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ABSTRACT

Keratoconus (KC) is likely to be more aggressive
in the pediatric population, with a higher risk of
progression and visual loss. Several techniques
have been proposed for corneal crosslinking
(CXL) so far. The standard CXL (SCXL) tech-
nique, or the Dresden Protocol, originally
developed by Wollensak et al., has been shown
to be safe and effective in the pediatric KC
group. With similar efficacy to the conventional
method, the accelerated CXL (ACXL) protocols
proposed a reduced UVA exposure time by
increasing the intensity of UVA irradiation.
Transepithelial CXL (TCXL), considered an

‘‘epithelium-on’’ method, emerged as a strategy
to improve safety and reduce postoperative
complications and discomfort. For thinner cor-
neas, we can highlight the use of hypoosmolar
riboflavin and new studies, such as contact lens-
assisted CXL (CACXL), the epithelial-island
CXL (EI-CXL), and the Sub400 protocol. In
addition to the different protocols used,
another factor that changes CXL results is the
type of carrier used: dextran-based or hydrox-
ypropyl methylcellulose-based (HPMC) ribo-
flavin solutions. There are several ways to
perform a CXL surgery, and it is still unclear
which method is the safest and most effective in
the pediatric group. This review of the literature
in English, available in PubMed, provides an
update on corneal CXL in the pediatric KC
group, exploring the data on the techniques
currently used and under investigation,
including their advantages, efficacy, safety pro-
files, risks, and cost analyses.
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Department of Ophthalmology, HSPE/IAMSPE, São
Paulo, SP, Brazil

T. Cabral
Department of Ophthalmology EBSERH, HUCAM/
CCS-UFES, Federal University of Espı́rito Santo
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Key Summary Points

Studies of various corneal crosslinking
(CXL) techniques in pediatric keratoconus
have been developed and continue to be
produced with the ultimate goal of
improving the procedure’s safety and
efficacy, and a consensus on the best
technique has not been reached,
especially in children

Standard CXL and accelerated CXL
protocols can be considered effective and
safe in the management of pediatric
keratoconus (KC). Transepithelial CXL,
although safe, has not been shown to be
as efficient as other existing techniques to
this date, but it can be considered in some
cases. For thinner corneas, the use of
hypoosmolar riboflavin and new studies,
such as contact lens-assisted CXL
(CACXL), epithelial-island CXL (EI-CXL),
and Sub400 protocol, can be highlighted.
Studies have confirmed the benefit of
hydroxypropyl methylcellulose-based
(HPMC-based) riboflavin in maintaining
corneal thickness throughout the
treatment and reducing soaking time with
a good result in accelerated CXL (ACXL)

In terms of long-term outcomes and safety
of corneal CXL in children, we consider
using the standard CXL protocol with
dextran-based riboflavin or the use of the
accelerated CXL protocol with 9 mW/cm2

for 10 min with HPMC-based riboflavin
and soaking time of 10–15 min

Further reports should be carried out,
especially long-term prospective studies,
to assess the progression of KC after CXL
in the pediatric group as well as the need
for retreatment to allow for a better
definition of the optimal method of CXL.
In the future, the use of multimodal
propaedeutics and artificial intelligence
could provide better therapeutic
treatment for this group

INTRODUCTION

Keratoconus (KC) is a progressive, asymmetric,
and bilateral degenerative disease of the cornea,
associated with structural changes in the orga-
nization of corneal collagen; it results in corneal
thinning and protrusion [1–3], leading to
irregular astigmatism, with or without higher-
order aberrations, and consequent visual
impairment, which is usually not corrected with
glasses [2].

The prevalence of KC varies between popu-
lations and different ethnicities [4, 5]. In the
pediatric group, it is estimated at 0.16% [6]. An
increase in the incidence and the prevalence of
the disease has been observed, which has
proved to be related to the greater diagnostic
sensitivity resulting from recent improvements
in corneal imaging exams [7, 8] as well as other
environmental and/or genetic factors [8–10]. In
a recent study conducted in Saudi Arabia, the
prevalence of KC among patients between 6 and
21 years old using Scheimpflug tomography was
4.79%, which is significantly higher than that
reported in all previous studies on KC preva-
lence [11]. The etiopathogenesis of KC remains
controversial and involves various causal fac-
tors, namely environmental, genetic, enzy-
matic, inflammatory, and hormonal factors, as
well as the role of oxidative stress [4]. Studies
have demonstrated an altered ratio between
pro- and anti-inflammatory cytokines in the
tears of patients with KC and an increase in the
number of matrix metalloproteinases (MMP)
(MMP-1 and MMP-13) and inflammatory
mediators (IL-6 and TNF-a), which can also
occur in eye-rubbers. This imbalance can cause
corneal structure modification and function,
induce keratocyte apoptosis, and therefore
contribute to KC development and progression
[3, 12–15].

