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that the same photochemical effect can be attained by pre-
serving constant total energy with a lower irradiation interval 
while applying a higher intensity of radiation. Commercially 
available instruments therefore achieve accelerated cross-lin-
king within a few minutes by increasing the UVA energy and 
reducing the time of exposure, whilst preserving the same 
total energy. This study engages in an evaluation of the resul-
ts of therapy of progressive keratoconus with the aid of the 
method of accelerated cross-linking.

STUDY COHORT

The study cohort comprised 24 eyes of 21 patients who 
underwent ACXL at the Department of Ophthalmology at the 
University Hospital in Hradec Králové in the period of 2012-
2013. The patients consisted of 13 men and 8 women. The 
average age was 33 years (18-47 years). The preoperative 
data was compared with the results obtained 6 months, 1, 2 
and 3 years after the performance of the surgical procedure. 

Upon entry an examination was performed which incorpo-
rated the following: recording of anamnesis, examination of 
uncorrected and best corrected distance and near visual acui-
ty, measurement of intraocular pressure (non-contact tono-
meter NIDEK NT-530), refraction test (automatic refractome-
ter, NIDEK AR 31OA), biomicroscopy, corneal topography and 
pachymetry (Pentacam, Oculus, Inc.). We indicated patients 
who met the following indication criterion of progression of 
keratoconus for the CXL procedure: increase of value of ma-
ximum keratometry (Kmax) in the apex of keratoconus by 1D 
and more per year. The cohort contained 6 patients with a 
preoperative corneal thickness of 400-450 µm including the 
epithelium. We used hypotonic riboflavin solution for satura-
tion of the cornea on these patients.

	 The exclusion criteria were as follows: scarring of the 

INTRODUCTION

Keratoconus is the most common form of ectatic pathology 
of the cornea. It is manifested by progressive thinning and co-
nical bulging of the cornea. This process leads to a reduction 
of visual acuity, caused by the occurrence of irregular astig-
matism, and in the advanced stage by scarring of the cornea 
(4). The etiopathogenesis of keratoconus is multifactorial. Cu-
rrent research on the level of molecular genetics presents a 
whole range of evidence concerning the influence of genetic 
factors on the development of this pathology (5, 15).

CXL is a type of photodynamic therapy, in which new che-
mical bonds are generated between collagen fibres of the 
anterior stroma of the cornea, enabling a reinforcement of 
the cornea and a restoration of its biochemical and biome-
chanical stability (23). To date it is the “standard method” 
(Dresden protocol), which is generally recognised with regard 
to the number of published studies demonstrating efficacy 
and safety also in long-term observation (14). The Dresden 
protocol incorporates the following procedure. Following re-
moval of the corneal epithelium, 0.1% riboflavin solution is 
used as a photosensibilisator, which is applied to the cornea 
every 2 minutes over a period of 30 minutes. A surface with 
a diameter of 8.00 mm in the central section of the cornea is 
then irradiated with UVA radiation with a wavelength of 370 
nm and an intensity of 3 mW/cm2 for a period of 30 minutes. 
The endeavour to improve the conventional procedure of CXL 
was generated by the idea of the possibility of reducing the 
duration of the procedure whilst preserving the same total 
energy of radiation as in conventional therapy and improving 
the comfort of the patient during the course of the procedure 
(12).

One of the examined methods is accelerated CXL (ACXL). 
The Bunsen-Roscoe law of photochemical reciprocity dictates 
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se of the procedure the patient was under continuous control 
of centration of the illuminating beam of the radiation.

Postoperatively the patient received antibiotics in the form 
of drops (Gentamicin 0.3% gtt, Polfa), with administration of 
the application into the conjunctival sac every 2 hours with 
the exception of sleeping hours, for a total of 5 days, and 
epithelizancium (Solcoseryl gel) 5x per day. The eye was cove-
red with a bandage for a period of 4 days. We instructed the 
patient with regard to postoperative pain and postoperative 
irritation. The first follow-up examination was conducted on 
the 4th day after surgery. After re-epithelisation of the cor-
nea, most often on the 6th postoperative day, we applied 
corticoids locally (Flucon gtt, Alcon, Novartis company), with 
a frequency of application 4x per day for a period of 3 weeks. 
We conducted a further follow-up examination 1 month after 
surgery. In the case of satisfactory healing without signs of 
the occurrence of scarring, we instructed the patient with re-
gard to the further procedure of treatment, which consisted 
in the application of corticoids 3x per day for 2 weeks, 2x per 
day for 2 weeks and 1x per day for 2 weeks into the conjuncti-
val sac. A further follow-up examination was set at 3 months, 
6 months, 1 year and each further year after surgery. The ob-
served parameters were evaluated 6, 12, 24 and 36 months 
after the surgical procedure. 

