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Purpose: To systematically compare the efficacy of transepithelial accelerated corneal collagen
crosslinking (TE-ACXL) with conventional corneal collagen crosslinking (C-CXL) in patients
with progressive keratoconus.

Methods: Eyes of patients with progressive keratoconus who were treated with C-CXL
(3 mW/cm? for 30 minutes) were compared with those who underwent TE-ACXL (6 mW/cm?
for 15 minutes). Best-corrected visual acuity (BCVA), keratometry values, corneal thickness,
and topometric indexes were compared before CXL, and at 2 months, 6 months, and 12 months
postoperatively.

Results: The study enrolled 26 eyes of which 16 had TE-ACXL and 10 had C-CXL. Both
groups were comparable at baseline and 12 months in terms of BCVA (P=0.16 and P=0.57),
Kmax (maximum keratometry) (P=0.31 and P=0.73), pachymetry (P=0.75 and P=0.37), index
of surface variance (ISV) (P=0.45 and P=0.86), index of vertical asymmetry (IVA) (P=0.26
and P=0.61), and index of height decentration (IHD) (P=0.27 and P=0.86, respectively).
We did not observe significant differences between preoperative and 12-month postopera-
tive readings in within-group analysis: AKmax (TE-ACXL, -2.13+5.41, P=0.25 vs C-CXL,
0.78+1.65, P=0.17), Apachymetry (TE-ACXL, 4.10+14.83, P=0.41 vs C-CXL, —8.90+22.09,
P=0.24), AISV (TE-ACXL, —-8.50+21.26, P=0.24 vs C-CXL, 3.80£12.43, P=0.36),
AIVA (TE-ACXL, —0.12+0.31, P=0.26 vs C-CXL, 0.03£0.18, P=0.61), and AIHD (TE-
ACXL, —0.03£0.07, P=0.18 vs C-CXL, —0.01£0.03, P=0.88).

Conclusion: Both TE-ACXL and C-CXL were similarly effective. Further follow-up is required
to determine whether these techniques are comparable in the long-term.

Keywords: cornea, keratoconus, crosslinking, transepithelial, riboflavin, ultraviolet radiation,
keratometry

Introduction
Keratoconus is an asymmetric, bilateral, and progressive corneal ectasia that can lead
to visual impairment.'? It is the most common cause of primary keratectasia, with a
prevalence in the general population as high as 1:375.3# In keratoconic eyes, the cornea
becomes thin and protrudes.? It is believed that stromal thinning is due to collagen
degradation by proteolytic enzymes or by decreased levels of proteinase inhibitors."?
Keratoconus management has changed. Treatment mainly included strategies to
improve visual acuity (eg, rigid contact lens, corneal rings, and penetrating kerato-
plasty), and none of them could alter the natural history of the disease.®® Corneal col-
lagen crosslinking (CXL) changed the perspective of keratoconus management because
this treatment is able to slow or stop keratoconus progression.>*!° Since Wollensak et al
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published the first report of CXL in 2003, many studies
have been published that showed the efficacy and safety of
conventional corneal collagen CXL (C-CXL).!1-1¢

CXL consists of soaking the corneal stroma with ribo-
flavin and then irradiating it with ultraviolet A (UVA)
radiation.>!” Even though the exact mechanism of action is
still not completely clear, it is thought that the interaction
between riboflavin and UVA results in the formation of
oxygen free radicals that increase intra- and interfibrillar
covalent bonds between the collagen fibrils.!®!151

C-CXL protocols are based on the Dresden protocol.
All the conventional protocols deliver 30 minutes of UVA
radiation at an irradiance of 3.0 mW/cm?, enabling a fluence
of 5.4 J/cm?, after the corneal instillation of riboflavin for
30 minutes. !0

In an attempt to overcome the long duration of the
conventional procedure, accelerated protocols were tested
according to Bunsen-Roscoe’s law of reciprocity that states
that it is theoretically possible to achieve the same cumula-
tive energy with an increased intensity of UVA radiation and
shorter exposure.'>2!

Epithelial debridement is performed to facilitate stromal
riboflavin absorption, as riboflavin alone cannot pass through
the intact epithelial cell membranes.?> However, in an attempt
to reduce the risks of the epithelial removal (postoperative
infection, pain and delay in visual rehabilitation, corneal
scarring), transepithelial protocol has been tested.!!?2%

This protocol allows to overcome some limitations of
conventional protocol, making it a more appealing and prom-
ising treatment option. However, medical literature on safety
and efficacy of transepithelial accelerated corneal collagen
crosslinking (TE-ACXL) remains scarce.>*? Considering its
advantages more studies to evaluate the role of this protocol
in keratoconus treatment are needed.

The purpose of this study is to compare the efficacy
of TE-ACXL with C-CXL in patients with progressive
keratoconus.

