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Abstract
Purpose: Justify the advisability of using pulsed laser radiation in the far ultraviolet range for corneal crosslinking.

Material and Methods: Experimental (20 pig eyes, 90 rabbit eyes) and clinical (596 photorefractive and phototherapeutic opera-

tions) studies on the assessment of corneal crosslinking using ablative and subablative energy densities of an argon-fluorine excimer
laser were analyzed. In all cases, stromal saturation with 0.1% or 0.25% isotonic riboflavin solution was performed after phototherapeutic ablation of the epithelium. For an objective assessment of the effect of excimer laser crosslinking, the methods of biomechanical testing, light, electron microscopy, computed keratotopography, aberrometry, optical coherence tomography and densitometry
were used.

Results: In experiments after phototablation with riboflavin, biomechanical testing revealed an increase in the strength character-

istics of the thinned cornea. According to transmission electron microscopy, an increase in the number of cross-links in the collagen

structures of the stroma characteristic of cross-linking was observed. In the clinic, OCT and densitometry confirmed the presence
of the crosslinking effect in photorefractive and phototherapeutic ablation with riboflavin. Such prophylactic crosslinking was suf-

ficient to compensate for the weakening of the strength properties of the thinned cornea, and did not violate its elastic properties.
For therapeutic crosslinking in keratoconus, secondary keratoectasias and other corneal pathology, the radiation energy densities of

an argon-fluorine excimer laser below the ablation threshold were applied. With this technology, according to the data on OCT and
corneal densitometry, all the classic signs of crosslinking with an increase in optical density, the formation and reverse development
of a demarcation line in the stroma were revealed.

Conclusion: Secondary radiation induced by ablative and subablative energy densities of an argon-fluorine excimer laser initiates
crosslinking in the riboflavin-saturated corneal stroma. This indicates that the use of pulsed laser radiation of the far ultraviolet
range is promising for corneal cross-linking.
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Introduction
The arsenal of corneal crosslinking technologies is expanding

every year. These technologies provide for various methods of sat-

uration of the stroma with riboflavin and its ultraviolet irradiation.

For this, as a rule, near ultraviolet with wavelengths of 365 nm or
370 nm is used. Irradiation is carried out in continuous or pulsed

52

epithelium and stroma [1] showed that it completely overlaps all

four peaks of maximum absorption by riboflavin (Figure 1). The
basis of a new approach to crosslinking during photorefractive surgeries was the rejection of additional ultraviolet radiation and the
use of ablation-induced secondary radiation to activate riboflavin.

modes. Our attention was attracted by pulsed laser radiation in the
far ultraviolet range, which is widely used in laser photorefractive
and phototherapeutic corneal surgery.

Purpose

Justify the expediency of using pulsed laser radiation of the far

ultraviolet range for corneal crosslinking.

Material and Methods

The work is based on experimental (20 pig eyes. 90 rabbit

eyes) and clinical (596 photorefractive and phototherapeutic op-

erations) studies. Particular emphasis was placed on the clinical evaluation of corneal crosslinking using subablative energy

densities of an argon-fluorine excimer laser. In all cases, stromal

saturation with 0.1% or 0.25% isotonic riboflavin solution was

Figure 1: Spectra of induced secondary radiation during corneal
ablation (A - epithelium, B - stroma) and spectra of four peaks

(223, 268, 374, and 445 nm) of maximum absorption by riboflavin.

Experimental studies on photokeratoablation with stroma satu-

performed after phototherapeutic ablation of the epithelium. The

ration with 0.25% isotonic riboflavin solution revealed the effect

(Optosystems, Troitsk, Russia). This laser was the first to use an

increase in tensile strength and maximum tensile strength. Trans-

operations using laser radiation below the ablation threshold were

performed on the Russian excimer laser “MicroScan Visum-500”

original technical solution that provides a quick transition from ablative to subablative energy densities without performing any additional calibrations. In experimental studies, biomechanical testing of corneal samples, light and electron microscopy were used

to assess the state of the cornea after excimer laser crosslinking.
In the clinic, the effect of cross-linking was assessed using spectral
optical coherence tomography (OCT), keratotopography and cor-

of crosslinking and an increase in the strength characteristics of

thinned corneal ablation. This was accompanied by a significant
mission electron microscopy in the stromal layers adjacent to the

ablation zone showed an increase in the number of cross-links in
collagen fibrils and an increase in the compactness of their packing

per unit area (Figure 2). The results of experimental studies were
considered in more detail in previously published works [2-5].

The revealed effect of cross-linking was inferior to that with

neal densitometry. Corneal OCT was performed using RTVue 100

the classical and accelerated technologies of corneal cross-linking.

con, Japan). All studies were carried out in compliance with the

With this prophylactic crosslinking technology, riboflavin satura-

and RTVue XR100 devices (Optovue, USA). Keratotopographic and
densitometric studies were performed using a TMS-5 device (Top-

principles of the Declaration of Helsinki and with the permission of

the Ethics Committee of the National Medical and Surgical Center
named after NI Pirogov of the Ministry of Health of Russia.

