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<> Corneal collagen cross-linking became a permanent part of complex treatment for patients with dif-
ferent forms of corneal ectasia. In periodical literature, there are anecdotal reports concerning long-term
results of this corneal disease therapy method, which is an isolated variant of photodynamic therapy.
Purpose. To carry out a retrospective study of corneal collagen cross-linking long-term results in various
ectatic corneal diseases. Materials and methods. Results of corneal collagen cross-linking in patients
with ectatic forms of corneal dystrophy 6 years after surgery were analyzed. The nosological structure of
the study included a group of patients with primary keratoconus, pellucid marginal corneal degeneration,
secondary ectasias. The group with primary keratoconus includes 30 patients (31 eyes), that with pellucid
marginal degeneration 10 patients (10 eyes), that with secondary ectasias — 10 patients (10 eyes). Data
of the diagnostic examination before surgery, intermediate data of the dynamic follow-up during 6 years
of observation were used for the analysis. Corneal collagen cross-linking was performed in the first or
second year of follow-up, followed by monitoring of changes in the state of the cornea after corneal colla-
gen cross-linking for 4-5 years. Results. A statistically significant increase in visual acuity was observed
after the corneal collagen cross-linking in patients with primary and secondary ectasias. In patients diag-
nosed with pellucid marginal degeneration, there was no statistically significant increase of visual func-
tion. A decrease in the corneal asymmetry index was revealed in all groups and confirmed by statistical
analysis.
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<> Bsedenue. KosnareHoBblil KPOCCJAUHKHHT POTOBHILbI TPOYHO BOLIEN B KOMIJIEKC JieUeOHbIX MEPOTPHU-
SITHI, TTPOBOJIMMbIX NallUeHTAM C Pa3JUuHbIMU GOpPMaMH 3KTa3uil porosullbl. B utepaType BCcTpevatoTes
eIMHHUUYHble COO0UleHUs 00 OTAANEHHbIX Pe3yJbTaTaX 9TOr0 METO/A JICUEHHUS 1aTOJOIMH POrOBHLLbL, ABJIA-
[OLerocst YaCTHbIM BapuaHTOM (oTopnHamMuuyecKol Tepanuu. Ifeas — TpoBeCTH PeTPOCHEKTHBHOE HC-
CJIe/loOBaHHE OTAAJNEHHBIX PEe3yNbTATOB IPUMEHEHH S KPOCCJAUHKHHIA POTOBUYHOIO KOJIJIAT€HA Y MALLUEHTOB
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NPH pa3MUHbIX KTATHUECKHUX 3a00JieBaHUSIX poroBullbl. Mamepuanaot u memodst. [Ipoanann3upoBaHbl
pe3y/aibTaThl KPOCCJAMHKUHIA POFOBHYHOIO KOJIJIaTeHa Y MallueHTOB C SKTaTHUECKUMHU hopMaMu 1UCTpodHuit
pOTOBHLIbI Uepes 6 JieT nocJie onepalini. Hozosorudyeckas CTpyKTypa nCC/eloBaHUs BKJOUaJa Fpyriny ra-
IIMEHTOB C MEPBUYHBIM KEPATOKOHYCOM, MeJIJIOLUHON MaprUHaIbHON lereHepalideil pOroBHILbl, BTOPUUHbI-
MM 9KTa3usaMu. B rpynmy nauneHToB ¢ MepBHUHBIM KepaTokoHycoM BKJtoueHo 30 uesnosek (31 rnas), ¢ ned-
JIOLLMIHON MapruHaJ/ibHol lerenepativeit — 10 uesosek (10 ryiaz), ¢ BropuuHbiMu 5KTaszusimu — 10 yesioBek
(10 rmas). [lnst aHa/M3a UCMOJIb30BAJIH Pe3yJibTaThl 06C/e0BaHU 10 OTlepalliy, MPOMEKYTOUHbIE JaHHbIE
JIMHAMHUYEeCKOro HabJMo/leHHs B TedeHne 6 jieT. KpocCJAMHKUHT POrOBUUHOTO KOJIJlaTeHa BbIMOJHSIJIMN B Mep-
BbIH WJIK BTOPOM Tojl HAGJIONEHHUS, 3aTeM MPOU3BOJMIN MOHUTOPUHT M3MEHEHWH COCTOSIHHSI POTOBHILbI
nocJie KPOCCJAMHKUHTIA POTOBUUYHOTO KoJljiareHa B TedeHne 4—>5 Jiet. Peayavmamot. BoisiBlieHO CTATUCTH-
YeCKH 3HAUMMOe TOBbIIIIEHHE OCTPOTHI 3PEHHUsT TOCJIe KPOCCAMHKHHTIA POTOBUUHOTO KOJIJIareHa y nalneHToB
C MEePBHYHBIM KEPATOKOHYCOM M BTOPMUHBIMH 3KTa3usiMM. B rpymnme naiuueHTOB ¢ JHarHO30M <IIeJIIIO-
UJHasl MapruHaJjbHasl JereHepalus» CTaTHCTHYECKH 3HAUUMOTO TOBBILIEHUS] 3PUTENbHBIX (QYHKIIMH He
onpeesyock. BeisiBJieHO CHUYXKeHME MHIEKCa aCHMMETPHH POTOBUIBI BO BCEX TPYTTAX, UTO MOATBEPKIAET
CTaTUCTHYECKHH aHaJ/u3.