Statistical processing
For statistical processing we used a non-parametric Wil-

coxon test, since the analysed quantities are not subject to 
normal distribution. Evaluation of statistical significance was 
evaluated on a level of significance of 0.05.

RESULTS

Before surgery average UCVA was 0.37 ± 0.31 (decimal va-
lues), 6 months after surgery there was a slight, insignificant 
deterioration to the value of 0.32 ± 0.28. At the end of the 

central part of cornea, pachymetry less than 400 µm inclu-
ding epithelium, age <15 years and >50 years, ocular herpetic 
infection or infection of herpes virus in anamnesis, diabetes 
mellitus and pregnancy. A condition for selection of patients 
was consistent attendance of regular examinations following 
the CXL procedure.

Observed parameters:
UCVA – uncorrected visual acuity.
BCVA – best corrected visual acuity.
Corneal astigmatism.
K1 – average keratometry of anterior surface of cornea in 
flattest meridian (saggital display).
K2 – average keratometry of anterior surface of cornea in 
steepest meridian (saggital display).
Kmax – value of curvature of anterior surface of cornea in 
apex of keratoconus (saggital display).
Pachymetry (thinnest point of cornea).

Course of procedure, postoperative care
The procedure was performed in outpatient care under ste-

rile conditions in the operating theatre. Thirty minutes before 
the procedure, patients were administered painkilling and 
sedative drugs. Following the application of local anaesthesia 
(Benoxi 0.4 gtt, Unimed Pharma, Slovakia) we fitted an eye-
lid speculum and performed manual abrasion of the corneal 
epithelium with a diameter of 9.0 mm. As a photosensibilisa-
tor we used 0.1% riboflavin solution, which we applied to the 
cornea every 2 minutes over a period of 30 minutes (MEDIO 
CROSS® isotonic 3.0 ml: the standard solution for CXL, Aved-
ro Inc., USA). In the case of corneal thickness of 400-450 µm 
including epithelium we applied hypotonic riboflavin solution 
(MEDIO CROSS® hypotonic 3.0 ml, Avedro Inc., USA).

A surface with a diameter of 8.0 mm in the central part of 
the cornea was subsequently irradiated with UVA radiation 
with a wavelength of 370 nm and an intensity of 9mW/cm2 
(instrument UV-X 2000, AccuTech Medical Technologies Inc., 
Canada). The course of irradiation of the cornea saturated 
with riboflavin with UVA radiation is illustrated by fig. 1. Du-
ring the ten minute irradiation we further applied riboflavin 
in the form of drops every 5 minutes (according to the re-
commendation of the manufacturer) to the cornea. The pati-
ent fixed the central light diode of the probe. During the cour-

Fig. 1 Course of irradiation of cornea saturated with ribofla-

Graph 1 Development of uncorrected and best corrected vi-
sual acuity during the course of observation 
key: UCVA: uncorrected visual acuity, BCVA: best corrected 
visual acuity

VISUAL ACUITY
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preoperatively 6 months 1 year 2 years 3 years
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end of the observation period there was thus no statistica-
lly significant change of uncorrected or best corrected visual 
acuity in comparison with the preoperative value, as illustra-
ted in graph 1.

Corneal astigmatism declined from the average preope-
rative value of 3.96 ± 2.38 D to a value of 3.65 ± 1.64 D at 
the end of the observation period. The reduction in the value 
however was not statistically significant. The development of 
the values of corneal astigmatism over time is illustrated in 
graph 2.