Results

Comparison of the spectrum of secondary radiation induced by

the radiation of an argon-fluorine excimer laser during ablation of

However, it was found to be sufficient to compensate for the weak-

ening of the strong properties of the cornea by thinned ablation.

tion of the stroma was carried out for 3-10 minutes, taking into
account the degree of ametropia, the volume of removed tissue

and corneal pathology. Riboflavin-laden corneal stroma layers protected keratocytes and nerves in deeper stromal structures from

ablation-induced secondary radiation (Figure 3). Upon completion
of ablation, the effect of crosslinking was initiated in the adjacent
stroma layers, which was of a decaying nature.
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of prophylactic crosslinking have been reviewed in previously published works [6,7].

Figure 2: An increase in the strength characteristics of a

thinned cornea after phototablation with riboflavin according
to biomechanical testing, an increase in the number of

interfibrillar cross-links and their compactness in packing
according to transmission electron microscopy.

Figure 3: Photokeratoablation without and with saturation of
the corneal stroma with riboflavin (diagram).

With this photokeratoablation technology, the quality of the

Figure 4: Complete epithelialization under a contact lens 48
hours after TransPRK with riboflavin. In the ablation zone

under the epithelium, a Bowman-like membrane structure is
determined.

Figure 5: The appearance of a gentle demarcation line a month

after the operations TransPRK and FemtoLASIK with riboflavin.
With subclinical signs of keratoconus, the crosslinking effect

ablative surface improved due to the formation of a Bowman-like

was enhanced by additional exposure to energy densities below

which corresponded to the resolution of the device (Figure 4). OCT

ture of greater thickness on the ablative surface. In cases of kera-

membrane structure. On OCT of the cornea, such a membrane
structure was detected only when its thickness exceeded 5 μm,
and densitometric studies showed an increase in optical density in
the stromal layers adjacent to the ablation zone. In isolated cases,
after 3-4 weeks, a gentle demarcation line was revealed (Figure

5). With corneal densitometry, an increase in optical density was

observed in the stromal layers adjacent to the ablation zone. With

prophylactic laser-induced crosslinking, the elastic properties of
the cornea were not impaired. Visual and optical-refractive results

the ablation threshold. A special technology and sub-ablative ra-

diation modes were used to form a Bowman-like membrane structoconus, secondary keratoetasias and other corneal pathologies,
a technology for therapeutic corneal crosslinking was developed

based on the use of an argon-fluorine excimer laser at energy densities below the ablation threshold. With this technology, the cor-

neal stroma was saturated with 0.1% or 0.25% isotonic riboflavin
solution. Drip, aerosol and combined saturation techniques were

used. For the aerosol technique, an ultrasonic nebulizer with meshtechnology for solution dispersion was used (Figure 6).
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of corneal crosslinking [8-10]. In view of the patenting of this technology, specific sub-threshold parameters of laser radiation and

the features of scanning the de-epithelialized surface of the cornea
are not considered in this article.

Discussion

The mechanism of laser-induced crosslinking is based on the

activation of riboflavin by induced secondary radiation of an

argon-fluorine excimer laser with a wavelength of 193 nm. Preliminary theoretical calculations have shown that pulsed laser
radiation of the far ultraviolet range of a solid-state laser with a

wavelength of 213 nm and an excimer laser on krypton-chlorine
Figure 6: Aerosol saturation of the cornea with riboflavin by

means of an ultrasonic nebulizer with mesh-technology of solution dispersion.

Depending on the pathology of the cornea, the saturation time

ranged from 5 to 30 minutes. During therapeutic laser-induced
crosslinking, according to OCT and densitometry, all the classic
signs of traditional crosslinking were revealed (Figure 7). The sta-

bilization or improvement of visual and optical-refractive indices
has been traced for 2.5 years and observations are ongoing.

with a wavelength of 222 nm can have a similar effect. Wavelengths

above 222 nm are mutagenic and carcinogenic and therefore have
not found clinical use in corneal surgery. Comparative studies of

all of the above wavelengths of far ultraviolet radiation should determine their advantages and disadvantages for prophylactic and
therapeutic laser-induced corneal crosslinking.

In laser-induced cross-linking, the absorption of secondary

radiation is damped with the maximum effect in the stromal layers immediately adjacent to the ablation zone. This opens up new

possibilities for corneal cross-linking with corneal thickness less
than 400 nm and will be presented in our subsequent publications. Moreover, the very fact of using a scanning laser beam with

a spot less than 1.0 mm in diameter made it possible to implement
personalized topographically oriented corneal crosslinking. With

laser-induced crosslinking, oxygenation in the stroma was less disturbed, which was due to scanning with a laser beam with a small-

diameter spot and a pulsed nature of the radiation. According to

recent studies, it is the level of oxygen concentration in the corneal
stroma that largely ensures the effectiveness of corneal crosslinking [11,12]. Moreover, our observations have shown that the Bun-

sen-Roscoe law of photochemical interaction is valid for corneal

crosslinking in vitro experiments. This law was violated in experiFigure 7: Demarcation line, densitogram and the state of the
anterior segment of the eye a month after excimer laser
crosslinking for progressive keratocons stage II.

Dynamic OCT and densitometric studies have shown that the

timing of the appearance and reversibility of the demarcation line

was similar to those with traditional and accelerated technologies

ments in vivo, as well as in the clinic with various technologies for
corneal crosslinking.

Conclusion

Secondary radiation induced by the use of ablative and subab-

lative energy densities of an argon-fluorine excimer laser initiates
crosslinking in the riboflavin-saturated corneal stroma. This indicates that the use of pulsed laser radiation of the far ultraviolet
range is promising for corneal cross-linking.
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