KC generally begins in adolescence,
although the disease can manifest at any age
[4, 16]. Due to structural differences, KC in
children has numerous unique clinical features,
such as faster disease progression, progression in
88% of cases, systemic syndromic association,
positive family history, associated vernal kera-
toconjunctivitis (VKC), ocular allergy, atopy
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associated with significant ocular friction, and
severe visual impairment at the time of diag-
nosis, creating a negative impact on quality of
life and requiring early follow-up and more
frequent interventions [1–3, 17–21].

KC management poses a big challenge
among pediatric patients: biomechanical stiff-
ness of the cornea is inversely correlated with
age, making younger ocular rubbers more sus-
ceptible to disease progression; corneal changes
and visual impairment in childhood can lead to
amblyopia; children are less compliant with
hard contact lens fitting; and the corneal
transplant has a higher risk of graft rejection,
with less favorable outcomes in pediatric
patients [21–25].

Corneal crosslinking (CXL), first described by
Wollensak et al. in 2003, is a safe and effective
method to stop the progression of ectasia by
strengthening the corneal stroma [2, 18–21].
However, it has also been documented to be less
effective in the pediatric cornea [3]. Studies of
various CXL techniques, such as ‘‘epithelium-
on’’ or ‘‘epithelium-off’’ methods, changes in
ultraviolet light parameters, and riboflavin
composition, stay focused on the ultimate goal
of improving the safety and efficacy of the
procedure. However, no consensus has been
reached over which method is more suitable for
the pediatric group.

This review provides an update on the cur-
rent literature about CXL in the pediatric group
to treat corneal ectasia, exploring the data on
the techniques currently used and under
investigation, including their advantages, effi-
cacy, safety profiles, risks, and cost analyses.
This article is based on previously conducted
studies and does not contain any new studies
with human participants or animals performed
by any of the authors.

CXL PROTOCOLS

CXL is a technique that induces cross-links in
the extracellular matrix of the corneal stroma
by photosensitizing it with riboflavin and
exposing it to ultraviolet-A (UVA, 315–400 nm)
light, resulting in increased biomechanical
rigidity of the corneal stroma [18, 26].

Riboflavin is a non-toxic precursor of several co-
enzymes, which enhances the absorption of
UV-A by the corneal stroma. The photosensiti-
zation of riboflavin generates reactive oxygen
producing anion radicals and superoxide, which
react with available groups to generate addi-
tional chemical bonds between amino acid
residues. This will lead to increased bonds
between collagen and proteoglycans, culminat-
ing in increased biomechanical and biochemi-
cal resistance of the cornea, which reduces
disease progression and effectively stabilizes the
cornea [2, 4, 20].

Notably, CXL has evolved in the past years to
become a procedure that stabilizes the cornea
biomechanically and biochemically [4, 20]. The
use of the standard CXL (SCXL) was approved
for patients between 14 and 65 years of age by
the Food and Drug Administration (FDA) in
2016 [2, 4].

The first treatment proposed was the SCXL—
or the Dresden Protocol. It was developed by
Wollensak et al. and involves the mechanical
debridement of the central 9 mm of the corneal
epithelium under topical anesthesia. One drop
of 0.1% riboflavin solution is then administered
every 5 min for 30 min, with exposure to UV-A
light, and then the riboflavin solution is
administered every 5 min for an additional
30 min [18, 23, 27].

Accelerated CXL (ACXL) protocols, which
reduce treatment time by increasing total irra-
diance, are also considered as ‘‘epithelium-off’’
methods [25, 28–31]. They were based on the
Bunsen-Roscoe reciprocity law, which states
that the photochemical effect of ultraviolet
light is proportional to the total amount of
energy supplied, regardless of the time and
intensity of irradiation for each protocol,
meaning that 3-min irradiation at 30 mW/cm2,
5-min irradiation at 18.0 mW/cm2, and 10-min
irradiation at 9.0 mW/cm2 should provide the
same effect as obtained with 30-min irradiation
at 3.0 mW/cm2, all delivering 5.4 J/cm2 of
energy. Because 1 J = 1 W 9 second, 3 min of
irradiation (180 s) at 30 mW/cm2 (0.03 W/cm2)
corresponds to 5.4 J/cm2 (180 9 0.03 = 5.4 J)
[32].

Transepithelial CXL (TCXL) emerged as a
strategy to improve safety and reduce
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postoperative complications and discomfort. It
is considered an ‘‘epithelium-on’’ method,
which intends to bypass the epithelial barrier by
modifying riboflavin Ricrolin TE (Sooft, Italia
SpA) with the addition of two agents to increase
penetration through the intact epithelium
(trometamol and sodium ethylenediaminete-
traacetic acid—EDTA) [33–36]. However, some
studies have shown reduced penetration of
riboflavin into the corneal stroma when the
epithelium remained intact [23, 27, 37, 38]. Due
to the unsatisfactory penetration of TCXL, the
iontophoretic transepithelial CXL (I-CXL)
strategy has been developed, which involves the
application of a small electric current prior to
the instillation of riboflavin to enhance its
penetration into the corneal stroma. This strat-
egy, however, was shown to be less efficient
than SCXL [39, 40]. One of the limitations of
the transepithelial treatment is the higher oxy-
gen consumption by the corneal epithelium,
which reduces the effectiveness of the CXL
treatment [41–43]. A novel I-CXL associated
with pulsed light, the enhanced-fluence I-CXL
(EF I-CXL) protocol, seems to partially com-
pensate the consumption of epithelial oxygen,
optimizing fluence by 30% (7 J/cm2) and UV-A
power set at 18 mW/cm2 9 6.28 min of expo-
sure time, pulsing the light 1 s on/1 s off with a
total prolonged UV-A irradiation time of
12.56 min [39].