Materials and methods

The eyes of patients with a diagnosis of progressive kera-
toconus who had C-CXL (3 mW/cm? for 30 minutes) or
TE-ACXL (6 mW/cm? for 15 minutes) between 2015 and
2017 were included in this retrospective interventional study.
The medical records of all patients who underwent CXL
and followed in the Ophthalmology Corneal Department of
Centro Hospitalar Sao Jodo were reviewed. The main inclu-
sion criteria were age between 14 and 32 years, a corneal

pachymetry >400 um at its thinnest point, and documented
keratoconus progression.

The diagnosis of progressive keratoconus was defined
by at least one of the following clinical signs in the previ-
ous 12 months: an increase of at least 1.0 diopter (D) in the
maximum keratometry, a 2% decrease in central thickness,
or an increase in corneal cylinder of at least 1.0 D.>6-

The exclusion criteria for CXL were apical corneal scar-
ring, delayed epithelial healing, severe dry eye, ocular infec-
tions, connective tissue disease, pregnancy, and lactation.”

All patients included had an ophthalmologic examina-
tion before collagen crosslinking and at 2, 6, and 12 months
postoperatively. Best-corrected visual acuity (BCVA)
was recorded using a Snellen chart and converted to the
logarithm of minimal angle of resolution (logMAR) units
for statistical analysis.”® Maximum keratometry (Kmax),
mean keratometry (Kmean), pachymetry of the thinnest
location, index of surface variance (ISV), index of vertical
asymmetry (IVA), and index of height decentration (IHD)
were recorded using Pentacam (Pentacam HR; Oculus
Optikgerate GmbH, Wetzlar, Germany) before surgery and
at all time points.

The tenets of the Declaration of Helsinki were followed
and the approval of the Ethics Committee of Centro Hospi-
talar Sdo Jodo was obtained. Patient consent to review their
medical records was not required, given that patient data
confidentiality was assured.

Surgical technique

Corneal CXL was performed under sterile conditions. About
4 mg/mL of oxybuprocaine hydrochloride eyedrops was
applied on the ocular surface for topical anesthesia in both
CXL protocols.

Table 1 allows the comparison of TE-ACXL and C-CXL
procedures.

C-CXL was carried out with the following protocol:
epithelium was loosened using a smooth spatula after being
soaked for 30 seconds with a 20% alcohol solution. After epi-
thelial debridement, 0.1% riboflavin preparation was instilled
into the cornea every 2 minutes for 30 minutes, and then
anterior chamber flare was checked to ensure the saturation
of the corneal stroma. After that the cornea was exposed to
UVA light at 370 nm (3 mW/cm?) for 30 minutes. During this
period, riboflavin solution was administered every 5 minutes
and sterile balance sodium solution every 2 minutes to pre-
clude excessive corneal dehydration. After the procedure,
a bandage soft contact lens was used for 7 days.’
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Table | Collagen crosslinking procedures

Parameter

Transepithelial accelerated CXL

Conventional CXL

Epithelium removal

No

Yes

Riboflavin

TE 0.25% riboflavin with BAC, EDTA, Tris,
and 0.45% phosphate buffer saline

Isotonic 0.1% riboflavin with 20.0% dextran
T500, Na,HPO,, and NaH,PO,

Soak time (minutes) 20 30
UVA irradiation (mW/cm?) 6 3

Irradiation time (minutes) 15 30
Total dose intensity (J/cm?) 5.4 5.4

Abbreviations: CXL, crosslinking; UVA, ultraviolet A; TE, transepithelial; BAC, benzalkonium chloride; EDTA, ethylenedinaminetetraacetic acid.

TE-ACXL was carried out with the following protocol:
through intact epithelium, 0.25% TE riboflavin preparation
was instilled to the cornea every 2 minutes for 20 minutes,
and then anterior chamber flare was checked to ensure the
saturation of the corneal stroma. After that, cornea was
exposed to the UVA light (6 mW/cm?) for 15 minutes.
During this period, riboflavin solution was administered
every 5 minutes and sterile balance sodium solution every
2 minutes to preclude excessive corneal dehydration.'

In both groups, 0.3% ofloxacin, 0.1% dexamethasone
phosphate, and 0.2% sodium hyaluronate were administered
topically postoperatively.

Statistical analysis

Results are expressed as the mean = SD. For comparison of
preoperative variables and postoperative variables, the paired
t-test was used. Within the group, multiple-related samples
were compared with Friedman ANOVA test. Differences
between the two groups were tested with an independent-
samples #-test. P<<0.05 was considered statistically significant.

Statistical analysis was performed using IBM Statistical
Package for the Social Sciences (SPSS) Statistics v25.0.

