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ABSTRACT

In vivo confocal microscopy (IVCM) findings of 84 patients who had undergone conventional epithelium-off
corneal collagen cross-linking (CXL) and accelerated CXL (ACXL) were retrospectively reviewed. Analysis
confirmed that despite a significant decrease in the mean density of anterior keratocytes in the first 6
postoperative months, cell density after CXL and ACXL returned to baseline values at 12 months. The
demarcation lines observed after treatments represent an expression of light-scattering (reflectivity changes)
through different tissue densities. Temporary haze of the anterior-mid stroma after conventional CXL
represents an indirect sign of CXL-induced stromal collagen compaction and remodeling. IVCM showed that
treatment penetration varies to some extent, but that the endothelium is not damaged and is correlated with
CXL biomechanical effects. IVCM of limbal structures shows no evidence of pathological changes.
Regeneration of subepithelial and stromal nerves was complete 12 months after the operation with fully
restored corneal sensitivity and no neurodystrophic occurrences. IVCM allowed detailed high magnification
in vivo micromorphological analysis of corneal layers, enabling the assessment of early and late corneal
modifications induced by conventional and accelerated CXL. IVCM confirms that CXL is a safe procedure,

which is still undergoing development and protocol adjustments.

KEY WORDS accelerated crosslinking (ACXL), corneal collagen cross-linking (CXL), crosslinking, in vivo

confocal microscopy (IVCM), keratoconus
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l. I ntroduction

Keratoconus is an ectatic disease of the cornea characterized by biochemical and biomechanical
instability of stromal collagen, leading to a reduction of corneal thickness, variation in posterior and anterior
corneal curvatures, and progressive deterioration of visual acuity due to irregular astigrhaitienadvent
of corneal collagen cross-linking in the last decade has transformed the conventional therapy of keratoconus
(previously, a lifetime of hard contact lenses wear,at best, or a corneal transplant, at worst), improving
conservative treatment and thus reducing the necessity of lamellar and penetrating corridal graft.

Conventional riboflavin UV-A crosslinkingXXL ) represents an evolving therapy for conservative
treatment of progressive keratoconus and secondary corneal ectasia, as it can increase biomechanical corneal
resistance and intrinsic anticollagenase actitityhe physiochemical basis of conventional epithelium-off
CXL lies in the photodynamic type I-1l reactions induced by the interaction between 0.1% riboflavin
molecules absorbed in corneal tissue and UV-A rays delivered at 3 MWgfcd® minutes (5.4 J/cm
energy dose), releasing reactive oxygen species that mediate cross-link formation between and within
collagen fibers™*

A series of nonandomized and randomized clinical trials have provided evidence that conventional
CXL with epithelium removal today is a scientifically well-supported treatment with a largely documented
long-term efficacy in stabilizing progressive keratoconus and secondary ééfasitSince the
conventional CXL procedure requires a long time (about 1 hour), new accelerated crosshakitg (
treatment protocols, based on the physical principles stated in Bunsen-Roscoe’s law of reciprocity, are now
under investigation. These will shorten treatment time, improve patient comfort, and reduce hospital waiting
lists >

Bunsen-Roscoe’s law established that photochemical reactions (including the photochemical process
behind CXL) depend on absorbed UV-A energy (E), and their biological effect is proportional to the total
energy dose delivered into the tisstié? According to the “equal-dose” physical principle, 10 m\W/éon 9
min, 18 mW/crA for 5 min, 30 mW/crhfor 3 min or 45 mW/crhfor 2 min at constant dose E of 5.4 Jcm
may have the same photochemical impact as conventional CXL at 3 m¥ufc30 minutes®*

The safety and corneal changes achieved by conventional CXL and ACXL for conservative
keratoconus treatment have been directly evaluated in vivo in humans by laser scanning in vivo confocal
microscopy (VCM) of the corned®°

First described by Marvin Minsky in the last centéfrfly CM is a noninvasive method of examining
the living human cornea in healthy and pathological conditions, making it a powerful clinical and research

tool >

The basic principle of IVCM involves the optical sectioning of a (relatively) thick, light-scattering

object, such as the cornea. Light is passed through an aperture and focused by an objective lens onto a small
area of the examined specimen. The light reflected from the specimen then passes through a second objective
lens and focuses on a second aperture that is arranged so that out-of-focus light is eliminated. Because the
illumination and detection paths share the same focal plane, the term “confocal” is used. The ability of this

system to discriminate between light that is not on the confocal plane yields images of higher lateral and
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axial resolution, even if the system is limited by its small field of view. The signals produced by reflected

light are detected by electronic detectors such as cameras based on a charge-coupled device (CCD camera).
Video and/or digital image capture systems are available, with image acquisition rates of at least 25 frames
per second.

Our confocal analyses were all performed with The HRT I, Rostock Cornea Module, Heidelberg
Engineering, GmBH, Germany), a coherent light in vivo confocal microscope using Helium Neon diode
laser source at 670-nm red wavelength. The illumination sources are thus single-wavelength coherent light
images creating greater contrast with lateral resolution atrti-2nd variable depth resolution (z—axis) with
a quoted range of 4-25m*

Examining the full thickness of the living human cornea at the cellular level, IVCM has
revolutionized the understanding of the postoperative corneal changes induced by photodynamic riboflavin
UV-A-induced CXL with a precise spatiotemporal definition of corneal repair processes and stromal wound
healing in both progressive keratoconus and secondary corneal ectasias (post-laser-assisted in situ
keratomileusisl[ ASIK] and radial keratotomyRK])."82426.28:29.34.35

Although there has been a recent trend toward quantitative Studiesy IVCM, readily
reproducible methods and reference values for quantitative assessment still need to be standardized. Most
studies report lower interobserver repeatability compared with intraobserver repeatability, and observer
experience is known to be an important factor. In this paper, we describe qualitative observations from our
IVCM basic studies of the cornea after C¥1%"2°3

IVCM allowed a detailed high magnification in vivo microstructural analysis of corneal layers,
enabling the assessment of early and late corneal modifications induced by these innovative treatments and

were also useful in identifying postoperative complicatforis®”*

. Methods
A. Patients

We retrospectively reviewed the records of 84 patients who underwent corneal cross-linking procedures
for keratoconus over a 10-year period at the Department of Ophthalmology of Siena Universifyf/ftaly.
17,23.24.26354rme studies were approved by the Siena University Institutional Review Board and conformed to
the ethical principles for medical research according to the Helsinki Declaration.