In all of the protocols described above, the
corneal thickness limit of 400 mm is crucial to
perform CXL, and many KC patients with
thinner corneas, who may benefit from CXL-
induced strengthening, are excluded from
treatment. Since 2009, hypoosmolar riboflavin
has yielded good results to inflate a thin cornea
to a thickness of[400 mm, but this is often not
achieved when the corneas are thinner [44].
Therefore, other techniques have emerged, such
as contact lens-assisted CXL (CACXL), in which
the stroma is artificially ‘‘thickened’’ by placing
a contact lens over the cornea [45], and
epithelial-island CXL (EI-CXL), an approach in
which islands of epithelium are left over the
thinnest areas of the corneal stroma [46].
Recently, the novel Sub400 protocol has pro-
posed the use of 3 mW/cm2 with individualized
irradiation time and customization for each

corneal thickness, so that the corneal endothe-
lium remains protected from damaging
amounts of UV-A irradiation [47].

In addition to the different forms of CXL
protocols, a wide range of riboflavin formula-
tions is commercially available. These formula-
tions differ in composition and can include
additional components designed to increase the
penetration of riboflavin; they can also change
CXL results by modifying the thickness of the
corneal stroma by the chemical composition
and affect the 400-mm treatment threshold that
is classically required to safely perform CXL
[48]. Among these formulations, two substances
stand out: riboflavin with dextran and hydrox-
ypropyl methylcellulose (HPMC). The use of
dextran has been the gold standard in CXL
methods; however, due to its hyperosmolar
effects, it can cause corneal thinning and harm
the endothelium in the thinnest corneas
[49–51]. HPMC is a well-known agent in oph-
thalmology, and recently, it has been intro-
duced as a solution in CXL with the advantage
of shortening riboflavin diffusion time without
corneal thinning [49, 52, 53].

CXL RESULTS AND DISCUSSION

Soeters et al. were the first to report CXL results
in progressive KC in a pediatric group (10–-
16 years). In this case series, five eyes from four
patients were submitted to SCXL; the procedure
successfully stabilized KC and demonstrated
significant visual and topographical improve-
ment [29]. Since then, prospective, retrospec-
tive, and meta-analyses studies have been
performed to assess the safety and efficacy of
CXL in the pediatric group. However, studies
are still scarce, especially with longer follow-up
periods and a significant number of patients
(Table 1) [19, 20, 54–85]. So far, no randomized
clinical trials comparing the different CXL pro-
tocols for a pediatric group have been
published.

Mazzotta et al. reported the most extended
follow-up after SCXL (10-year follow-up) in
patients aged B 18 years, stabilizing the disease
process in nearly 80% [20]. Arora et al., Vin-
ciguerra et al., and Caparossi et al. determined

986 Ophthalmol Ther (2022) 11:983–999



T
ab
le

1
Su
m
m
ar
y
of

st
ud
ie
s
ch
ar
ac
te
ri
st
ic
s

St
ud

y
Y
ea
r

D
es
ig
n

A
ge

(y
ea
rs
)

P
ro
to
co
l

C
ar
ri
er

U
V
A

ir
ra
di
at
io
n

(m
W
/c
m

2
)

U
V
A

du
ra
ti
on

(m
in
)

N
o.

of
ey
es

Fo
llo

w
-u
p

(m
on

th
s)

C
ap
or
os
si
et
al
.[
54
]

20
12

P
10
–1

8
C
on
ve
nt
io
na
l

D
ex
tr
an

3
30

56
36

A
ro
ra

et
al
.[
55
]

20
12

P
10
–1

5
C
on
ve
nt
io
na
l

D
ex
tr
an

3
30

15
12

V
in
ci
gu
er
ra

et
al
.

[5
6]

20
12

P
9–

18
C
on
ve
nt
io
na
l

D
ex
tr
an

3
30

40
24

K
um

ar
K
od
av
oo
r

[5
7]

20
14

R
9–

16
C
on
ve
nt
io
na
l

D
ex
tr
an

3
30

35
12

So
et
er
s
et

al
.[
58
]

20
14

R
12
–1

7
C
on
ve
nt
io
na
l

–
3

30
31

12

V
is
w
an
at
ha
n
et

al
.