<> Karouesole crosa: KoJiareHoBbIH KPOCCAMHKUHT; puOOdIaBUH; MOAU(PUKALMH; YIbTPapHOJETOBOE

U3JyUdeHHe.

INTRODUCTION

The key pathogenic mechanism underlying the
development and progression of ectatic corneal
dystrophy involves alterations in the biochemical
and biomechanical properties of the corneal col-
lagen lattice. Comparison between biomechanical
characteristics of normal and ectatic corneas has
demonstrated changes in the structure of collagen
in the latter. This observation led researchers to
investigate methods for the formation of new cross-
links between structural elements of tissues. In
polymer chemistry, cross-linking is an established
method to increase the elasticity and the strength
of materials [13].

Actuality

The development and implementation of novel,
more effective, and minimally invasive treatments
for corneal disorders (e. g., ectatic corneal dys-
trophy) remains highly relevant to ophthalmolo-
gists [1]. Corneal ectatic disorders are classified
into primary and secondary ectasias. Primary
corneal ectasias include eye conditions such as
keratoconus, keratoglobus, and pellucid marginal
degeneration (PMD, keratotorus). Secondary (iat-
rogenic) ectasias are induced by laser refractive
surgeries, such as laser keratomileusis, photore-
fractive keratectomy, phototherapeutic keratectomy
[19], anterior radial keratotomy, and corneal trans-
plantation.

A group of non-inflammatory peripheral corneal
thinning disorders has been associated with age-re-
lated changes or systemic diseases. This group in-
cludes Terrien marginal degeneration and marginal

thinning associated with drying or systemic diseases,
such as scleroderma, rheumatoid arthritis, and We-
gener granulomatosis.

The reported prevalence of corneal ectatic dis-
orders in the general population is 1 per 2,000.
These disorders are most commonly diagnosed in
young individuals. Approximately 20% of patients
experience rapid progression of the disease and re-
quire penetrating keratoplasty. Recently, the scope
of photodynamic therapy has been expanded, espe-
cially in ophthalmology. In 2003, Seiler et al. de-
veloped and implemented the technique of corneal
collagen cross-linking (CXL) using riboflavin as
a photosensitizer that initiates the photochemical
modification of monochromatic ultraviolet light.
CXL is currently recognized as the only effective
treatment capable of slowing down the progres-
sion of keratoconus by improving the biomechanical
properties of the cornea [20, 21]. Modified CXL
protocols reduce the operative time without impair-
ing the biomechanical effects in the cornea (wave-
length: 365 nm; power-flux density: 9 mW/cm?;
exposure time: 10 min) [3].

Corneal biomechanics

Biomechanical properties of the cornea are pri-
marily associated with the stroma, which constitutes
approximately 90% of the total corneal thickness.
The main components of the stroma are collagen
macromolecules forming long fibrils of equal dia-
meter (31—34 nm), which are further assembled
into stabilized fibers called lamellae (1—2 pm in
thickness and 100—200 pm in width). The spe-
cific firmness of fibrils is the result of physiologi-
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cal cross-linking between collagen molecules. CXL
is enzymatically regulated by lysyl oxidase, which
catalyzes the amino groups of amino acids (e. g.,
lysine) into aldehyde groups. Subsequently, these
aldehyde groups form covalent bridges between each
other or with other amino acids within one or dif-
ferent fibrils. Patients with keratoconus were found
to have defects in the gene encoding lysyl oxidase.
Moreover, a high pH in tears alters the activity of
lysyl oxidase. Studies have demonstrated that a de-
crease in the levels of protease inhibitors leads to
higher enzymatic activity [5, 7, 9].

