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Aim: To estimate the biomechanical effect of the laser-induced cross-linking resulting from 

photorefractive ablation of the cornea with riboflavin.

Methods: Excimer laser ablation studies were performed ex vivo (32 eyes of 16 rabbits) by 

phototherapeutic keratectomy (PTK) and in vivo (24 eyes of 12 rabbits) by transepithelial 

photorefractive keratectomy (TransPRK), with and without riboflavin saturation of the stroma. 

Then, we performed corneal optical coherence tomography on 36 eyes of 18 patients with vary-

ing degrees of myopia at different times after the TransPRK was performed with riboflavin 

saturation of the stroma.

Results: Biomechanical testing of corneal samples saturated with riboflavin revealed 

cross-linking effect accompanied by the increase in tensile strength and maximum strength. 

PTK showed increase in tensile strength from 5.1±1.4 to 7.2±1.6 MPa (P=0.001), while Trans-

PRK showed increase in tensile strength from 8.8±0.9 to 12.8±1.3 MPa (P=0.0004). Maximum 

strength increased from 8.7±2.5 to 12.0±2.8 N (P=0.005) in PTK and from 12.8±1.6 to 18.3±1.2 

N (P=0.0004) in TransPRK. Clinical optical coherence tomography studies of the biomicroscopic 

transparent cornea at different times after TransPRK showed increased density in the surface 

layers of the stroma and membrane-like structure beneath the epithelium.

Conclusion: Photorefractive ablation of the preliminary corneal stroma saturation with ribofla-

vin causes the effect of laser-induced cross-linking, which is attended with an increase in corneal 

tensile strength, maximum strength, increased density in the surface layers of the stroma, and 

formation of a membrane-like structure beneath the epithelium after TransPRK.
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Introduction
Most keratorefractive corneal surgeries are accompanied by the weakening of their 

biomechanical properties, which in some cases can lead to induced corneal ectasia. 

Refractive surgeons encountered such a complication when performing excimer laser 

keratomileusis.1–3 According to available published data for a given surgery in depen-

dence on the thickness of the flap, its formation alone is accompanied by the weakening 

of strength characteristics of the cornea by 20%–30%. This attenuation increases with 

an increase in photorefractive ablation volume. Despite the proposition of the tech-

nology combining corneal cross-linking with photorefractive surgeries, such kinds of 

procedures have not yet been widely adopted in clinical practice. This is due to a number 

of unwanted side effects related to the additional exposure of the cornea to ultraviolet 

(UV) radiation upon cross-linking.3–5 However, it is the application of riboflavin for 

corneal collagen cross-linking that predetermined the possibility of applying such a 

technology for strengthening the cornea in case of corneal ectasia of various etiology. 

This is because riboflavin not only forms oxy compounds and additional cross-links 
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in the collagen structure of the stroma upon UV-emission 

absorption but also has antioxidant properties.

Materials and methods
Clinical studies were carried out after obtaining written 

informed consent from the patients and in full conformity 

with the international and Russian legislation on legal 

and ethical principles of biomedical research on humans, 

specified in HAC1 bulletin (On biomedical human research 

procedure). All animal-handling procedures were performed 

according to the Guide for the Care and Use of Laboratory 

Animals of the National Institutes of Health and followed 

the guidelines of the Animal Welfare Act. All animal 

experiments were approved by the Ethical Committee of 

Postgraduate Medical Institute “National Pirogov Medical 

Surgical Centre”, Ministry of Health, Moscow, Russian 

Federation. Experimental studies were performed on 56 

eyes of 28 rabbits. Upon arrival, all animals were housed 

in individual cages suspended above ground corncob bed-

ding. All animals were housed throughout the acclimation 

period and during the study in an environmentally controlled 

room. The room temperature control was set to maintain 

environmental conditions of 19±3°C. The animal house 

was kept on a 12 h light/dark cycle. Ex vivo experiments 

were performed after mechanical epithelial debridement 

on 32 enucleated eyes of 16 rabbits by 100 µm depth exci-

mer laser ablation on phototherapeutic keratectomy (PTK) 

mode of 5 mm diameter zone with transition zone of up to 

5.5 mm. Further, we formed 5 mm wide and 16 mm long 

corneoscleral flaps of each eye. Breaking length of the fixed 

samples was 5 mm and complied with the ablation zone. To 

maintain experimental integrity, we compared right and left 

eye corneas of the same animal with an initially uniform 

thickness in the center. Deepithelialized cornea of the fellow 

eye was preliminarily saturated with 0.1% riboflavin solution. 

Biomechanical testing of the corneal samples was performed 

using Zwick/RoellВZ 2.5/TN1S tensile-testing machine. In 

vivo experiments were performed on 24 eyes of 12 rabbits. 