Patients included in the CXL and ACXL treatment protocols were affected by progressive keratoconus
with minimum corneal thickness at least of 400 um. Parameters considered to establish keratoconus
progression were: worsening of UDVA/CDVA >0.1 Snellen lines, increase of SPH/CYL >1.00 D, increase
of maximum K reading >1 D, reduction of the thinnest point measured by AC OCT optical pachybdetry >
um, clear cornea at biomicroscopic examination, absence of reticular dark micro-striations at scanning laser

IVCM.

Of the 84 patients:



1) 44 underwent conventional epithelium-off crosslinking (CXL) 3mvifeii

2) 20 underwent high-fluence epithelium-off accelerated crosslinking (ACXL) at 30n\iZ6reyes
with pulsed light and 10 eyes with continuous light UV-A expostirg).

3) 10 underwent transepithelial crosslinkifge€CXL) at 3mw/cri.*®

4) 10 underwent transepithelial accelerated crosslinRiEgACXL) at 45 mW/cra*!

In the retrospective review of the records, a 24-month follow-up was established to be relevant from a
microstructural viewpoint for each group, as that was the maximum follow-up available for recent ACXL
procedures, even though longer follow-up was available for CXL patients in the Siena Eye Cross Study and
TE-CXL patients in the Siena Cross-Linking Evolution Stoith?®

B. Procedures

All patients had been examined post-operatively by means of scanning laser IVCM with the Heidelberg
Retina Tomograph Il (HRT II), Rostock Cornea ModR&CM ; Heidelberg Engineering, GmBH,

Germany), analyzing stromal wound healing, the demarcation lines, corneal limbus, epithelium, nerves, and
endothelium, both in conventional CXL and TE-CXL treatment modafitiés**3****Although our IVCM

analysis was essentially qualitative, since the HRT II-RCM confocal microscope has a proprietary software
for manual analysis of cell densities, pre- and post-operative keratocyte density evaluations were included at
the 24-month follow-up examination.

IVCM examinations were performed by the same operator (C.M.) and manual quantitative analysis of
keratocytes was attempted twice, first by the examiner and a then by an expert observer (C.T.). Two
consecutive section images were taken at a depth ofhi§@ngasured from the epithelial surface) to
subjectively estimate the pre- and post-operative anterior stromal cell density. Stromal depth for quantitative
analysis was established at 158 according to demarcation line depth and CXL-induced photo-oxidative
damage, including the anterior stroma in each procedure. Manual analysis of keratocyte density, expressed as
cell density per unit area, was performed in 24 eyes of conventional CXL, 20 eyes of ACXL, 10 eyes of TE-
CXL, and 10 eyes of TE-ACXL treatments, respectively, marking each clearly defined cell or nucleus in a

predefined mrhrectangular frame. Pairgdest was used for the statistical analysis.

1. In Vivo Confocal Microscopy Findings
A. Stromal Wound Healing and Demar cation Lines

In the field of CXL therapy (in both epithelium-off and transepithelial modalitie€gorneal in
vivo human pilot micromorphological studies have become an integral part of the basic studies of cross-
linking therapy for keratoconus and secondary corneal eéf£4f1VCM scans in conventional CXL
procedures provided the first in vivo demonstration in humans that the cytotoxic effects of corneal collagen
CXL with the standard UV-A dose of 3 mW/&i5.4 J/crf) for 30 minutes were concentrated in the first

300 um of the corneal stroma (about 350 um measured from the epithelial surface), as evidenced by



keratocyte loss (apoptosis [Figure 1a]). This finding confirmed the preclinical ex vivo and in vivo studies on
animal models provided by Seiler, Wollensak, and Sg6ér!.

IVCM detected the disappearance of keratocytes from the anterior and intermediate stroma due to
apoptosis and photonecrosis phenomena in the early (1-6 months) and late (after 6 months) postoperative
period. Keratocyte apoptosis associated with “lacunar” or “spongy” honeycomb-like edema represented the
most relevant corneal changes detected in the early postoperative period after CXL both in conventional and
accelerated procedur&s?*?82°

In TE-CXL, the apoptotic phenomenon was less evident, unevenly distributed under Bowman’s
lamina and the anterior stroma (generally under 100 pm measured from the epithelial surface). It was
superficial and inhomogeneous due to the limited penetration of UV-A photons across the epithellium that
were left in situ and saturated by 0.1% riboflavin. This microstructural finding, in its intrinsic significance, is
consistent with poor TE-CXL penetration. Keratocyte apoptosis in the first 3 postoperative months was
invariably associated with stromal edema.