The spatial arrangement of the corneal collagen
fibers is another important factor affecting the bio-
mechanical properties and the shape of the cornea.
The elastic modulus is proportional to the branching
density of collagen fibers. Therefore, biomechanical
properties depend on the interconnectivity of col-
lagen fibers. This characteristic is most important
in the third corneal layer (stroma), making it the
target of CXL [16, 19].

Biochemical mechanism of CXL efficacy

The aim of CXL is to accelerate the physiologi-
cal mechanism of protein glycation. CXL creates
bonds between collagen molecules to strengthen
the anterior corneal stroma. The monochromatic
ultraviolet light acts as a catalyzer. Riboflavin (vi-
tamin B2) acts as photosensitizer absorbing photon
energy and is subsequently activated, thereby creat-
ing covalent bonds between amino groups within the
collagen molecules or between proteoglycans and
collagen [16]. A long-term photochemical reaction
involving riboflavin and low-intensity ultraviolet
light consolidates collagen a and B chains into
larger polymers. In addition, it crosslinks major
proteoglycans (e. g., keratocan, lumican, mimecan,
and decorin) into high molecular weight polymers.
Moreover, crosslinks are formed between collagen
and proteoglycan core proteins. This reaction re-
quires oxygen and generates oxygen-free radicals
through photolysis of riboflavin [18].

Another potential ex vivo mechanism of CXL is
an increase in the production of fibronectin and tis-
sue transglutaminase — an enzyme cross-linking
the proteins of the extracellular matrix — in human
keratocytes treated with CXL [22].

Numerous clinical trials have demonstrated
the efficacy and safety of CXL in the treatment
of progressive keratoconus. Ex vivo studies have
demonstrated that CXL increased elasticity with-
out reducing corneal transparency [11]. Of note,
resistance to enzymatic degradation was also in-

creased. However, it is currently not possible to
demonstrate the sustainability of these effects
because of the physiological renewal of corneal
collagen molecules every 2—3 years. Therefore,
it remains unclear whether the changes observed
in corneal stability are permanent or temporary.
Furthermore, the selection of the most appropri-
ate methods to maintain the positive effects re-
mains unclear [15]. Studies with longer follow-up
periods should thoroughly review the effects of
the standard and modified CXL protocols. In an
uncontrolled retrospective study involving a large
cohort of patients with keratoconus followed up
for 6 years, Raiskup-Woli et al. demonstrated that
corneal flattening was sustained for several years
and remained stable [14]. A number of studies
demonstrated that progression of keratoconus was
arrested in 90% of cases. In addition, significant
improvement in the best-corrected visual acuity
was observed [8, 20].

The aim of the present study was to analyze the
long-term outcomes of CXL in patients with various
corneal ectatic disorders.

MATERIALS AND METHODS

We followed up patients with various cor-
neal ectatic disorders for 6 years after treatment
with CXL. The study cohort included 50 patients
(51 eyes) aged between 13 and 45 years (mean age:
26.53 + 7.69 years). All patients were divided into
three groups according to the type of ectatic disor-
der: primary keratoconus (30 patients, 31 eyes), PMD
(10 patients, 10 eyes), and secondary keratectasias
(10 patients, 10 eyes).

We measured the best-corrected visual acuity at
the first (prior to CXL) and last examinations (after
CXL). In addition, we determined the surface asym-
metry index (SAI) — the most reliable indicator of
ectatic processes in the cornea — prior to CXL and
during the 6 year follow-up period.

All patients underwent comprehensive examina-
tion that included biomicroscopy, ophthalmoscopy,
ophthalmometry, refractometry, visual acuity test-
ing, tonometry, and perimetry. In our analysis, we
used the results obtained at the first and last exami-
nations. CXL was most commonly performed during
the first or second year of follow-up. Subsequently,
the patients were monitored for corneal changes
during the remaining 4—5 years of follow-up. Par-
ticular attention was paid to keratotopography us-
ing the Tomey TMS-4 Corneal Topographer. CXL
was performed using the UV-X 1000 Illumination
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System (wavelength: 365 nm; power-flux density: 3
mW/cm?; intensity: 3 mW/cm) with 0.1% riboflavin
solution (Dextralink).

RESULTS

In patients with primary keratoconus and sec-
ondary ectasia, a statistically significant increase in
visual acuity was observed after CXL. Patients with
PMD did not exhibit significant changes in their
visual function, which may be attributed to specific
characteristics of the disease (Table 1).