[5
9]

20
14

P
8–

17
C
on
ve
nt
io
na
l

D
ex
tr
an

3
30

25
20

G
od
ef
ro
oi
j
et

al
.

[1
9]

20
16

P
11
–1

7
C
on
ve
nt
io
na
l

D
ex
tr
an

3
30

54
60

Sa
ra
c
et

al
.[
60
]

20
16

R
9–

17
C
on
ve
nt
io
na
l

D
ex
tr
an

3
30

72
24

U
ca
kh
an

et
al
.[
61
]

20
16

P
10
–1

8
C
on
ve
nt
io
na
l

D
ex
tr
an

3
30

40
48

W
is
e
et

al
.[
62
]

20
16

R
11
–1

8
C
on
ve
nt
io
na
l

–
3

30
39

12

Pa
dm

an
ab
ha
n
et

al
.

[6
3]

20
17

R
8–

18
C
on
ve
nt
io
na
l

–
3

30
19
4

80

Z
ot
ta

et
al
.[
64
]

20
17

P
10
–1

7
C
on
ve
nt
io
na
l

D
ex
tr
an

3
30

20
96

H
en
ri
qu
ez

et
al
.

[6
5]

20
18

P
10
–1

7
C
on
ve
nt
io
na
l

D
ex
tr
an

3
30

26
36

K
nu

ts
on

et
al
.[
66
]

20
18

P
12
–1

7
C
on
ve
nt
io
na
l

D
ex
tr
an

3
30

36
36

M
az
zo
tt
a
et

al
.[
20
]

20
18

P
8–

18
C
on
ve
nt
io
na
l

D
ex
tr
an

3
30

62
12
0

O
r
et

al
.[
67
]

20
18

R
11
–1

8
C
on
ve
nt
io
na
l

D
ex
tr
an

3
30

88
60

B
ar
bi
sa
n
[6
8]

20
20

R
10
–1

6
C
on
ve
nt
io
na
l

–
3

30
10
5

12

Ophthalmol Ther (2022) 11:983–999 987



T
a
b
le

1
co
n
ti
n
u
ed

St
ud

y
Y
ea
r

D
es
ig
n

A
ge

(y
ea
rs
)

P
ro
to
co
l

C
ar
ri
er

U
V
A

ir
ra
di
at
io
n

(m
W
/c
m

2
)

U
V
A

du
ra
ti
on

(m
in
)

N
o.

of
ey
es

Fo
llo

w
-u
p

(m
on

th
s)

O
zg
ur
ha
n
et
al
.[
69
]

20
14

R
9–

18
A
cc
el
er
at
ed

–
30

4
44

24

Sh
et
ty

et
al
.[
70
]

20
14

P
11
–1

4
A
cc
el
er
at
ed

D
ex
tr
an

9
10

30
24

B
ad
aw

i
[7
1]

20
17

P
8–

15
A
cc
el
er
at
ed

H
PM

C
10

9
33

12

A
gc
a
[7
2]

20
19

R
12
–1

7
A
cc
el
er
at
ed

D
ex
tr
an

30
/1
8

4/
5

30
/1
13

60

M
cA

ne
na

an
d

O
’K
ee
fe

[7
3]

20
15

R
13
–1

8
C
on
ve
nt
io
na
l/
ac
ce
le
ra
te
d

D
ex
tr
an
/

H
PM

C

3/
30

30
/4

25
36

H
en
ri
qu
ez

et
al
.

[7
4]

20
17

P
8–

16
C
on
ve
nt
io
na
l/
ac
ce
le
ra
te
d

D
ex
tr
an
/

H
PM

C

3/
18

30
/5

25
/3
6

12

Sa
ra
c
et

al
.[
75
]

20
18

R
10
–1

7
C
on
ve
nt
io
na
l/
ac
ce
le
ra
te
d

D
ex
tr
an
/d
ex
tr
an

3/
9

30
/1
0

38
/4
9

24

E
is
sa

et
al
.[
76
]

20
19

P
9–

16
C
on
ve
nt
io
na
l/
ac
ce
le
ra
te
d

D
ex
tr
an
/d
ex
tr
an

3/
18

30
/5

68
/6
8

36

N
ic
ul
a
et

al
.[
77
]

20
19

R
12
–1

8
C
on
ve
nt
io
na
l/
ac
ce
le
ra
te
d

D
ex
tr
an
/d
ex
tr
an

3/
9

30
/1
0

37
/2
7

48

A
m
er

et
al
.[
78
]

20
20

P
12
–1

8
C
on
ve
nt
io
na
l/
ac
ce
le
ra
te
d

H
PM

C
3/
9

30
/1
0

34
/3
4

36

B
uz
zo
ne
tt
i
an
d

Pe
tr
oc
el
li
[7
9]

20
12

P
8–

18
T
ra
ns
ep
it
he
lia
l

T
ro
m
et
am

ol
3

30
13

18

Sa
lm
an

[8
0]