Early postoperative keratocyte apoptosis was common in conventional CXL (Figure 1a), TE-CXL
(Figure 1b), ACXL with continuous light (Figure 1c), and ACXL with pulsed light (Figure 1d), representing
different depths and intensities based on the absence or presence of the epithelium and on different UV-A
power settings. The intensity of corneal edema increased linearly with intensifying UV-A power
simultaneously with the reflectivity of extracellular tissue surrounding the edematous I&ctifaé®

Stromal edema tends to persist after treatment for 1-3 months and is rarely observell at the 6
postoperative month, decreasing over time with topical steroid therapy. Postoperative stromal edema was
associated with significant keratocyte loss in the first month and a dense network of hyper-reflective
extracellular tissue described as “trabecular patterned stroma,” as seen in Figure 1a2c?%#hd°d.

Hyper-reflective or bright microparticles (keratocyte apoptotic boavesg visible, together with
elongated processes of activated keratocytes that sometimes appeared assembled in cellular clusters
immersed in a dense extracellular trabecular mesh. Hyper-reflective “needle-shaped micrabands”
microstriate reflections are commonly detectable both in conventional CXL and ACXL at different stromal
depths, as shown in confocal scans (Figure 2a &hd°6§

IVCM demonstrated in vivo in humans a progressive repopulation of the edematous anterior-mid
stroma devoid of keratocytes (Figure 3a). Keratocyte repopulation was observed betw&eamith¢h2 3
postoperative month (Figure 3b), centripetally from the non-irradiated peripheral area (beyond 8-9 mm
diameter) and from the deeper stromal layers. Repopulation is incomplete Antbats —(Figure 3c) and
returns to baseline 12 months postoperatively (Figure 3d), as documented by gradual reduction of edema and
progressive reappearance of activated cell nétféi*®

Although the keratocyte repopulation process was evident by qualitative analysis in pilot IVCM
studies?*#* early quantitative studies demonstrated that average postoperative cell density in the anterior-
mid stroma was reduced after 6 months without changes in posterior deep stroma beyond*3®é&cgnt.

guantitative analysis confirmed a significant decrease in the mean anterior postoperative keratocyte density
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at 1, 3, and 6 months with a return to baseline values at 12 months postopeYafivelyuantitative data at

24 months showed a statistically significant reduction of keratocyte density in the anterior stroma at a depth
of 150 un in the first 6 postoperative months (both in conventional CXL and ACXLQ[R) with a return

to baseline values at 12 months postoperatively, without statistically significant differences at 12 and 24
months (P=.88). (See Table 1.)

A variable increase in density of the extracellular matrix is typical after conventional CXL,
particularly evident on IVCM until the"8postoperative month, being seen as hyper-reflective tissue
surrounding keratocyte nuclei. This appearance may last for 6-12 months and is variable, inhomogeneous,
and frequently associated with microstriate reflections from the early postoperative’bétid.

The presence of hyper-reflectiVéissue was also common in ACXL with continuous and pulsed
light with an average depth of less than 200 um (measured from the epithelial surface [Figures 1c and d]).

After TE-CXL treatments that demonstrated an uneven, variable and superficial keratocyte apoptosis
with a maximum depth of 100 um measured from the epithelial surface, no relevant changes occurred in
density of extracellular matrix, and no microstriate reflections were detected ( Figat&®1).

The common hyperdensity (haze) of anterior-mid stroma after CXL and ACXL in most cases
represents a transient sign of CXL-induced stromal collagen modifications, as demonstrated by in vivo
postoperative corneal densitometry anal§&Buch modifications (anterior-mid stromal collagen compaction
and remodelling) may often be visible on biomicroscopy as circular or oval areas (generally corresponding to
epithelial abrasion diameter) of denser tissue. Aside from an initial glare disability for 6-8 weeks, this does
not affect final visual acuity.*° Collagen modifications may last in some patients (usually those with strong
postoperative edema at the time of contact lens removal) past 6 months, generally disappearing after 12
months. IVCM analysis demonstrated a hyper-reflective extracellular tissue surrounding activated keratocyte
nuclei and variable stromal edema (Figures 4a artHy>>°

The activated keratocytes migrating from the periphery to the center of the cornea to repopulate the
anterior-mid stronfd did not contain a-smooth muscle ac&rMA)>* and did not exhibit a myofibroblast
phenotypée?

Haze after CXL differed in its clinical appearance from haze after excimer laser photorefractive
keratectomy. The former is a dust-like change in the corneal stroma to the mid-stromal demarcation line,
whereas the latter has a typical reticulated subepithelial opacity unevenly involving the anteriof’stroma.

The haze has been correlated with the depth of CXL into the stroma, as well as the amount of corneal edema
and keratocyte l0s5:>% Scheimpflug densitometry and slit lamp assessment of the cornea after CXL showed

a significant postoperative increase in h&ZEhe increase peaked at 1 month and plateaued between 1 and 3
months. Between the 3rd and 6th month, the cornea began to clear and there was a significant decrease in
CXL-associated corneal haze. The haze usually does not require treatment, although some cases require low-
dose short-term (1-3 months) steroid medication. Haze measurements continue to decrease from 6 months to
1 year postoperatively. Typically, late permanent scarring should be differentiated from the early

postoperative temporary haZayhich does not negatively affect vision.



Permanent haze after CX¥t**should be considered if a dense white central or paracentral corneal
opacity (scar) develops that lasts for over 12 months, is unresponsive to topical steroid therapy, and
negatively affects visual acuity. It is a rare complication of conventional CXL, which is variably reported in
literature>® On IVCM, it is characterized by the presence of hyper-reflective fibrotic tissue devoid of cells
that may assume different intensities depending on the clinicopathological severity (Figure 4c, d, ande).