The animal studies were done with Chinchilla and Soviet 

silver rabbits aged from 3 to 4 months in two series. In the 

first series, we performed transepithelial photorefractive kera-

tectomy (TransPRK) on 12 eyes of six rabbits. The surgery 

procedure was performed in two stages. At the first stage, 

PTK mode was applied in removing the epithelium, and  

at the second stage, we performed spherical PRK correc-

tion −7.0 D with 6.5 mm optical zone. Under these parameters, 

the depth of ablation of stroma in the center was 100 µm. In 

the second series, TransPRK with spherical correction −3.5 D 

and 6.5 mm optical zone was performed on 12 eyes of six  

rabbits. The ablation depth of the cornea in the center was 

50 µm. In both series of experiments, ablation of the right eye 

was performed after the saturation of the stroma with 0.25% 

isotonic solution of riboflavin for 3 minutes, and ablation of 

the left eye was performed without such saturation. Aerosol 

saturation was performed with B.Well WN-114 mesh nebu-

lizer. Photorefractive ablation of the corneas was performed 

with the excimer laser Alcon Wavelight® Allegretto 200. 

Optical coherence tomography (OCT) of the corneas before 

and after the surgery was performed using RTVue-100.

Twelve eyes of six rabbits of the first series and two eyes 

of one rabbit of the second series from in vivo experimen-

tal group were taken for examination by light and electron 

microscopy. Ten corneas of five rabbits of the second series 

were exposed to biomechanical strength testing 21 days after 

TransPRK (Figure 1). Thus, the total number of eyes undergo-

ing biochemical test (Table 1) was 32 (16 rabbits) and ten (five 

rabbits) in ex vivo and in vivo experiments, respectively.

We performed corneal OCT on 36 eyes of 18 patients 

with varying degrees of myopia at different times after 

the TransPRK with preliminary saturation of the stroma 

with 0.25% isotonic solution of riboflavin for 3 minutes. 

OCT studies were conducted on Cirrus HD-OCT5000. The 

surgeries were performed on MEL-80 and WaveLight-

EX500 excimer laser systems.

Results
Both in ex vivo and in vivo studies revealed no effect of 

saturation of the corneal stroma with riboflavin on ablation 

accuracy. In respect to in vivo experiments performing 

100 µm depth spherical TransPRK correction −7.0 D without 

riboflavin saturation, initial thickness prior to ablation was 

342.2±46.7 µm and 244.5 ± 41.7 µm after ablation. The initial 

thickness of the cornea before performing the same procedure 

on the fellow eye with preliminary riboflavin saturation was 

354±54 µm and equaled 253.7±47.4 µm after the procedure. 

There was no difference in the residual corneal thickness with 

and without riboflavin upon −3.5 D and 50 µm depth ablation. 

This indicates no impact of saturation of the corneal stroma 

with riboflavin on photorefractive ablation accuracy.

As for the primary response of the TransPRK, the most 

visible was the difference in the group of a 100 µcm central 

ablation depth without riboflavin saturation of the stroma. It 

resulted in a greater intensity of the corneal syndrome and 

slower epithelialization during the ablation. We associate this 

difference with the screening of the secondary UV-emission 

by riboflavin and its penetration to the deeper layers of the 

stroma, and also its antioxidant activity (Figure 2). In case 

of a 50 µcm central ablation depth TransPRK, this difference 
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Table 1 Biomechanical properties of the corneal samples after ex vivo 100 µm ablation depth PTK and in vivo 50 µm ablation depth 
TransPrK correction of −3.5 D with and without preliminary saturation of the stroma with riboflavin (M±sD)

Biomechanical   
parameters

Groups

Tensile strength (MPa) Maximum strength (N) Modulus of elasticity 
(YM) (N/mm2)

Original corneal samples
(PTK, 100 µm, n=10)

5.1±0.6 19.2±2.1 0.9±0.5

With riboflavin saturation
(PTK, 100 µm, n=11)

7.2±1.6 P=0.0011
t=4.4

12.0±2.8 P=0.005
t=3.08

0.9±0.4 P=0.016
t=2.5

Without riboflavin saturation
(PTK, 100 µm, n=11)

5.1±1.4 8.7±2.5 0.5±0.2

With riboflavin saturation
(TransPRK, 50 µm, n=5)

12.8±1.3 P=0.0004
t=5.7

18.3±1.2 P=0.0004
t=5.9

1.0±0.3 P=0.7

Without riboflavin saturation
(TransPRK, 50 µm, n=5)

8.8±0.9 12.8±1.6 0.9±0.2

Abbreviations: PTK, phototherapeutic keratectomy; TransPrK, transepithelial photorefractive keratectomy; M, mean; sD, standard deviation; YM, Young’s modulus.

