 11.
Clinical indications and results. Ocul Surf. 2013 Apr;11(2):93-108.

Kohlhaas M, Spoerl E, Schilde T, Unger G, Wittig C, Pillunat LE. Biomechanical
evidence of the distribution of cross-links in corneas treated with riboflavin and
ultraviolet A light. J Cataract Refract Surg. 2006 Feb;32(2):279-83.

Schumacher S, Mrochen M, Wernli J, Bueeler M, Seiler T. Optimization model for
UV-riboflavin corneal cross-linking. Invest Ophthalmol Vis Sci. 2012 Feb
16;53(2):762-9.).

Kamaev P, Friedman MD, Sherr E, Muller D. Photochemical kinetics of corneal
cross-linking with riboflavin. Invest Ophthalmol Vis Sci 2012;53(4):2360-7.

Elbaz U, Shen C, Lichtinger A, et al. Accelerated (9-mW/cm2) corneal collagen
crosslinking for keratoconus-A 1-year follow-up. Cornea. 2014 Aug;33(8):769-773.

Kymionis GD, Tsoulnaras Kl, Liakopoulos DA, Skatharoudi CA, Grentzelos MA,
Tsakalis NG. Corneal Stromal Demarcation Line Depth Following Standard and a
Modified High Intensity Corneal Cross-linking Protocol. J Refract Surg. 2016
Apr;32(4):218-22.

Hashemian H, Jabbarvand M, Khodaparast M, Ameli K. Evaluation of corneal
changes after conventional versus accelerated corneal cross-linking: a randomized
controlled trial". J Refract Surg. 2014 Dec;30(12):837-42.

28



55.

56.

S7.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Marino GK, Torricelli AA, Giacomin N, Santhiago MR, Espindola R, Netto MV.
Accelerated corneal collagen crosslinking for postoperative LASIK ectasia: two-year
outcomes. J Refract Surg. 2015 Jun;31(6):380-384.

Chow V. W., Jhanji V., Wong V. W. Different topographic response between mild to
moderate and advanced keratoconus after accelerated collagen cross-linking. Cornea.
2015 Aug;34(8):922-7.

Shetty R, Pahuja NK, Nuijts RM, Ajani A, Jayadev C, Sharma C, Nagaraja H.
Current protocols of corneal collagen crosslinking - visual, refractive and
tomographic outcomes. Am J Ophthalmol. 2015 Aug;160(2):243-9.

Chow VW, Chan TC, Yu M, Wong VW, Jhanji V. One year outcomes of
conventional and accelerated collagen crosslinking in progressive keratoconus. Sci
Rep. 2015 Sep 25;5: 14425.

Ulusoy DM, Géktas E, Duru N, Ozkose A, Atas M1, Yuvaci I, Arifoglu HB,
Zarars1z G. Accelerated corneal crosslinking for treatment of progressive
keratoconus in pediatric patients. Eur J Ophthalmol. 2016 Jul 20:0. doi:
10.5301/ej0.5000848.

Hashemi H, Miraftab M, Seyedian MA, Hafezi F, Bahrmandy H, Heidarian S,
Amanzadeh K, Nikbin H, Fotouhi A, Asgari S. Long-term Results of an Accelerated
Corneal Cross-linking Protocol (18mW/cm2) for the Treatment of Progressive
Keratoconus. Am J Ophthalmol. 2015 Dec;160(6):1164-1170.

Sadoughi MM, Einollahi B, Baradaran-Rafii A, Roshandel D, Hasani H, Nazeri M.
Accelerated versus conventional corneal collagen cross-linking in patients with
keratoconus: an intrapatient comparative study. Int Ophthalmol. 2016 Dec 29. doi:
10.1007/s10792-016-0423-0.

Hagem AM, Thorsrud A, Sandvik GF, Drolsum L. Randomized Study of Collagen
Cross-Linking with Conventional Versus Accelerated UVA Irradiation Using
Riboflavin with Hydroxypropyl Methylcellulose: Two-Year Results. Cornea. 2019
Feb;38(2):203-2009.

Lang PZ, Hafezi NL, Khandelwal SS, Torres-Netto EA, Hafezi F, Randleman JB.
Comparative Functional Outcomes After Corneal Crosslinking Using Standard,
Accelerated, and Accelerated with Higher Total Fluence Protocols. Cornea. 2019 Jan
23. doi: 10.1097/1C0.0000000000001878. [Epub ahead of print]

Brindley GS. The Bunsen-Roscoe law for the human eye at very short durations. J
Physiol. 1952;118(1):135-139.

Schumacher S, Oeftiger L, Mrochen M. Equivalence of biomechanical changes
induced by rapid and standard corneal cross-linking, using riboflavin and ultraviolet
radiation. Invest Ophthalmol Vis Sci. 2011 Nov 25; 52(12):9048-5218-19.