Risk factors for the development of permanent corneal haze after CXLinclude: uncontrolled
intraoperative stromal dehydration leading to intraoperative corneal thickness reduction; thin corneas with
minimum corneal thickness under 400 um at the time of inclusion in the treatment protocol; age older than
35 years; the presence of activated keratocytes in the anterior stroma on preoperative IVCM; forwarded
defocus of UV-A source on the corneal plane; lack of administration of riboflavin 0.1% solution during UV-
A irradiation, or excessive intraoperative riboflavin administration (causing intraoperative stromal
dehydration); patient noncompliance with postoperative therapy; postoperative infections or therapeutic
contact lens intolerance; and hypoxia leading to stromal edema and inflammatory response intensification.
13.25.385353n our experience, the presence of Langerhans cells seen on IVCM after therapeutic contact lens
removal is a prognostic factor for potential development of permanent haze and is an indication for intensive
topical steroid therapy.

Other possible predisposing factors to early post-operative haze development after conventional
CXL and ACXL include preoperative markedly visible Vogt's striae and corneal scars visible on slit lamp
examination.

The anterior-mid stromal transient haze visible in the first 3-6 months after conventional and
accelerated CXL rarely lasts over 12 morithdaze formation after CXL may be a result of backscattered
and reflected light, which decreases corneal transparéncy.

The demarcation line observed after conventional CXL and ACXL represents an expression of light-
scattering (reflectivity changes) through different tissue densities, underlying the transition from an early
edematous area devoid of cells (stromal edema and apoptosis spreading at IVCM % 20 microns) to an area
unreached by UV radiation regularly populated by cells. The deep corneal stroma beyond 350 pm measured
from the epithelial surface in conventional CXL, 200 um measured from the epithelial surface in continuous
light ACXL, 250 pm measured from the epithelial surface in pulsed light ACXL, 100 pm in TE-CXL and
TE-ACXL, did not undergo tissue changes other than vertical demarcatiof°fii&’s.

The depth of demarcation lines summarized in Table 2 can be reasonably considered as an
expression of CXL-induced photo-oxidative damage penetration correlating with its biochemical and
biomechanical effects, and functional visual acuity (including changes of refraction index of stromal
tissue)*®*8

Recently published IVCM studies in patients treated with AEX{**at 30 mw/cri demonstrated
that anterior-mid stromal tissue presented a hyper-reflectivity of extracellular matrix surrounding multiple
lacunar edematous areas associated with keratocyte loss (apoptosis, hence photonecrosis) as previously

described after conventional CXL (Figures 5a and b). This was evident untfl fus®perative month



Figure 5c¢), gradually disappearing thereafter. Keratocyte repopulation began 1 month after treatment,
increasing at the3month and being complete at tH2rfonth (Figure 5d). An uneven demarcation line may
be determined after pulsed light ACXL at a depth of 250 um (measured from epithelial surface) on IVCM
(Figure 6a), as confirmed by spectral domain corneal OCT (Figuré&¥b).

TE-ACXL with high-fluence UV-A power (45 mW/cthinduced acute actinic keratitis with diffuse
punctate epitheliopathy, which recovered following 3-4 days of soft contact lens bandage and sodium
hyaluronate lubricants. Subepithelial nerves were damaged and partially disappeared after this high intensity
UV-A power setting (similar to epithelium-off treatment), and corneal edema assumed a more diffuse rather
than lacunar confocal appearance. A limited and uneven apoptotic affect was detectable after TE-ACXL in
the anterior stroma at a mean depth of 80 um (range 50-100 um [(Figure 7a]). Spectral domain corneal OCT
scans confirmed an inhomogeneous reflectivity change concentrated under the Bowman’s lamina without

demarcation line evidence (Figure 7b).
B. Limbusand Epithelium

IVCM analysis of limbal structures (Vogt's palisades) of the cornea after conventional CXL shows
no evidence of pathological micromorphological changes in limbal stemTaksis clinically confirmed by
the fact that epithelium regenerates quickly (3 days on average), including restoration of the integrity of
Bowman'’s lamina and absence of persistent epithelial deficit or delayed Héafiffg®>®

In CXL and ACXL, the central 9 mm of the epithelium are removed before the UV-A irradiation,
and the irradiation field does not include the limbal epithelium. Because the central epithelium is removed,
an intact limbal epithelium is of utmost importance, as the basal cells at the base of the limbal epithelium are
essential for the epithelial wound healing process and for preventing persistent epithelial defects and
ulceration. As the basal limbal epithelial cells divide, they migrate from germinal epithelium of Vogt's
palisades (Figures 8a-c) toward the center in a centripetal migration pattern and, later, to the surface, forming
“wing cells” in the middle layers of the epithelium before they finally slough off at the outer surface. This
dynamic process replaces the surface cell layers on a daily basis.

The incidental irradiation of the limbus during CXL should be carefully avoided to prevent an
irreparable selective or generalized limbal deficit. The epithelium should be left in place on the limbus
beyond a diameter of 9 mm, covering the cornea completely as far as the limbus, and riboflavin solution
should be instilled every 2.5 minutes throughout the procedure. Defocus and/or tilting of the UV-A cross
beams on the limbus should be avoided, while controlling the procedure in real time. Incidental irradiation of
the limbal or conjunctival epithelium using UV-A with or without the photosensitizer riboflavin plus dextran
with the standard irradiance of 3 mW/cfar 30 minutes (as done in CXL) does not induce significant
cellular conjunctival or corneal epithelial damage, as assessed by histological, immune-histological, and
TUNEL techniques in the early phase after the irradiation. Therefore, accidental irradiation of the limbal

epithelium during CXL does not seem to pose a threat for the induction of degenerative or neoplastic
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changes. A number of enzymatic and nonenzymatic antioxidant defense mechanisms and protection are
present in the cornea to minimize and counteract oxidative damage induced by UVA, maintaining a cellular
redox balancé>*®