20
13

P
13
–1

8
T
ra
ns
ep
it
he
lia
l

D
ex
tr
an

3
30

22
12

T
ia
n
[8
1]

20
18

R
12
–1

7
T
ra
ns
ep
it
he
lia
l

H
PM

C
45

5,
3

18
12

M
ag
li
et

al
.[
82
]

20
13

P
12
–1

7
C
on
ve
nt
io
na
l/
tr
an
se
pi
th
el
ia
l

D
ex
tr
an

3/
3

30
/3
0

23
/1
6

12

E
ra
sla
n
et

al
.[
83
]

20
17

P
12
–1

8
C
on
ve
nt
io
na
l/
tr
an
se
pi
th
el
ia
l

D
ex
tr
an
/d
ex
tr
an

3/
3

30
/3
0

18
/1
8

24

H
en
ri
qu
ez

et
al
.

[8
4]

20
20

P
8–

17
C
on
ve
nt
io
na
l/
tr
an
se
pi
th
el
ia
l

D
ex
tr
an
/

H
PM

C

3/
18

30
/5

46
/3
2

60

B
uz
zo
ne
tt
i
[4
0]

20
19

R
9–

18
C
on
ve
nt
io
na
l/
io
nt
op
ho
re
ti
c

tr
an
se
pi
th
el
ia
l

D
ex
tr
an
/

tr
om

et
am

ol

3/
10

30
/9

20
/2
0

36

988 Ophthalmol Ther (2022) 11:983–999



that the SCXL procedure stabilized the disease,
showed improvement in uncorrected visual
acuity (UCVA), corrected distance visual acuity
(CDVA), and produced changes in the reading
of the keratometry values (K) [54–56]. Zotta
et al. obtained similar results from 20 eyes dur-
ing an 89-month follow-up, noting that flat K,
steep K, and the topographic cylinder remained
stable at 7.5 years [64]. McAnena also reported a
reduction in maximum K (K max) in a KC
pediatric group analysis at the end of 24 months
of follow-up [73]. In this sense, stabilization and
a decrease in K measurements are expected with
SCXL, as demonstrated in a recent meta-analy-
sis. Also, there was a significant postoperative
improvement in all K parameters in the period
of 12–24 months in the conventional protocol
group, with K readings continuing to improve
over the following 10 years [2].

By contrast, Chatzis and Hafezi pointed out
that the effect of CXL might not last as long as
in adults [86]. Also, Godefrooij et al. reported, at
a 5-year follow-up, that progression occurred in
22% of the treated eyes by the last follow-up
visit based on the increased C 1.00 D in K max
readings, although no additional CXL treat-
ment or corneal transplantation was performed
in any patient, as none of these eyes lost Snellen
lines in either UDVA or CDVA [19]. Mazzotta
et al. also found a progression rate in 24% of the
treated eyes, including 13 eyes (from 9 patients)
with K max progression over 1.00 D and only
two cases (4.2%) requiring CXL retreatment
[20]. These data could indicate that the corneal
collagen turnover might produce a short-term
CXL effect with new KC instability or progres-
sion, especially among younger patients.
Therefore, the CXL procedure is likely to be
repeated in approximately 20–25% of the
patients, if there is evidence of progression after
follow-up and repeated examinations showing
actual worsening; furthermore, parents should
be advised before treatment [20].

In the pediatric population, few studies have
evaluated the results for accelerated protocols
with UV fluence of 30 mW/cm2 for 3 or 4 min,
18 mW/cm2 for 4 or 5 min, 10 mW/cm2 for
9 min, or 9 mW/cm2 for 10 min—some studies
compared these results with SCXL and others
with different ACXL protocols; all studiesT
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showed promising results, similar to those of
the conventional method
[20, 23, 27, 30, 32, 36]. Ulusoy et al., Badawi
et al., and Eissa et al. found no evidence of KC
progression after ACXL in all patients treated
[71, 76, 87]. However, these studies had rela-
tively short follow-up periods and used only a
few patients. Agca et al. compared two different
ACXL methods, 30 mW/cm2 for 4 min (7.2 J/
cm2) and 18 mW/cm2 for 5 min (5.4 J/cm2), and
found progression rates (K max progressed
C 1.00 D) of 23.3% and 16.8%, respectively,
during a 5-year follow-up [72]. Nicula et al., in a
retrospective analysis, compared ACXL (9 mW/
cm2 for 10 min) and SCXL, which both led to
similar keratometric and visual acuity results
within a 4-year period. In two eyes from the
ACXL group, progression was observed at the
end of 4 years [77].