Touboul D, Efron N, Smadja D, Praud D, Malet F, Colin J. Corneal confocal
microscopy following conventional, transepithelial, and accelerated corneal collagen
cross-linking procedures for keratoconus. J Refract Surg. 2012 Nov;28(11):769-76.

29



67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Mazzotta C, Traversi C, Caragiuli S, Rechichi M. Pulsed vs continuous light
accelerated corneal collagen crosslinking: in vivo qualitative investigation by
confocal microscopy and corneal OCT. Eye (Lond). 2014 Oct;28(10):1179-83.

Moramarco A, lovieno A, Sartori A, Fontana L. Corneal stromal demarcation line
after accelerated crosslinking using continuous and pulsed light. J Cataract Refract
Surg. 2015 Nov;41(11):2546-51.

Peyman A, Nouralishahi A, Hafezi F, Kling S, Peyman M. Stromal Demarcation
Line in Pulsed Versus Continuous Light Accelerated Corneal Cross-linking for
Keratoconus. J Refract Surg. 2016 Mar;32(3):206-8.

Jiang LZ, Jiang W, Qiu SY. Conventional vs. pulsed-light accelerated corneal
collagen cross-linking for the treatment of progressive keratoconus: 12-month results
from a prospective study. Exp Ther Med. 2017 Nov;14(5):4238-4244,

Mazzotta C, Traversi C, Paradiso AL, et al. Pulsed light accelerated crosslinking
versus continuous light accelerated crosslinking one-year results. J Ophthalmol.
2014;2014: 1-6.

Krueger R, Herekar S, Spoerl E: First Proposed Efficacy Study of High Versus
Standard Irradiance and Fractionated Riboflavin/Ultraviolet A Cross-Linking with
Equivalent Energy Exposure. Eye & Contact Lens 2014;40: 353-357.

Mazzotta C, Baiocchi S, Bagaglia SA, Fruschelli M, Meduri A, Rechichi M.
Accelerated 15 mW pulsed-light crosslinking to treat progressive keratoconus: Two-
year clinical results. J Cataract Refract Surg. 2017 Aug;43(8):1081-1088.

Mazzotta C, Raiskup F, Baiocchi S, Scarcelli G, Friedman M.D., Traversi C.
Management of Early Progressive Corneal Ectasia, Accelerated Crosslinking
Principles. Springer International Publishing AG 2017. DOI 10.1007/978-3-319-
61137-2_1.

Roy AS, Dupps WJ Jr. Patient-specific computational modeling of keratoconus
progression and differential responses to collagen cross-linking. Invest Ophthalmol
Vis Sci. 2011 Nov 25;52(12):9174-87).

Roberts CJ, Dupps WJ Jr. Biomechanics of corneal ectasia and biomechanical
treatments. J Cataract Refract Surg. 2014 Jun;40(6):991-8.

Seiler TG, Fischinger I, Koller T, Zapp D, Frueh BE, Seiler T. Customized Corneal
Cross-linking: One-Year Results. Am J Ophthalmol. 2016 Jun; 166:14-21

Mazzotta C, Moramarco A, Traversi C, Baiocchi S, lovieno A, Fontana L.
Accelerated Corneal Collagen Cross-Linking Using Topography-Guided UV-A
Energy Emission: Preliminary Clinical and Morphological Outcomes. J Ophthalmol.
2016;2016: 2031031. doi: 10.1155/2016/2031031.

Béhm M, Shajari M, Remy M, Kohnen T. Corneal densitometry after accelerated
corneal collagen cross-linking in progressive keratoconus. Int Ophthalmol. 2018 Mar
26. doi: 10.1007/s10792-018-0876-4.

30



80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Mazzotta C., Paradiso AL, Baiocchi S, Caragiuli S, Caporossi A. Qualitative
investigation of corneal changes after Accelerated Corneal Collagen Cross-Linking
(A-CXL) by in vivo confocal microscopy and corneal OCT. J Clin Exp Ophthalmol
2013 Dec; 4:313: 4-6.

Mazzotta C, Bagaglia SA, Vinciguerra R, Ferrise M, Vinciguerra P. Enhanced-
Fluence Pulsed-Light lontophoresis Corneal Cross-linking: 1-Year Morphological
and Clinical Results. J Refract Surg. 2018 Jul 1;34(7):438-444.

Kanellopoulos AJ. Long term results of a prospective randomized bilateral eye
comparison trial of higher fluence, shorter duration ultraviolet A radiation, and
riboflavin collagen cross linking for progressive keratoconus. Clin Ophthalmol 2012;
6:97-101.

Asgari S, Hashemi H, Hajizadeh F, Miraftab M, Seyedian MA, Amanzadeh K,
Mehravaran S, Fotouhi A. Multipoint assessment of demarcation line depth after
standard and accelerated cross-linking in central and inferior keratoconus. J Curr
Ophthalmol. 2018 Feb 14;30(3):223-227.