IVCM showed that after CXL and ACXL, basal corneal epithelium regenerates quickly (3-4 days)
under a therapeutic soft contact lens bandage. One month after CXL, epithelium is generally thin (10-20
pm), and after 3 months the thickness increases to 30-40 um on average, slightly less than the normal value
of 55um. The normal thickness of epithelium, resembling preoperative pachymetry data, was detected
between the3and 8" months after the cross-linking procedure. IVCM of epitheffiifrafter conventional
CXL at the first postoperative month showed large irregular cell borders with hyper-reflective spots (Figure
8d). IVCM revealed a time-dependent postoperative stratification of basal epithelium, smoothing corneal
surface irregularities during its progressive stratification, improving corneal optical properties, especially
after the &' postoperative month (Figure 8c), with optimized mosaic quality aftpegtoperative month
(Figure 8f)?3242

IVCM after TE-CXL at the first postoperative month (Figure 8g) showed diffuse necrotic areas
devoid of epithelial cells, cytoplasmic rarefactions with increased intracellular reflectivity, and hyper-
reflecting spots (apoptotic bodies). Three months after treatment, the intracellular reflectivity diminished,
gradually returning to preoperative status with a slow recovery of cell mosaic pattern and borders (Figure
8e). Six months after treatment, the epithelium was morphologically similar to that present before treatment,

with a well-defined cell mosaic patteth.

C. Nerves

IVCM analysis after conventional CXL and ACXL showed features identical with the immediate
loss of subepithelial plexuSEP) nerves (Figure 9a). Regeneration of SEP fibers occurred with rapid growth
from the surrounding nonirradiated area between ther2l 3' postoperative months (Figure 9b).
Regeneration of nerve fibers was almost complete 6 months after the operation, with fully restored corneal
sensitivity (Figure 9c).

After 6 months, IVCM showed disconnected neural fibers under the Bowman’s lamina (Figure 9b).
The number of fibers increased progressively, and interconnections resembled the preoperative SEP structure
12 months after CXL and ACXL (Figure 9¢)?*2:3¢

The nerve fiber regeneration process on IVCM was initially characterized by the presence of native
subepithelial nerve flocks simulating Langerhans cells in a “pseudodendritic pattern regeneration” (Figure
9hb, white arrows). Langerhans cells were not present in preoperative scans nor in the first-month [VCM
examinations, but were detectable between thari 3 month. Although the possibility of transient
postoperative inflammation cannot be exclutfetijs repeatable observation indicates an initial re-
innervation process characterized by sprouting nerve fibers. In our experience, inflammatory cells were
sometimes discovered on IVCM analysis after removal of therapeutic contact lenses in patients with

clinically evident red eye.
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TE-ACXL with high-intensity UV-A power at 45 mW/chihad the same pattern of nerve loss as
conventional CXL and ACXL. We recorded SEP nerve loss in the first postoperative month (Figure 9d),
followed by gradual nerve regeneration with disconnected fibers until"thessoperative month (Figure
9e), followed by interconnected fibers thereafter (Figure 9f). Changes in corneal transparency and
neurotrophism related to kerato-neuro-dystrophic denervation mechanisms were never found after
conventional CXL and ACXE4*

IVCM analysis performed after TE-CXL at 3mW/tshowed that SEP and anterior-mid stromal
nerves did not disappear. Nerve fibers were detectable by confocal analysis after removal of the therapeutic
contact lens from the first postoperative month (Figure 9g). Similarly, SEP and stromal nerves were present
in subsequent follow-up scans (Figures 9h and i), showing the typical increased reflectivity of nerves in
keratoconic eyes, and a granular or “string-of-pearls” appearance with irregular paths and branch

anomalieg®343¢

D. Endothelium

IVCM analysis after conventional CXL at 1-year (Figure 10a), 3-year (Figure 10b), and 5-year (Figure
10c) follow-up, and after ACXL at 6-month (Figure 10d), 12-month (Figure 10e) and 24-month (Figure 10f),
follow-up confirmed the safety of both treatments without morphological changes (unaltered hexagonality)
or functional alterations (unchanged pachymetry values) of the corneal endothelium. Endothelial cell count
was recorded with the | Konan, Non Con Robo specular microscope (Konan Medical Inc., Hyogo, Japan)
and an averagendothelial cell reduction of 2% per year was observed after treatmeHt?®>%

The long-term results of the Siena Eye Cross Study demonstrated a preoperative mean endothelial
cell density of 2451 cells/mhfrange 2092 to 3016 cells/mMnwith a statistically insignificant reduction in
endothelial cell count with respect to a physiologic reduction, namely a mean of 2% per year in a maximum
follow-up of 60 months.

In an analysis of ACXL micromorphology, we found a preoperative mean endothelial cell density of
2510 cells/mrh(range 2082 to 3026 cells/mm) in a maximum follow-up of 24 months without
morphological differences between high irradiance continuous and pulsed light treatments. Human IVCM
studies confirmed that the selective cytotoxic effects of CXL treatment are concentrated in the anterior
cornea due to high absorption of UV-A by riboflavin, which prevents the radiation from reaching deeper
levels and thus protects the endothelium, lens, and réify&:*%4

Although it is reasonable to consider that such endothelial damage could be below the resolution
limit of confocal microscopy, this was not recorded in our patients nor reported in the literature, except with

conventional CXL in thin corneds.