Results
The study enrolled 26 eyes of 24 patients; 16 eyes had TE-
ACXL and 10 eyes had C-CXL. There was no statistically
significant baseline difference between the groups with
respect to age, preoperative BCVA, keratometry values,
corneal thickness, and topometric indices (Table 2).

In all patients reviewed, there were no complications
during the follow-up time.

Visual acuity
Figure 1 shows the mean BCVA over time. The within-
group analysis showed no statistically significant change in
BCVA through follow-up in the TE-ACXL (P=0.46) and
C-CXL (P=0.72) groups. No significant visual gain or loss
was observed in either group.

In the TE-ACXL group, the mean variation of BCVA
was —0.0710.18 logMAR (P=0.24) and —0.04+0.18 logMAR

Table 2 Baseline demographic and clinical characteristics of patients undergoing transepithelial accelerated crosslinking and

conventional crosslinking

Parameter Transepithelial Conventional CXL 95% ClI P-value
accelerated CXL
Age (years) 18.69+5.47 21.90+5.72 —0.56-6.98 0.09
Sex (male:female) 8:l 13:2 —0.30-0.25 0.85
BCVA (LogMAR) 0.43£0.30 0.28+0.15 —0.37-0.65 0.16
Kmax (D) 60.80+8.17 57.89+3.97 —8.65-2.83 0.31
Kmean (D) 49.36+4.53 48.92+2.82 —3.75-2.87 0.79
Pachymetria (im) 463.13+33.68 467.20+25.49 -21.61-29.76 0.45
ISV 112.63+£34.20 103.30+20.34 —34.09-15.44 0.65
IVA 1.20+0.40 1.14+0.24 -0.36-0.23 0.65
IHD 0.18+0.07 0.16+0.03 —0.07-0.02 0.27

Abbreviations: BCVA, best-corrected visual acuity; CXL, crosslinking; IHD, index of height decentration; ISV, index of surface variance; IVA, index of vertical asymmetry;
Kmax, maximum keratometry; Kmean, mean keratometry; LogMAR, logarithm of minimal angle of resolution.
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0.1
0
Preop 2M
= TE-ACXL 0.43+0.30 0.47+0.26
C-CXL 0.28+0.15 0.43+0.36

6M 12M P-value
0.37+£0.27 0.37+£0.27 0.46
0.43+0.31 0.30£0.13 0.72

Figure | Best-corrected visual acuity (BCVA) in LogMAR at baseline and 2, 6, and 12 months after transepithelial accelerated CXL and conventional CXL.
Note: No statistically significant differences were observed between or within-group analysis at preoperative and 2, 6, and |2 months postoperatively.
Abbreviations: CXL, crosslinking; LogMAR, logarithm of minimal angle of resolution; TE-ACXL, transepithelial accelerated corneal collagen CXL; C-CXL, conventional

corneal collagen CXL; M, months; Preop, preoperative.

(P=0.62) at 6 and 12 months, respectively. In CXL-C group,
the mean variation of BCVA was 0.19+0.17 logMAR
(P=0.42) and 0.021+0.17 logMAR (P=0.82) at 6 and 12 months,
respectively. Between-groups analysis showed no statistical
significant differences at 12 months (0.30£0.27 logMAR vs
0.3020.13 logMAR, P=0.57) postoperatively.

Keratometry

Figures 2 and 3 show the variations in K readings. There were
no significant changes in the Kmax and Kmean values in either
group. In the TE-CXL group, variations in the keratometric
values after 12 months were AKmax = —2.13+5.41 and

64
62

60

AKmean = —0.2512.60. At the end of follow-up, no signifi-
cant changes were found (Kmax and Kmean, P=0.40 and
P=0.78). In the C-CXL group, the AKmax was 0.78+1.65
and the AKmean was 0.2530.89 at 12 months postoperatively.
Also in this group, no significant changes in keratometric
values were observed at the end of follow-up (Kmax and
Kmean, P=0.80 and P=0.31).

The between-groups analysis showed no statistically sig-
nificant difference between groups after 12 months. The Kmax
was 57.7816.69 in the TE-ACXL group vs 58.6744.45 in the
C-CXL group (P=0.73) and the Kmean was 48.22+4.47 in the
TE-ACXL group vs 49.1742.75 in the C-CXL group (P=0.57).