The average values of curvature in the place of the flattest 
and steepest meridian before surgery were as follows: K1: 
44.74  	 ± 3.82 D; K2: 48.84 ± 3.98 D. 3 years after surgery the 
parameters reached the following values: K1: 44.75 ± 3.26 D; 
K2: 48.40 ± 3.80 D. At the end of the observation period we 
recorded a statistically significant reduction of the K2 value in 
comparison with the preoperative value. The average preope-
rative value of maximum corneal curvature was Kmax: 54.70 
± 5.45 D; after surgery it reached values of Kmax: 54.70 ± 5.53 
D. During the course of observation there was no statistically 
significant change of the Kmax value at the apex of keratoco-
nus. The development of the keratometric values of the cornea 
during the course of observation is illustrated in graph 3.

The average value of pachymetry at the thinnest point on 
the cornea was 473.3 ± 30.95 µm preoperatively. 3 years after 
surgery corneal thickness was statistically significantly redu-
ced to an average value of 463.3 ± 31.46 µm. The values of 
corneal thickness are illustrated in graph 4.

DISCUSSION

The results of studies of treatment of progressive keratoco-
nus using the CXL method indicate that not only a stabilisati-
on of keratectasia is achieved, but there is even an improve-
ment of keratometric parameters and visual acuity (16, 26). 
The most extensive published series on this theme is cove-
red by the work of the Dresden authors. This retrospective 
study observed 241 eyes in 130 patients with a diagnosis of 
keratoconus over a period of up to 6 years following the per-
formance of standard CXL. The study confirmed a statistically 
significant improvement of best corrected visual acuity, astig-
matism and maximum value of corneal curvature Kmax (17).

	 Experimental studies using animal and human cor-
neas demonstrate a comparable increase in corneal robust-
ness following standard and accelerated CXL (2, 22). However, 
at the same time publications are available which demonstra-
te a reduction of the biomechanical effect upon the use of 
accelerated CXL in comparison with the standard protocol. 
CXL is a photo-oxidative reaction, requiring oxygen during the 
formation of covalent bonds. The insufficient effect of accele-
rated CXL is explained here with reference to the insufficient 
quantity of oxygen caused by the insufficient intrastromal dif-
fusion capacity of oxygen, the increased consumption of oxy-
gen upon the higher intensity, shorter duration of radiation 
and the thus reduced concentration of oxygen radicals (7, 18).

However, in connection with the above observations spe-
culations may arise relating to the results of experimental stu-
dies on enucleated animal eyes, which therefore cannot be 
fully compared with the results obtained in vivo on patients 

period of monitoring the UCVA value improved in comparison 
to the pre-operative value to 0,38 ± 0,3. This change of values 
was not statistically significant. Average UCVA (glasses correc-
tion) was preoperatively 0.51 ± 0.27; 3 years after surgery the 
average BCVA value had improved to 0.57 ± 0.26. However, 
the change of this value was not statistically significant. At the 

Graph 2 Average values of corneal astigmatism

Graph 4 Average values of pachymetry during the course of observation

Graph 3 Average values of keratometry during the course of observation
key: K1 – average keratometry of anterior surface of cornea in 
flattest meridian (saggital display)
K2 – average keratometry of anterior surface of cornea in steepest 
meridian (saggital display)
Kmax – value of curvature of anterior surface of cornea in apex of 
keratometry (saggital display)

preoperatively 6 months 1 year 2 years 3 years

preoperatively 6 months 1 year 2 years 3 years

CORNEAL ASTIGMATISM
value of corneal astigmatism (D)

KERATOMETRY
value of corneal astigmatism (D)
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gone accelerated CXL (9 mW/cm2, radiation time 10 minutes) 
one year after surgery. At the end of the observation period 
uncorrected visual acuity showed a slight improvement, best 
corrected visual acuity and keratometric values were stable (6). 
Kanellopoulos determined a different result, namely a signifi-
cant improvement of visual acuity in four-year observation. He 
recorded an improvement of VA, BCVA, astigmatism and the 
Kmax value was reduced from 49.5 D to 46.1 D. The author 
used accelerated CXL (7 mW/cm2, radiation time 15 minutes) 
with the use of removal of the epithelium using the PTK tech-
nique (phototherapeutic keratectomy) (9). The excellent effect 
of treatment attained can be explained on the basis of simul-
taneous removal of the Bowman's membrane during corneal 
de-epithelisation, and therefore by the occurrence of a poly-
merisation reaction also in the deeper layers of the stroma.