Bao F, Zheng Y, Liu C, Zheng X, Zhao Y, Wang Y, Li L, Wang Q, Chen S, Elsheikh
A. Changes in Corneal Biomechanical Properties with Different Corneal Cross-
linking Irradiances. J Refract Surg. 2018 Jan 1;34(1):51-58.

Pircher N, Lammer J, Holzer S, GschlielRer A, Donner R, Pieh S, Schmidinger G.
Correlation between central stromal demarcation line depth and changes in K values
after corneal cross-linking (CXL). Graefes Arch Clin Exp Ophthalmol. 2018
Apr;256(4):759-764.

Mesen A, Bozkurt B, Kamis U, Okudan S. Correlation of Demarcation Line Depth
with Medium-Term Efficacy of Different Corneal Collagen Cross-Linking Protocols
in Keratoconus. Cornea. 2018 Dec;37(12):1511-1516.

De Angelis F, Rateau J, Destrieux C, Patat F, Pisella PJ. Predictive factors for visual
outcome after corneal collagen crosslinking treatment in progressive keratoconus:
One-year refractive and topographic results. J Fr Ophtalmol. 2015 Sep;38(7):595-
606.

Toprak I, Yaylali V, Yildirim C. Factors affecting outcomes of corneal collagen
crosslinking treatment. Eye (Lond). 2014 Jan;28(1):41-6.

Yam JC, Cheng AC. Prognostic factors for visual outcomes after crosslinking for
keratoconus and post-LASIK ectasia. Eur J Ophthalmol. 2013 Nov-Dec;23(6):799-
806.

Uysal BS, Sarac O, Yaman D, Akcay E, Cagil N. Optical Performance of the Cornea
One Year Following Keratoconus Treatment with Corneal Collagen Cross-Linking.
Curr Eye Res. 2018 Dec;43(12):1415-1421.

Mathews PM, De Rojas JO, Rapuano PB, Zemsky CJ, Florakis GJ, Trokel SL, Suh
LH. Correlation of Scheimpflug densitometry changes with clinical outcomes after
corneal crosslinking. J Cataract Refract Surg. 2018 Aug;44(8):993-1002.

31



92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Whitford C, Movchan NV, Studer H, Elsheikh A. A viscoelastic anisotropic
hyperelastic constitutive model of the human cornea. Biomech Model Mechanabiol.
2018 Feb;17(1):19-29.

Wollensak G, Spoerl E, Seiler T. Stress-strain measurements of human and porcine
corneas after riboflavin-ultraviolet-A-induced cross-linking. J Cataract Refract Surg.
2003 Sep;29(9):1780-5.

Spadea L, Di Genova L, Tonti E. Corneal stromal demarcation line after 4 protocols
of corneal crosslinking in keratoconus determined with anterior segment optical
coherence tomography. J Cataract Refract Surg. 2018 May;44(5):596-602.

Muftuoglu O, Ayar O, Ozulken K, Ozyol E, Akinci A. Posterior corneal elevation
and back difference corneal elevation in diagnosing forme fruste keratoconus in the
fellow eyes of unilateral keratoconus patients. J Cataract Refract Surg. 2013
Sep;39(9):1348-57.

Meek KM, Boote C. The use of X-ray scattering techniques to quantify the
orientation and distribution of collagen in the corneal stroma. Prog Retin Eye Res.
2009 Sep;28(5):369-92.

Abahussin M, Hayes S, Knox Cartwright NE, Kamma-Lorger CS, Khan Y, Marshall
J, Meek KM. 3D collagen orientation study of the human cornea using X-ray
diffraction and femtosecond laser technology. Invest Ophthalmol Vis Sci. 2009
Nov;50(11):5159-64.

Whitford C, Studer H, Boote C, Meek KM, Elsheikh A. Biomechanical model of the
human cornea: considering shear stiffness and regional variation of collagen
anisotropy and density. J Mech Behav Biomed Mater. 2015 Feb; 42:76-87.

Meek KM, Tuft SJ, Huang Y, Gill PS, Hayes S, Newton RH, Bron AJ. Changes in
collagen orientation and distribution in keratoconus corneas. Invest Ophthalmol Vis
Sci. 2005 Jun;46(6):1948-56.

Aghamohammadzadeh H, Newton RH, Meek KM. X-ray scattering used to map the
preferred collagen orientation in the human cornea and limbus. Structure. 2004
Feb;12(2):249-56.

Kohlhaas M, Spoerl E, Schilde T, Unger G, Wittig C, Pillunat LE. Biomechanical
evidence of the distribution of cross-links in corneas treated with riboflavin and
ultraviolet A light.J Cataract Refract Surg. 2006 Feb;32(2):279-83., Ophthalmologe.
2008 Feb;105(2):165-9.