A significant decrease in SAI was reported in
all groups. Analysis of the long-term outcomes of
CXL demonstrated the high efficacy of the proce-
dure, a finding consistent with that of Raiskup-Wolf
et al. [14]. In addition, a negative correlation between
SAI and best-corrected visual acuity was found in all
groups (Figs. 1-3).

The value of the corneal asymmetry index before and after
CCL with primary keratoconus

3HaueHue WHAEKCAa aCHMMETPUHW POrOBHILBI 10 W TIOC/IE
KPOCCJIMHKHWHTa POrOBHUYHOIO KOJlJIareHa Mpu MepBUYHOM
KepaToOKOHYCe

Table 1

Comparison of best corrected visual acuity and corneal asymmetry index in patients with ectatic forms of corneal dystrophy

before and after collagen corneal cross-linking

Tabauya 1

CpaBHeHue MaKCHUMaJbHOM Koppuruposaﬂﬂoﬁ OCTPOTbI 3p€HUS U UHAEKCA ACUHMMETPHUU POrOBHULbI Y MALIUEHTOB C 3KTaTUYECKHU-
MH Cl)OpMaMl/l ZlPlCTpOCl)l/lﬁ POroBuibl 10 U NMOCJ€ KONJAAareHOBOro KpoCCJAMHKHUHIra poroBuiibl

Parameter
Disorder . .
Best-corrected visual | Best-corrected visual | Surface asymmetry Surface asymmetry
acuity prior to CXL acuity after CXL index prior to CXL index after CXL
Primary keratoconus 0.56 + 0.29 0.79 + 0.28 3.32 + 1.68 227+ 1.33
Pellucid marginal degeneration 0.54 +0.25 0.51 +0.32 1.89 + 0.96 1.79 + 0.81
Secondary ectasias 0.5+ 0.26 0.74 + 0.31 6.44 + 1.29 3.63 + 1.23

Note: CXL, corneal collagen cross-linking

Fig. 2. The value of the corneal asymmetry index before and after
CCL with pellucid marginal degeneration of the cornea
Puc. 2. 3nauenue MHJeKca aCHMMETPHUHM POTOBHILbI 10 U MOCJe

KPOCC/IMHKHMHTA POTOBHYHOIO KOJIIAreHa IMpH MeJLio-
LMIHOH MapruHaibHON AHCTPOGUH POTOBHLLbI
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Fig. 3.

Puc. 3.

The value of the corneal asymmetry index before and after
CCL with secondary keratoconus

3HaueHue HHJIEKCa aCUMMETPUH POroBUILbI 10 K T10CJE
KPOCCJIMHKHWHTA POTOBUYHOT 0 KOJlJIareHa rnpu BTOPUYHOM
KepaTokKoHyce
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DISCUSSION

The use of photodynamic therapy and its imple-
mentation into clinical practice has led to advances
in the treatment of complex corneal pathology. Our
understanding of the photochemical processes re-
sponsible for alterations in the biomechanical prop-
erties of the cornea has expanded the indications
of treatment with CXL. Thus far, multiple modifi-
cations in the protocol of the CXL procedure have
been reported and researchers continue to inves-
tigate new CXL regimens and photosensitizers.
Recently published studies demonstrated that the
use of longer-wavelength light is favorable in terms
of the development of mutations and carcinogen-
esis. Studies have also suggested using other agents
capable of initiating photochemical polymerization
and cross-linking of corneal collagen fibers. Con-
sidering that these modifications in the CXL proce-
dure have only been developed recently, data on the
long-term outcomes of this treatment are currently
limited.

The present study demonstrated positive ef-
fects of treatment with CXL in patients with pri-
mary keratoconus and secondary corneal ectasia,
including arrested progression of keratoconus and
complete stabilization of the pathological process.
In some cases, significant changes in keratotopog-
raphy parameters and corneal optical power were
observed, resulting in significant improvement of
visual functions and effective use of commercially
available products for vision correction. A proportion
of patients may achieve complete rehabilitation in
their professional activity and report improvement in
their quality of life. However, several patients with
PMD failed to achieve significant improvement in
their best-corrected visual acuity. In recent years,
the CXL protocol has undergone significant altera-
tions primarily aimed at accelerating the procedure,
increasing the radiation power, and changing the
exposure parameters without modifying the dosage.
CXL increases visual acuity in patients with corneal
ectatic disorders, encouraging further improvement
of the methodology and determination of the optimal
time for its use.

CONCLUSIONS

CXL is an effective procedure capable of slowing
down the progression of keratoconus and stabilizing
various corneal ectatic disorders. Moreover, CXL
increases visual acuity, thereby improving patient’s
quality of life.
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