The aim of the CXL procedure is to prevent further progre-
ssion of keratoconus and to stabilise ectasia. The primary aim 
of the method is not reduction of refraction of the eye. In the 
case of planned change of refraction in keratoconus, there 
are a number of ways by which to combine the CXL technique 
with correction of refraction of the eye (10, 19, 21).

Another assessed parameter was keratometric values, 
which attest to a change in corneal curvature after the per-
formance of the procedure. At the end of the observation 
period we recorded a statistically significant reduction of the 
K2 value in comparison with the preoperative value. During 
the course of observation there was no statistically significant 
change of the K1 or Kmax values. An evaluation of the kera-
tometric values in our cohort demonstrated stabilisation of 
keratoconus following the performance of accelerated CXL in 
three-year observation. 

Demonstration of the stabilising effect of accelerated and 
standard CXL within short-term observation is presented by 
a range of studies. The study by the authors Ng et al. demon-
strated a statistically significant improvement of Kmax and 
BCVA values in a cohort treated by the ACXL method (9 mW/
cm2, radiation time 10 minutes) and the standard method 
(3 mW/cm2, radiation time 30 minutes) (13). The demarca-
tion line was, however, located deeper in eyes following the 
performance of CXL using the standard technique. A deeper 
demarcation line means more new covalent bonds at a grea-
ter depth of the cornea, greater volume of the cross-linked 
corneal stroma and thus also its greater flattening.

A group of Japanese authors also compared the effect of 
treatment of progressive keratoconus using the method of 
accelerated CXL (15 minutes of saturation / 3 minutes of ra-
diation 30 mW/cm2) with standard CXL (30 minutes of satu-
ration / 30 minutes of radiation 3 mW/cm2). No statistically 
significant differences were found postoperatively in changes 
of uncorrected and best corrected visual acuity and in mani-
fest refractive spherical equivalent in both groups. In kerato-
metric values also, no statistically significant differences were 
recorded postoperatively (27).

Another large comparative study by the authors Hashemi-
an et al. compared changes of morphological parameters and 
visual acuity in both methods. An interesting finding was a sig-
nificant reduction of the density of keratocytes of the anterior 
corneal stroma and subbasal nerve plexus in both groups one 

with keratoconus. Similarly, the course of the photochemical 
reaction may be different in a normal cornea and in a cornea 
with keratectasis (28).

The fundamental demonstrable effects of CXL include an 
increase of the biomechanical robustness of the cornea, in-
creased rigidity and biomechanical stability of the cornea, 
increase in resistance to hydration, increase in the diameter 
of collagen lamellas, increase in the module of flexibility over 
time, increase in resistance to enzymatic degradation, redu-
ction of permeability of the cornea and antimicrobial effects 
(11, 15, 24, 25, 29, 30, 31). In recent years studies have there-
fore appeared which describe the effect and results of ACXL 
in clinical practice. Among the main observed parameters 
are visual acuity, keratometric values, keratometric indexes, 
biomechanical properties and corneal thickness, depth of 
demarcation line, density of keratocytes of anterior corneal 
stroma, occurrence of haze and number of endothelial cells.

During the course of our observation no statistically signifi-
cant change occurred in either uncorrected or best corrected 
visual acuity in comparison with the preoperative value. An 
improvement or stabilisation of BCVA took place after three 
years of observation in 79.2% of eyes. Corneal astigmatism 
was reduced from an average preoperative value of 3.96 ± 
2.38 D to a value of 3.65 ± 1.64 D at the end of the obser-
vation period. However, the reduction of the value was not 
statistically significant. 