Lanchares E, del Buey MA, Cristobal JA, Lavilla L, Calvo B. Biomechanical
property analysis after corneal collagen cross-linking in relation to ultraviolet A
irradiation time. Graefes Arch ClinExp Ophthalmol. 249(8):1223-7.

Fuchsluger TA, Brettl S, Geerling G, Kaisers W, Franko Zeitz P. Biomechanical
assessment of healthy and keratoconic corneas (with/without crosslinking) using
dynamic ultrahigh-speed Scheimpflug technology and the relevance of the parameter
(A1L-A2L). BrJ Ophthalmol. 2018 Jun 5. pii: bjophthalmol-2017-311627. doi:
10.1136/bjophthalmol-2017-311627

32



104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

Hallahan KM, Rocha K, Roy AS, Randleman JB, Stulting RD, Dupps WJ Jr. Effects
of corneal cross-linking on ocular response analyzer waveform-derived variables in
keratoconus and postrefractive surgery ectasia. Eye Contact Lens. 2014
Nov;40(6):339-44.

Loukovitis E, Sfakianakis K, Syrmakesi P, Tsotridou E, Orfanidou M, Bakaloudi
DR, Stoila M, Kozei A, Koronis S, Zachariadis Z, Tranos P, Kozeis N, Balidis M,
Gatzioufas Z, Fiska A, Anogeianakis G. Genetic Aspects of Keratoconus: A
Literature Review Exploring Potential Genetic Contributions and Possible Genetic
Relationships with Comorbidities. Ophthalmol Ther. 2018 Dec;7(2):263-292. doi:
10.1007/s40123-018-0144-8. Epub 2018 Sep 6. Review.

Mazzotta C, Traversi C, Mellace P, Bagaglia SA, Zuccarini S, Mencucci R, Jacob S.
Keratoconus Progression in Patients with Allergy and Elevated Surface Matrix
Metalloproteinase 9 Point-of-Care Test. Eye Contact Lens. 2018 Nov;44 Suppl 2:
S48-S53.

Ayan B, Yuksel N, Carhan A, Gumuskaya Ocal B, Akcay E, Cagil N, Asik MD.
Evaluation estrogen, progesteron and androgen receptor expressions in corneal
epithelium in keratoconus. Cont Lens Anterior Eye. 2018 Dec 8. pii: S1367-
0484(18)30958-5. doi: 10.1016/j.clae.2018.11.015.

Thanos S, Oellers P, Meyer Zu Horste M, Prokosch V, Schlatt S, Seitz B, Gatzioufas
Z. Role of Thyroxine in the Development of Keratoconus. Cornea. 2016
Oct;35(10):1338-46.

Lenk J, Spoerl E, Stalder T, Schmiedgen S, Herber R, Pillunat LE, Raiskup F.
Increased Hair Cortisol Concentrations in Patients with Progressive Keratoconus. J
Refract Surg. 2017 Jun 1;33(6):383-388.

McKay TB, Hjortdal J, Sejersen H, Asara JM, Wu J, Karamichos D. Endocrine and
Metabolic Pathways Linked to Keratoconus: Implications for the Role of Hormones
in the Stromal Microenvironment. Sci Rep. 2016 May 9;6: 25534. doi:
10.1038/srep25534.

Sharif R, Bak-Nielsen S, Hjortdal J, Karamichos D. Pathogenesis of Keratoconus:
The intriguing therapeutic potential of Prolactin-inducible protein. Prog Retin Eye
Res. 2018 Nov; 67:150-167.

A. Montanino, A. Gizzi, M. Vasta, M. Angelillo, and A. Pandolfi, Modeling the
biomechanics of the human cornea accounting for local variations of the collagen
fibril architecture. ZAMM Zeitschrift fur Angewandte Mathematik und Mechanik,
98:2122-2134, 2018

A. Pandolfi. Modeling of the human cornea. In D. Balzani, editor, Encyclopedia of
Continuum Mechanics. Springer-Verlag GmbH Germany, 2018.

A. Montanino, M. Angelillo, and A. Pandolfi. Modeling the air puff test in the
cornea with a meshfree fluid-structure interaction approach. Journal of the
Mechanical Behavior of Biomedical Materials, 77:205-216, 2018.

33



115. 1. Simonini, M. Angelillo, and A. Pandolfi. Theoretical and numerical analysis of the
corneal air puff test. Journal of the Mechanics and Physics of Solids, 93:118-134,
2016.

116. 1. Simonini and A. Pandolfi. The influence of intraocular pressure and air jet pressure
on corneal contactless tonometry tests. Journal of the Mechanical Behavior of
Biomedical Materials, 58:75-89, 2016.

34