Figure 1 A rabbit’s corneal condition 1 (A) and 3 (B) weeks after photorefractive ablation without (L) and with (R) presaturation of the stroma with riboflavin solution to 
a central depth of 50 µcm, sphere −3.5 D.
Abbreviations: l, left; r, right.

was scarcely perceptible due to the accelerated aseptic 

inflammatory response. However, the final conclusions can 

be made from the results of morphological studies by light 

and electronic microscopy. Presentation of these results is 

beyond the scope of this paper and the data will be presented 

in our subsequent publications.

Both ex vivo and in vivo experiments confirmed the 

increase in the biomechanical properties of the corneal sam-

ples of rabbits ablated with riboflavin, as compared to those 

not saturated with riboflavin samples. The conclusion was 

based on analysis of indicators such as tensile strength and 

maximum strength (Table 1). Biomechanical strength testing 
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Figure 2 Schematic diagram of the TransPRK surgery without (left half) and with the effect of cross-linking (right half) when performing ablation after riboflavin saturation 
of the stroma.
Notes: (A) Removal of the epithelium (PTK mode); (B) saturation of the stroma with riboflavin; (C) photorefractive ablation; and (D) corneal stroma state upon completion 
of the ablation without (left) and with the effect of cross-linking (right).
Abbreviations: PTK, phototherapeutic keratectomy; TransPrK, transepithelial photorefractive keratectomy.

of the corneal samples following 50 µm ablation depth spheri-

cal TransPRK correction −3.5 D with preliminary riboflavin 

saturation of the stroma and without saturation on a fellow 

eye in in vivo experiments is presented in Figure 3.

Lack of significant difference in modulus of elasticity 

in the in vivo experiments indicated physiologic nature 

of the proposed laser-induced cross-linking technology. 

Performing OCT imaging on rabbit corneas after ablation 

with riboflavin, we noted a more intense optical density 

in the layers of the stroma, directly adjacent to the area of 

excimer laser exposure. These changes were regarded as a 

laser modification of the ablated corneal surface due to the 

cross-linking effect.

Performed experimental studies formed the basis of a new 

technology of photorefractive surgery on the cornea, which 

results in saturation of the corneal stroma with riboflavin 

prior to performing excimer laser ablation.6,7

Schematic diagram of the TransPRK surgery without 

(left half) and with an effect of cross-linking (right half) 

when performing ablation after saturation stroma riboflavin 

is shown in Figure 2.

The results of this laser technology have been traced to 

a period of 1 month up to 2 years and are set forth in the 

previously published papers.8–10 In the course of OCT per-

formed after TransPRK with riboflavin, we discovered a thin 

membrane-like structure beneath the epithelium and noted 

an increase in the optical density in the layers of the stroma 

adjacent to the ablation zone (Figure 4). These changes do 

not affect the transparency of the cornea as a whole.

Discussion
Conductance of the experimental studies was based on a 

need to address a number of critical issues. First of all, it 

concerned the possibility of applying secondary emission 

induced by excimer laser ablation of the stroma for the cross-

linking of corneal collagen. This was due to the nature of the 

spectral range of secondary emission and its short interval 

of activity during the excimer laser ablation. The question 

of the influence of saturation of the corneal stroma on the 

photoablation accuracy was equally important. Finally, it was 

necessary to make sure whether the classical technique of 

biomechanical testing was able to detect the effect of laser-

induced cross-linking.

Analyzing the available published data on the spectrum 

of corneal ablation, we revealed that excimer laser with an 

emission wavelength of 193 nm, absorbed in the stroma, 
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induces secondary emission in the UV and visible range, 

which penetrates much deeper than the ablated tissue layer.11–13 

This emission causes a cascade fluorescence of collagen 

stroma proteins, and its nature changes moving from the 

epithelium to Bowman’s membrane and the stroma. These 

differences are most significant between the epithelium and 

the stroma. Analysis of the corneal ablation spectrum and 

riboflavin absorption spectrum revealed that ablation-induced 

secondary emission contains a range of wavelengths, which 

may cause cross-linking effect when absorbed by riboflavin 

in the corneal stroma. Moreover, the ablation spectrum of the 

epithelium, Bowman’s membrane, and the stroma is different 

(Figure 5).13 These differences are most significant between 

the epithelium and the stroma. Suffice to note that the corneal 

ablation spectrum has middle (UV-B) and near (UV-A) UV 

radiation ranges. Moreover, the highest peak of UV-A radiation 

upon the ablation of the epithelium corresponds to wavelength 

of 270–365 nm, which is used in clinical practice for cross-

linking. However, most attention was attracted by the ability 

of riboflavin to absorb light in the UV range, which marked 

the highest value of the extinction coefficients (Figure 5). 