In the TCXL group (‘‘epithelium-on’’), no
improvement in K readings was observed at the
end of the follow-up period in the pediatric
range [2]. Zhang et al. compared the results of
conventional and transepithelial protocols in
seven studies involving adult patients and
found that, despite the lower occurrence of
complications after the TCXL procedure, the
corneal flattening effect was lower than that in
SCXL [88]. This was also concluded by Li et al.
and Wen et al. [89, 90]. Buzzonetti, in a study of
the efficacy of TCXL in pediatric KC, with an
average age group of 14.4 years (± 3.7 years),
with an 18-month follow-up, observed worsen-
ing of K max, concluding that this method does
not effectively reduce the progression of KC
compared to SCXL [79]. In a comparative study,
Henriquez et al. showed that although both
procedures halted the progression of KC at
5 years of follow-up, SCXL was able to halt it at
a significantly higher level and with a higher
flattening effect than TCXL [84]. Compared
with SCXL, I-CXL could stop KC progression as
much as 12 months, as disease progression was
found in 50% of cases at a 24-month follow-up
[40]. These studies, as well as other reports
involving the ‘‘epithelium-on’’ method for
pediatric KC, have so far indicated insufficient
evidence for the use of this protocol in pediatric
patients with KC [2, 4].

In a recent meta-analysis, involving a total of
28 studies and 1300 eyes, the results demon-
strated that CXL—in either SCXL or ACXL—is
an effective modality to prevent pediatric KC
progression, with significant improvement in
uncorrected and corrected visual acuity at the
end of the follow-up period [2]. In adult KC, the
demarcation line depth after SCXL was deeper
than that after ACXL, according to Kobashi
et al.’s meta-analysis [91], which indicates that
the biological effect of irradiation on a tissue
differs when the total energy dose is main-
tained. Previous works have shown that the
efficacy of CXL decreases when irradiance
intensity [ 10 mW/cm2 is used. This is due to
the imbalance between conversion and replen-
ishment of oxygen molecules [92–94]. When
ACXL is used in the treatment of eyes with KC
in pediatric patients, it is still not clear whether
the highest irradiations with a short duration
are sufficient to halt the progression of the dis-
ease for a long period. Thus, further studies and
discussions are needed on this topic.

Among the articles reviewed (Table 1)
[19, 20, 54–85], one used HPMC in SCXL and
two in ACXL [65, 71, 73, 78, 85]; all have yiel-
ded good results in stabilizing the disease. Amer
et al. compared SCXL and ACXL (9 mW/cm2,
10 min) using a HPMC-based riboflavin solu-
tion, and both protocols were efficient in pedi-
atric KC management, with better outcomes in
the SCXL [78]. The mean reduction in postop-
erative corneal pachymetry (at thinnest loca-
tion) was significant in SCXL [19, 20, 54–85]. A
study in the adult population with HPMC-based
riboflavin in SCXL and ACXL has evidenced a
marked keratocyte loss, as deep as in the
preendothelial stroma, in a large number of eyes
in particular after CXL with conventional UVA
irradiation. This may be caused by a fast diffu-
sion rate of HPMC-based riboflavin, leading to a
deeper and more intense treatment [49]. Ham-
mer et al. demonstrated, in various riboflavin
formulations, that the concentration of ribo-
flavin phosphate isomer compounds, mostly
the riboflavin 50-monophosphate, in the for-
mulation is higher than the concentration of
riboflavin; however, an inverse relationship
occurs in the cornea, i.e., a higher concentra-
tion of riboflavin opposed to a lower
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concentration of riboflavin phosphate-isomer
compounds [95]. Furthermore, the authors
reported that HPMC-based riboflavin showed
greater concentration of riboflavin and ribo-
flavin 50-monophosphate isomer than dextran-
based riboflavin. Riboflavin is less electronega-
tive and therefore shows better diffusion
through the cornea; conversely, riboflavin 50-
monophosphate-isomer has a lower threshold
for the photochemical reaction, i.e., it presents
a more intense reaction for shorter irradiation
times [95]. These findings could explain that
HPMC-based riboflavin increases diffusion into
the cornea and stronger photochemical
reaction.

The assessment of endothelial cell density
(ECD) loss in standard and accelerated and
transepithelial CXL protocols in the pediatric
group has not produced a statistically signifi-
cant decrease in ECD after the procedure
[21, 23, 56, 58, 61, 69, 70, 76, 80, 82, 96, 97];
however, other studies reported that, depend-
ing on the protocol and carrier used, there is
damage to endothelial cell density [68, 98–100].
In a retrospective SCXL study developed by
Barbisan et al. in 2020, involving 105 eyes, a
statistically significant reduction in ECD was
observed, as well as corneal thinning after
1 year of follow-up, evidencing the potential
impact of CXL on anatomy and corneal physi-
ology [68]. It should be noted that in this study
the authors did not mention whether HPMC or
dextran was used, making it impossible to make
inferences about the impact of the carrier on
cell density [68]. In Hagem et al.’s study, at
1-year follow-up, the results did not show a
reduction in ECD in SCXL and ACXL using
HPMC-based riboflavin and a decrease in
endothelial cell loss in eyes with the deepest
keratocyte loss; however, the effects of these
deep structural findings on the endothelium in
the long term are still unknown [49]. Thus,
safety and efficacy studies of diffusion depth
with diverse riboflavin solutions in CXL are
important because of the depth of riboflavin
diffusion in the corneal stroma, which possibly
influences the CXL depth; the strengthening
effect of CXL, which is believed to occur in the
anterior corneal stroma; and the UVA

irradiation in the most posterior stroma, which
could damage the endothelium [49].