V. Discussion
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Riboflavin UV-A CXL represents the only “pathogenic approach” available for progressive
keratoconus and post-LASIK corneal ectasia that can delay or block progression, reducing the need for donor
keratoplaSt)W'S’17'24'26’29'61_65

The summary of IVCM study findings after conventional G53:2426-29.36:47.50,66

‘Shown in Table

3 demonstrates general scientific agreement with regard to the spatial and temporal definition of cellular
repair processes. Conventional riboflavin-UVA-induced corneal CXL has proven to be a safe and effective
therapy in slowing down the evolution of progressive keratoconus and secondary ectasia in the medium-to-
long term in the absence of severe complicatidts."**°*0One of the strongest pieces of IVCM

microstructural evidence in favor of conventional CXL was the depth of the demarcation line that was
homogeneously found at a depth of 3@0{2/3 of the entire stroma) with high repeatability in all studies.

This morphological feature was linked with the best biomechanical and clinical outcomes. Current evidence
on the safety and efficacy of conventional CXL for keratoconus and keratectasia was considered adequate in
guality and quantity, leading to clinical approval by the National Institute for Health and Clinical Excellence
(NICE) in the United Kingdorfi?

Although conventional CXL temporarily induces anterior-mid stromal keratocyte apoptosis and the
disappearance of the SEP nerve fibers, qualitative IVCM observations and quantitative data unequivocally
showed a return to baseline values at 12 months postoperatively (T&hlel8r, nerve fibers regenerate
rapidly in 12 months, finally having no neurodystrophic effects and achieving normal corneal sensitivity and
lacrimal reflex’® Beyond the presence of activated keratocyte nuclei and increased density of the
extracellular matrix initially surrounding lacunar edema, inflammatory cells were not detected in corneal
stroma after conventional CXL.

IVCM analysis in TE-CXL showed transitory alteration of corneal epithelial cells. The toxic effect
on the epithelium is naturally related to photonecrosis and UV-A-induced apoptosis affecting epithelial cell
turnover in the first 1-3 months after treatment. Epithelial cell turnover is further delayed and altered by the
toxic effect of anesthetics, surfactants, tension-enhancers, and preservatives used in transepithelial riboflavin
solutions, often inducing a diffuse punctate epitheliopathy that requires a postoperative therapeutic soft
contact lens bandage. A limited, superficial, and unevenly distributed apoptotic affect is detectable after TE-
CXL, with no endothelial damage observed during the follow-up.

On the other hand, after TE- CXL, patients have no glare disability in the first 1-2 postoperative
months, as occurs with epithelium-off procedures, and there is no loss BfSteRve fibers, such as that
which occurred after transepithelial high-fluence ACXL at 45 m\/dikely due to a very high UV-A
power setting?”

Qualitative and quantitative IVCM studies (Table 3) homogenously revealed reduced penetration of
the photo-oxidative cell damage, which explains the limitation of the biomechanical effect recorded after TE-
CXL."™ The limited effect reduces the possibility of stabilizing keratoconus in the long-term, as demonstrated

in pediatric patients after the 24-month follow“iporeover the classical demarcation lines observed after
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conventional CXL were generally not detectable after TE-CXL treatments, as confirmed by IVCM and
spectral domain corneal OCT8#°"

According to IVCM findings, biomechanical studies, and clinical evidence, TE-CXL as classically
conceived with 3mW/cAUV-A power associated with “enhanced” riboflavin soluticas be considered
limited and inferior to other methods. "Supporters” of TE-CXL are directing their efforts to ionthophoretic
electric-assisted delivery of riboflavin into the corneal stroma via an “apparently” intact epithelium
combined with ACXL at 9 mW/cfrof UV-A power. Two factors should be kept in mind: 1) after
iothophoresis, the intrastromal concentration of riboflavin is about 50% of the concentration achieved by
passive diffusion after epithelium remo¥abnd 2) the demarcation line is not visible after ionthophoresis
CXL and cell viability is variable, irregularly distributed in the anterior stroma up to @0@@asured from
the epithelial surfac€,meaning that crosslinking penetration reaches the firsut66f the stroma and may
be insufficient to obtain long-term stabilization of ectasia. This may be the same limit of ACXL with
continuous light at 30mW/cmwhich demonstrated the same penetration; however, with ACXL by
removing the epithelium, a photo-oxidative efffect and demarcation line are well detectable on IVCM and
corneal OCT?®

Qualitative and quantitative IVCM studfé&$®>®with ACXL at 30 mW/crf (Table 4) show
preliminary scientific agreement in the measurement of treatment penetration (keratocyte photo-oxidative
damage is under 200 um of depth). Postoperative edema and density of extracellular matrix were higher than
in conventional CXL in the first 3 postoperative months; however, nerves and cell density returned to
baseline values between tHeahd 13' postoperative months. This does not seem to be the case when cross-
linking is combined with photo-ablation of the cornea (CXL-pfisi. this case, the disappearance of
Bowman'’s lamina due excimer laser photo-ablation may lead to a greater UV-A toxicity due to the loss of
Bowman'’s layer antioxidant role. However, in our experience, after CXL-plus laser photo-ablation, the
keratocyte repopulation is delayed compared to conventional CXL alone, returning to baseline values after
18-24 months instead of 12 months. No endothelial damage was observed in terms of morphology and cell
count after ACXL 827>

IVCM is useful not only for assessing the safety and efficacy of conventional, transepithelial and
accelerated cross-linking but also for elucidating the mechanisms by which cross-linking works. There is a
reasonable correlation between confocal aspects and tomographic data that helps to explain the functional
and biomechanical effect of cross-linking. The so-called “push-up” effect of the corneal apex can be
explained with the increase in topographic indices of symmetry, detectable by serial differential topography.
Central “flattening” observed in differential altimetry mapping after treatment leads to variable post-
operative visual improvements. Conventional CXL induces a “variable remodelling and compaction” of
stromal collagen, packing stromal lamellae, retracting micro-fibrils, and changing the refraction index of the
cornea.’*"We know that in vivo riboflavin-UV-A-induced oxidative damage (apoptotic effect and cell
viability) depends on the energy, riboflavin concentration, and mode of exposure. Thus, the exposure time

together with riboflavin concentration become very important in CXL treatment (interactions between UV-A
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photons, riboflavin and collageffj***°To date, we still do not know the exact optimal interactions between
UV-A energy, riboflavin concentration, and exposure time in order to obtain the maximum crosslinking
effect ensuring long-lasting (possibly life-long) stabilization of keratoconus and the best functional
outcomes, even though recent scientific progress concerning IVCM and in vivo Young’s modulus evaluation
are leading to a more controlled and adjustable modification of CXL treatment.