Thus, in the wavelength range from 200 to 280 nm (UV-C), the 

extinction coefficient was no less than 10,000 L⋅mol−1⋅cm−1. 

Furthermore, another two highest peaks were observed in the 

same range: a wavelength of 220 nm with an extinction coef-

ficient of 27,000 L⋅mol−1⋅cm−1 and a wavelength of 265 nm 

with an extinction coefficient of 30,000 L⋅mol−1⋅cm−1.6 In this 

wavelength range of the UV radiation, total extinction coef-

ficient is, on average, three times higher than when applying 

near-UV radiation spectral range. In turn, the absorption in 

the wavelength range from 330 to 475 nm has a molar extinc-

tion coefficient of no less than 5,000 L⋅mol−1⋅cm−1. Within the 

same range, there are two peaks with an extinction coefficient 

of 10,000 L⋅mol−1⋅cm−1 at a wavelength of 370 and 440 nm, 

respectively (Figure 5). Therefore, the cross-linking effect, 

with the extinction coefficient sufficient to cause cross-links, 

may be achieved over a fairly wide range of UV wavelengths. 

Laser-induced secondary emissions consist of UV-B and UV-A 

radiation ranges that form cross-links in collagen structures of 

the cornea when absorbed in the riboflavin-saturated stroma 

(Figure 2). Moreover, due to fading of the absorption effect 

of the riboflavin-saturated stroma, the greatest number of 

cross-links will be formed directly in a thin layer adjacent to 

the ablation zone.6

Laser-induced cross-linking has several advantages 

over the method of accelerated cross-linking and its various 

modifications, used in photorefractive corneal surgery.13,14 

This is due to the elimination of additional UV load on the 

Figure 3 Biomechanical tensile strength of the rabbit corneal samples after spherical 
TransPrK correction −3.5 D (central ablation depth 50 µm) with preliminary 
riboflavin saturation (R) and without saturation (L) of the stroma on the fellow eye 
in in vivo experiments.
Abbreviations: TransPrK, transepithelial photorefractive keratectomy; r, right; 
l, left; sph, sphere. 

⋅
⋅

Figure 5 The absorption spectra of riboflavin have several peaks of different 
extinction coefficients of deep (C), middle (B), and near (A)-UV radiation ranges.
Abbreviations: UV, ultraviolet; VR, visible range.

Figure 4 Membrane-like structure (arrows) of biomicroscopic transparent cornea 
beneath the epithelium according to OCT studies performed 1.5 years after the 
TransPRK with preliminary riboflavin saturation of the stroma.
Abbreviations: OCT, optical coherence tomography; TransPrK, transepithelial 
photorefractive keratectomy.
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cornea, which was already exposed to oxidative stress during 

photoablation.

Suffice it to mention a study by Erie et al, that revealed 

reduction in the density of keratocytes in all layers of the 

cornea during 5 years of observation after PRK and LASIK 

(laser-assisted in situ keratomileusis).15 This considerably 

explains the negative attitude of photorefractive surgeons 

to cross-linking, associated with the death of keratocytes to 

a depth of 300 µm with the formation of a demarcation line. 

It should also be mentioned that exceeding the physiological 

values of corneal modulus of elasticity (Young’s modulus) 

and increase in tensile strength by two to three times gives 

excessive “rigidity”. The expediency of such a significant 

increase in strength after photorefractive surgeries needs to 

be clarified. This is due to possible impairment of damped 

role of the cornea upon accommodative-convergent intraocu-

lar pressure fluctuations, accompanied by corresponding 

heterotonia between the front and back parts of the eye.15 In 

our opinion, biomechanical properties of the cornea exposed 

to crosslinking should be close to these of the non-operated 

corneas of people of the same age. Studies have proved that 

laser-induced corneal cross-linking upon photorefractive 

ablation with riboflavin meets these requirements.

Conclusion
1. Secondary emission induced by excimer laser ablation 

causes cross-linking effect in the riboflavin-saturated 

corneal stroma.

2. According to experimental and clinical research, laser-

induced cross-linking of the cornea is accompanied by 

increase in its tensile strength, maximum strength, and 

increase in the optical density in the layers of the stroma, 

adjacent to the keratectomy exposure.

3. A membrane-like structure, formed beneath the epi-

thelium following the TransPRK with saturation of the 

stroma with riboflavin, is verified to have no effect on 

transparency of the cornea as a whole.
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