Risks of SCXL include scarring, blepharitis,
corneal haze, mild photophobia, and abrasion-
related discomfort, in addition to severe pain,
stromal haze, temporary vision loss, and infec-
tions, as ‘‘epithelium-off’’ corneal CXL involves
the removal of the epithelium [3, 57, 88]. A
transient reduction in finer pachymetry is also
observed during the first 6 months after the
procedure, which returns to baseline after 1 year
[21, 23]; however, in some studies the cornea
remained thinner when compared to baseline
[63, 78]. Although microbial keratitis after CXL
is uncommon, it has been observed after SCXL
and ACXL protocols among children [23, 101].
Maharana et al. produced the largest series of
microbial keratitis after CXL, describing 7 cases
in 532 ACXL procedures, with cases occurring
between the 1st and 7th days after the proce-
dure [102]. Major complications have not been
reported after different CXL protocols; there-
fore, it is a safe procedure with low risk of
complications [23, 56].

For thin corneas, one of the proposed alter-
natives is the CACXL, which appears to show
good efficacy and safety in adults, despite the
small number of studies found and a short
evaluation period. Also, special care should be
taken with the choice of lens in view of the
oxygen deprivation it may cause [103, 104]. The
EI-CXL halted KC progression over a 1-year
period; however, the cross-linking effect was
lower in areas under the epi-on region [46]. In
the Sub400 protocol, at a 12-month follow-up, a
90% success rate in slowing progression of KC
was obtained in 39 eyes, being 8 eyes from
patients between 13 and 20 years old [47].
Notably, there is still much to be clarified and
monitored in these methods to assess their
safety and efficacy. Thus, these new protocols
are an alternative for thinner corneas and
should be considered in younger patients—even
if disease progression is not avoided for a long
period of time—and still focusing on the great
benefit of postponing a possible corneal trans-
plant in this group of patients. Regarding the
Sub400 protocol, special attention should be
paid to the type of riboflavin used, which is
hypoosmolar and without a carrier. Thus, the
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use of other riboflavin formulations is not rec-
ommended, given the changes in the corneal
stroma, which can modify the safety
parameters.

Pediatric KC is commonly associated with
VKC, possibly related to the frequent rubbing of
the eyes and chronic exposure of the cornea to
inflammatory mediators and cytokines. Ocular
allergy associated with eye rubbing causes
thinning of keratocytes, and the degree of its
effect depends on the strength and duration of
rubbing of the eyes. It is well established that
prevention against KC includes avoiding rub-
bing the eyes and treating dry eyes [105–107]. In
this sense, the effect of CXL on pediatric VKC
patients and eye rubbers needs to be evaluated.
A study involving 89 eyes, divided into two
groups (VKC and non-VKC), was developed to
assess the safety and efficacy of SCXL in chil-
dren and adolescents with KC and VKC [108]. In
both groups, SCXL was associated with a similar
rate of post-treatment progression, with similar
adverse events, outcomes and progression of
KC, demonstrating the safety and efficacy of
SCXL in pediatric patients with and without
VKC in a 2-year follow-up, with no significant
differences between the baseline and last fol-
low-up in mean UCVA, CDVA, manifest spher-
ical equivalent, manifest astigmatism,
keratometry values, and thinnest corneal area
[108]. Further studies are also needed with
longer follow-up periods to assess KC, its pro-
gression in VKC, and eye rubbers before and
after the CXL procedures, given the short fol-
low-up period of the study (2 years) and the lack
of studies in literature addressing this subject.

Regarding CXL’s cost-effectiveness compared
to traditional KC management, early CXL’s
superiority over standard management with
penetrating keratoplasty is observed
[17, 109, 110]. Following the hypothetical
Markov model, a 10-year effect after early CXL
treatment would produce an increase in quality-
adjusted life-years (QALYs) by 50–51 years with
early CXL, as well as higher cost-effectiveness
rates compared with the previously standard
management [21, 23, 109, 110]. However, there
is no consensus among specialists on some
aspects related to the indication of the CXL
surgery in all cases of KC in children and

adolescents at the time of diagnosis. Ambrósio
et al. [9] draw attention to the fact that early
indication of CXL may increase risk of compli-
cations; on the other hand, a late indication will
produce a significant risk factor for treatment
failure [4, 9, 111]. So, an individualized
approach should be carried out according to
each patient’s clinical condition and the thera-
peutic options and availability of each center.
Thus, in some situations, in which SCXL or
ACXL cannot be performed, other approaches
of corneal cross-linking should be considered,
such as riboflavin in oral supplementation,
although we do not have studies (only congress
case reports) which prove the effectiveness, or
even with crosslinking without removing the
epithelium [9, 112].