According to IVCM micromorphological studies, the conventional CXL procedure with riboflavin
0.1%, UV-A at 3mW/cnf,5.4 J/cr for 30 minutes, remains a benchmark of the conservative treatment of
early-stage progressive keratoconus. On the other hand, the Bunsen-Roscoe’s law of reciprocity that was
established for photochemical reactions paved the way for ACXL protocols, showing it was safe for
endothelium and posterior ocular structures. ACXL penetration reaches the anterior part of the stroma,
stiffening the cornea between 150 and 260 with relative differences between the different
protocols!’18:26:30

We believe that IVCM will promote further advances in CXL for the treatment of progressive
corneal ectasia and will provide more insights into corneal changes. This will contribute to customization of
CXL alone or in combination with other techniques for refractive empowerment (CXL‘pisgording to
biomechanical studies, CXL should cover at least;28®f corneal stronfdand UV-A power and exposure
time should be targeted to achieve this depth. This is possible after epithelium removal and calibrating the
UV-A power between 9 and 15mW/émt E dose of 5.4 J/chiThis data emerged from the laboratory study
performed by Krueger, Herekar, and Sp8demonstrating thaffective cross-linking requires the
presence of oxygéhin addition to a sufficient penetration of riboflavin and UV-A exposure. The study
demonstrated that high-irradiance CXL with UV-A exposures of 9m\/rmd 15mw/crhwas equally
efficacious (using an equivalent total energy exposure of 5.4)Jiadlicating efficacy in stiffening corneal
collagen that is comparable to that achieved with standard irradiance of 3f\Witwith the advantage of
considerably less exposure time.

In conclusion, we can affirm that the rapidity of high-irradiance cross-linking offers great advantage
in clinical applications in which 30 minutes is too long for most clinicians and their patients. IVCM studies
confirm that CXL is still undergoing development and protocol adjustments. Careful evaluation of efficacy

and safety of these modifications should be investigated by various methods and by multible study groups.
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FIGURE LEGENDS

Figure 1. Demarcation lines occurring with various techniques. A: Conventional CXL shows a penetration of
keratocyte apoptosis at 350 pm measured from epithelial surface. b: TE-CXL shows a limited apoptosis
under 100 um.ACXL with continuous light shows keratocyte apoptosis at 150 um (c) and ACXL with pulsed
light at 200 pm (d).

Figure 2. Hyper-reflectiverieedle-shaped micro-bands’ or microstriate reflections and activated keratocytes
with elongated membrane processes are detectable in the early postoperative period (1-6 months) both in
conventional CXL (a) and ACXL (b) at different stromal depths.

Figure 3. IVCM after conventional CXL demonstrated in vivo in humans keratocyte apoptosis followed by
progressive repopulation of the anterior-mid stroma. Lacunar edema is visible in the first postoperative
month with trabecular patterned hyperdense tissue surrounding edematous areas, entrapping apoptotic
keratocyte bodies (a). At th& Postoperative month, stromal edema was reduced and keratocyte

repopulation began, confirmed by the presence of keratocyte-activated nuclei (b). Six months after treatment,
edema disappeared, followed by hyper-reflective extracellular matrix and cell repopulation (c). One year
after treatment , anterior-mid stroma was repopulated by keratocytes and surrounded by dense extracellular

collagen tissue (d).

Figure 4. Hyperdensity (haze) of anterior-mid stroma after conventional CXL at biomicroscopic examination
represents a sign of the CXL-induced stromal collagen compaction. This clinical aspect may last for over 6
months, generally disappearing after 12 months, and on IVCM corresponds to hyper-reflective extracellular
tissue surrounding keratocyte nuclei (a and b). Haze after CXL represents a central, paracentral, or diffuse
corneal opacity (scar) at different intensity. It represents a rare complication of conventional CXL and on

IVCM is generally associated with the presence of hyper-reflective tissue devoid of cells (c-e).

Figure 5. IVCM findings with ACXL. a: Preoperative scan. b: IVCM in the first postoperative month
demonstrates multiple lacunar edematous areas associated with keratocytes loss in the anterior-mid stromal
tissue. c: This aspect was evident until tle8stoperative month, with progressive edema reduction and

increased number of keratocytes. d: Keratocyte repopulation is complete Bpthetdperative month.

Figure 6. Demarcation may be determined after pulsed light ACXL at a depth of 220 microns on average
(200-250 um) at IVCM ( a), as confirmed by spectral domain corneal OCT (b).

Figure 7. IVCM in high-fluence ACXL at 45 mW/chLimited and uneven apoptotic effect was detectable

after epithelium-on high-fluence ACXL in the anterior stroma at a mean depth of 80 um (range 50-100 pum;
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image a) confirmed by spectral domain corneal OCT scan that documented an inhomogeneous reflectivity

change concentrated under the Bowman'’s lamina without demarcation line evidence (b).