In five eyes there was a deterioration of BCVA, in which mild 
corneal scarring occurred in three eyes, and in two eyes we 
recorded a progression in the Kmax value. The eyes in which 
we recorded an occurrence of corneal scarring after surgery 
had a preoperative value of corneal thickness in the thinnest 
point less than or equal to 460 µm. In two eyes we used a 
hypotonic solution for corneal saturation due to the thin cor-
nea. The preoperative value of maximum corneal curvature 
in these two eyes was 61 D and 48.8 D respectively. In both 
cases there was an improvement of this parameter to values 
of 60 D and 48.3 D respectively. A pronounced progression 
of the Kmax value occurred in one case, in which the value 
of maximum corneal curvature in the apex of keratoconus 
was 58.4 D at the end of the observation period, as against a 
preoperative value of 52 D. Corneal thickness in the apex of 
keratoconus was 494 µm preoperatively, and as a result iso-
tonic riboflavin solution was used for saturation of the cornea 
during the operation. This pronounced change in corneal cur-
vature meant a reduction of best corrected visual acuity from 
0.2 to 0.15 (decimal values), without subjective perception of 
deteriorated vision on the part of the patient. The condition 
can be explained on the basis of the fact that the apex of kera-
toconus was not localised in the axis of vision, and therefore 
the change of curvature in this point did not have a significant 
influence on the change of postoperative visual acuity. 

The study conducted by Sadoughi et al. also failed to de-
monstrate any statistically significant changes in values of vi-
sual acuity (UCVA, BCVA) 1 year after the performance of the 
surgical procedure. This study compares the conventional 
method of CXL (3 mW/cm2, radiation time 30 minutes) with 
accelerated CXL (9 mW/cm2, radiation time 10 minutes) (20). 
Elbaz et al. observed 16 eyes of 14 patients who had under-
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fectious complications. The CXL method also involves the risk 
of the occurrence of haze, sterile infiltrates and the occurrence 
of central stromal scarring. High intensity of UVA radiation may 
damage the subbasal nerve plexus, and as a consequence im-
pair the regulation of the sodium-potassium endothelial pump 
(1). A loss of density and hexagonality of the endothelial ce-
lls was also demonstrated following accelerated CXL (18 mW/
cm2, radiation time 5 minutes), the greatest changes were re-
corded on the 7th day after surgery, with return to the original 
values after 6 months (3). We did not record any serious posto-
perative complication in patients in the observed cohort. The 
main role in this was played by strict adherence to the entrance 
criteria, the therapeutic protocol and postoperative care. Tho-
rough education of the patient is equally important.

CONCLUSION

The results of the study confirm that accelerated CXL, in 
addition to standard CXL, represents another alternative for 
the treatment of keratoconus, also in the case of less co-ope-
rative patients, leading to stabilisation of corneal ectasia and 
to stabilisation or even improvement of the keratometric 
values of the cornea. This technique has a low incidence of 
complications and adverse side effects, and improves the 
time comfort of the patient during the course of the proce-
dure. In patients following accelerated corneal cross-linking, 
it shall be necessary to conduct long-term observation of the 
aforementioned parameters also with regard to the less deep 
demarcation line and the attendant effect of the procedure 
as confirmed by certain studies.

month after surgery. During the course of the observation, the 
authors demonstrated a significantly greater reduction of the-
se parameters in the group with standard CXL. At the end of 
the observation period, however, there was no longer any sig-
nificant difference in these parameters in both groups (8), but 
these morphological changes may be the cause of a change of 
corneal curvature and pachymetric values after surgery. 

The average pachymetric value in the thinnest point of 
the cornea was statistically significantly lower at the end of 
the observation period in comparison with the preoperative 
value. Analogous results are also confirmed by the professi-
onal literature (28). The pachymetric values are a reflection 
of changes in the corneal stroma on an extracellular and ce-
llular level. Thinning of the cornea following the procedure 
is accompanied by excessive apoptosis of keratocytes of the 
corneal stroma up to a depth of 270-390 µm. Cell death of 
keratocytes is most pronounced in the anterior corneal stro-
ma. Cells beneath this “demacation line” are not in any way 
damaged by radiation. Repopulation begins six weeks after 
CXL and is completed six months after CXL. However, the pre-
operative quantity of keratocytes does not appear even two 
years after surgery.

CXL is a technically simple and relatively safe procedure. 
However, abrasion of the epithelium may cause pronounced 
pain and deterioration of vision during the first few days af-
ter surgery, up to the time when the epithelium is completely 
restored. In connection with removal of the epithelium, infecti-
ous complications have been described in the literature such as 
bacterial keratitis, herpes simplex infection or acanthamoebous 
infection of the cornea. In our cohort we did not record any in-
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