The criteria for assessing the progression of
KC after CXL in the pediatric group and the
need for a re-approach are not standardized,
making it difficult to assess CXL results.
Although several systematic reviews have been
published on the improvement of clinical out-
comes after CXL in pediatric KC, they have not
specifically investigated the failure rate of CXL
[113]. Achiron et al. assessed KC progression
rates after CXL in the pediatric group in a lit-
erature review study of 37 studies (2078 eyes).
The most common methods for reporting pro-
gression were increased K max, K mean, or steep
K by 1.0 diopter or more. According to these
criteria, the mean pooled progression rate after
‘‘epithelium-off’’ CXL amounted to 9.9% with
high heterogeneity between studies and p value
\0.0001 [113]. Defining progression, therefore,
is rather challenging in pediatric KC, as typical
changes in progression often do not happen
concomitantlyin a patient, with variability
within and between observers and between
corneal topography and CT scanners.

In addition, the need for retreatment of CXL
(Re-CXL) and the analysis of its amount and
effectiveness remain unclear in the literature
[113]. Most of the articles evaluated do not
mention the need for re-CXL or performance of
this procedure. Few studies, involving mostly
adult populations, show progressive KC and Re-
CXL, in which they were performed with simi-
lar methods to primary CXL. They yielded
stable results, but with short follow-up periods,
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which are insufficient to draw long-term con-
clusions [114–116]. An example for this discus-
sion is the study performed by Antoun et al.,
which reported that 7 in a total of 221 eyes
(3.17%) after SCXL needed Re-CXL, repeating
the standard CXL protocol, with no complica-
tions and effective results at 1-year follow-up.
The authors suggested that allergic conjunc-
tivitis and eye rubbing were risk factors for the
need for Re-CXL [114]. In an in vitro study
performed on human corneas, comparison was
made between corneas that were submitted to
CXL once to three times within a maximum
24-h interval between procedures [117]. In this
article, differences between groups were not
significant using scanning acoustic microscopy
to evaluate results, indicating that no further
cross-links are induced when Re-CXL is per-
formed [117].

Studies with clear KC progression criteria are
necessary; they should evaluate the effective-
ness of CXL in the pediatric population and the
need for retreatment and new CXL approaches
in this age group using long-term follow-up
studies. In this scenario, the use of integrated,
multimodal propaedeutics in corneal imaging,
biomechanics, molecular biology, and genetics
associated with artificial intelligence (AI) can be
of great value in the future. In this sense, it can
be the gold standard for the diagnosis of the
progression and worsening of KC, especially in
children, who usually pose a real challenge for
doctors during examinations, as well as to
ensure reliability of the results, promoting a
more efficient and safe treatment for the
patient.

CONCLUSION

Pediatric KC is likely to be diagnosed at an
advanced stage, with rapid progression and
associated ocular comorbidities. Optimal deci-
sion-making in the management of KC involves
deep knowledge of the clinical challenges that
may occur during treatment, and the procedure
should be individualized for each patient.

Standard CXL and ACXL can be considered
effective and safe in the management of pedi-
atric KC. On the other hand, TCXL—although

safe—has not proved to be as efficient as the
other existing techniques to this date. However,
it can be considered in some situations. Studies
have confirmed the benefit of HPMC-based
riboflavin in maintaining corneal thickness
throughout the treatment and reducing the
soaking time with a good result in ACXL.

Special attention should be paid to the type
of CXL protocol used (irradiation time and
energy), the soaking time, and the type of
riboflavin used, as they greatly impact the safety
and final result of CXL. Therefore, in terms of
long-term outcomes and safety of corneal CXL
in children, we consider using the standard CXL
protocol with dextran-riboflavin or the use of
the accelerated CXL protocol with 9 mW/cm2

for 10 min with HPMC-based riboflavin and
soaking time of 10–15 min.

For thinner corneas, where 400 mm thick-
ness without epithelium is not achieved with
hypoosmolar riboflavin, the CACXL, EI-CXL,
and Sub400 protocols should be considered in
patients who have a chance of visual rehabili-
tation, although further studies are still needed
to prove safety and efficacy.

Given the concern of regression of kerato-
conus after CXL in children, a close follow-up
after CXL in the pediatric group must monitor
for early signs of returned progression, and Re-
CXL should be considered as an attempt to
delay a future corneal transplant.

Thus, further reports should be carried out,
especially long-term prospective studies, to
assess the progression of KC after CXL in the
pediatric group, as well as the need for retreat-
ment to allow for a better definition of the
optimal method of CXL. In the future, the use
of multimodal propaedeutics and AI could offer
better therapeutic treatment for this group.
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2017;96(47):e8758.

97. Goukon H, Kamiya K, Takahashi M, Shoji N. Effect
of corneal cross-linking on endothelial cell density
and morphology in the peripheral córnea. BMC
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