Figure 8. IVCM analysis of limbal structures (Vogt’s palisades) of the cornea after conventional CXL did not
show pathological micromorphological changes in limbal stem cells line. Basal limbal epithelial cells (bright
particles spreading from coronal germinal epithelium of limbal Vogt palisades) divide and migrate (a-c)
toward the center in a centripetal migration pattern and later to the surface. IVCM of epithelium after
conventional CXL at first postoperative month (d) showed irregular cell borders with hyper-reflective spots.
Postoperative stratification of basal epithelium improving corneal optical propertiépastdperative

month (e) and optimized mosaic quality Btgstoperative month (f). IVCM after TE-CXL showed

immediate diffuse necrotic areas devoid of epithelial cells and hyper-reflecting spots (apoptotic bodies;
image g). Three months after treatment, mosaic pattern and cell borders are visible (h). Betw&anahe 3

6™ months, the epithelium resembled preoperative conditions (i).

Figure 9. IVCM after conventional CXL and ACXL showed identical features with immediate disappearance
of subepithelial plexus (SEP) nerve fibers (a). Regeneration started rapidly and subepithelial nerve
flocculation simulated the presence of dendritic cepisetido-dendritic nerves regeneration” (b, white

arrows). Regeneration of nerve fibers was almost complete 6 months after the operation, with fully restored
corneal sensitivity (c). IVCM after TE-ACXL with high intensity UV-A power (45 mW/Edetermined a

nerve loss similar to that with conventional CXL (d) followed by gradual nerve regeneration of disconnected
fibers (e) followed by interconnected fibers after thev®nth (f). IVCM after TE-CXL showed that SEP

nerves did not disappear (g). Similarly, SEP nerves were present in subsequent follow-up scans (h and i).

Figure 10. IVCM analysis at current state-of-the-art conventional CXL at 1-year (a), 3-year (b) and 5-year
(c) follow-up and ACXL after 6- month (d) ,1-year (e), and 18-month (f) follow-up confirmed the safety of
the treatments, without morphological or functional alterations of the corneal endothelium. The endothelial

cell reduction observed after treatment was 2% per year on average.
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Table 1. Quantitative analysis of keratocyte density after CXL, ACXL, TE CXL and TE
ACXL.

Keratocyte/mm? Pre op 1m 6m 12m 24m
100 ym depth
CXL 24 eyes 588 £ 39 no 444 + 589 *|622 £
38 34 44
ACXL 20 eyes 464 + 72 no 359 £ 450 +|446 ¢
34 40 39
TE CXL 10 eyes 502 +42 489 + 511 +|601 +£|599 +
30 42 35 41
TE ACXL 10 eyes | 699 +35 594 + (690 +|804 +|769 +
32 65 69 52

Legend. CXL: conventional CXL 3mW/cm? ACXL Accelerated Crosslinking 30 mW/cm?;
TE CXL: transepithelial crosslinking 3 mW/cm? TE ACXL: transepithelial accelerated
crosslinking 45 mw/cm?



Table 2: Demarcation line depth

(measured from epithelial surface)

Conventional CXL C-light ACXL P-light ACXL TE CXL TE ACXL
CXL Treatments
84 eyes 44 eyes 10 eyes 10 eyes 10 eyes 10 eyes
3mw 30 mwW 30 mwW 3 mw 45 mw
Average demarcation line depth 350 + 20 um 200 + 20 um 250 +20 um | 100+20 pm | 100 + 20 pm

* Average epithelial thickness: 50 £ 10 pm




Table 3: Summary of In Vivo Confocal Microscopy Findings after Conventional CXL

Follow- | Epithelial Nerves Keratocytes
N. of up healing regeneration repopulation
Author Country |Treatment| Design eyes (months) (days) (months) (months) Endothelium
Mazzotta et al.
2006 Italy CXL qualitative 10 6 5 6 n.a. Unaltered
Mazzotta et al.
2007 Italy CXL qualitative 10 6 4 6 6 Unaltered
Mazzotta et al.
2008 Italy CXL qualitative 44 36 4 12 6 Unaltered
Kymionis et al.
2009 Greece CXL qualitative 10 6 4 6 6 Unaltered
Croxatto et al.
2010 Argentina CXL qualitative 18 36 4 6 6 Unaltered
Knappe et al.
2011 Germany CXL qualitative 8 12 14 12 6 Unaltered
Caporossi et al.
2012 Italy TE-CXL | qualitative 10 6 4 no nerve loss unchanged Unaltered
Toboul et al.
2012 France TE-CXL | qualitative 8 6 3 no nerve loss unchanged Unaltered
Jordan et al. 12 (to baseline 12 (to baseline
2014 N. Zealand CXL guantitative 38 12 n.a. values) values) Unaltered
Sharma et al.
2015 India CXL qualitative 23 6 7 6 6 Unaltered

Legend. n. a.: not availaible; CXL: conventional epithelium-off CXL; TE-CXL: transepithelial CXL.




Table 4. Summary of In Vivo Confocal Microscopy Findings after Accelerated CXL (ACXL).

Follow- |Epithelial Nerves Keratocytes
N. of up healing |regeneration |repopulation
Author Country | Treatment| Design |eyes | (months)| (days) (months) (months) |Endothelium
Toboul et al.
2012 France ACXL qualitative | 8 6 3 n.a. 6 Unaltered
Mazzotta et al.
2014 Italy ACXL qualitative | 20 6 4 6 6 Unaltered
Bouheraoua et al.
2014 France ACXL |quantitative| 15 6 n.a. 6 (partial) 6 (partial) Unaltered

Legend. n. a.: not available; ACXL: Accelerated CXL.
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