58

56

Kmax (D)

54

52

50
2M

60.06+7.72
59.44+5.37

Preop
60.44+3.83
57.89+3.97

— TE-ACXL
C-CXL

12M
57.78+6.69
58.67+4.45

P-value
0.40
0.80

6M
61.36+8.33
58.02+4.58

Figure 2 Maximum keratometry (Kmax) value compared with baseline at 2, 6, and 12 months after transepithelial accelerated CXL and conventional CXL.
Note: No statistically significant differences were observed between or within-group analysis at preoperative and 2, 6, and |2 months postoperatively.
Abbreviations: CXL, crosslinking; TE-ACXL, transepithelial accelerated corneal collagen CXL; C-CXL, conventional corneal collagen CXL; M, months; Preop, preoperative.
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Preop 2M

49.36+4.53
48.92+2.82

— TE-ACXL
C-CXL

49.69+4.84
49.80+3.43

o

6M 12M P-value
50.34+4.54 48.22+4.47 0.78
48.93+3.22 49.17+2.75 0.31

Figure 3 Kmean values were similar at baseline, 2, 6, and 12 months postoperatively for both transepithelial accelereated CXL and conventional CXL.
Note: No statistically significant differences were observed between or within-group analysis at preoperative and 2, 6, and 12 months postoperatively.
Abbreviations: CXL, crosslinking; TE-ACXL, transepithelial accelerated corneal collagen CXL; C-CXL, conventional corneal collagen CXL; Kmean, mean keratometry;

M, months; Preop, preoperative.

Pachymetry

Figure 4 shows the variation in pachymetry between baseline
and 12 months. In both groups, no statistically significant
changes were found at 12 months (4.10£14.83, P=0.59 in
TE-ACXL group and —8.90+22.09, P=0.42 in C-CXL group).
At the end of the follow-up, in the between-group analysis,
no significant differences were observed (458.301£24.93 in the
TE-ACXL group and 472.10+44.88 in the C-CXL, P=0.37).

Topographic indices
Regarding the topographic indices (Table 3), within-groups
analysis showed no significant change of the variables

)
IS
(o]
o

450

440

430

420

Central corneal thickness (um

410
Preop 2M

463.13+33.68
467.20+25.49

= TE-ACXL
C-CXL

471.86+34.23
458.60+18.83

between preoperative and 12-month postoperative read-
ings. At 12 months, comparing the results between the
TE-ACXL and the C-CXL groups, we observed that mean
ISV was 104.70£37.32 vs 107.10+22.83, P=0.86; mean [IVA
was 1.12+0.39 vs 1.17£0.31, P=0.79; and mean IHD was
0.1540.06 vs 0.1620.31, P=0.86.

Discussion

Since the first published results in 2003 by Wollensak et al,
CXL has been widely used to delay progression in patients
with keratoconus. C-CXL has been shown to be safe and effec-
tive in corneal stabilization in patients with keratoconus.>*!3:1?

470
-_—
460

6M 12 M P-value
460.17+£39.27 472.10£40.88 0.59
453.67+18.78 458.30£24.92 0.42

Figure 4 Central corneal thickness compared with baseline at 2, 6, and 12 months after transepithelial accelerated CXL and conventional CXL.
Note: No statistically significant differences were observed between or within-group analysis at preoperative and 2, 6, and 12 months postoperatively.
Abbreviations: CXL, crosslinking; TE-ACXL, transepithelial accelerated corneal collagen CXL; C-CXL, conventional corneal collagen CXL; M, months; Preop, preoperative.
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Table 3 Mean change in K readings and in topographic data in the CXL groups

Parameter Transepithelial accelerated CXL Conventional CXL
AI2M 95% ClI P-value AI2M 95% ClI P-value

AKmax (D) —2.13+5.41 —6.00-1.74 0.25 0.78+1.65 —0.40-1.96 0.17
AKmean (D) —0.25+2.60 —2.10-1.61 0.77 0.25+0.89 -0.39-0.89 0.40
APachymetry (um) | 4.10£14.83 -6.51-14.71 0.41 —8.90+22.09 —24.70-6.90 0.24
AISV —8.50+21.27 —23.71-6.71 0.24 3.80+12.43 —0.51-12.70 0.36
AIVA —0.12+0.31 —0.34-0.11 0.26 0.03+0.18 —0.10-1.62 0.6l
AIHD —0.03+0.07 —0.08-0.02 0.18 —0.001+0.03 —0.02-0.02 0.88

Abbreviations: K, keratometry; CXL, crosslinking; M, months; Cl, confidence interval; Kmax, maximum keratometry; Kmean, mean keratometry; ISV, index of surface

variance; IVA, index of vertical asymmetry; IHD, index of height decentration.

However, the long duration of procedure and the need to
debride the corneal epithelium lead to patient discomfort and
increase in the risk of corneal infection.?? Therefore, to over-
come these disadvantages, modifications and optimizations
of this technique were done. In this study, we compared the
safety and efficacy of TE-ACXL with C-CXL.

In our study, both TE-ACXL and C-CXL were similarly
effective. Overall, patients in both groups did not show pro-
gression in clinical and topographic parameters. However,
there was a trend in all the evaluated variables, with a more
favorable outcome in the TE-ACXL group compared to
C-CXL group.

Other studies have also demonstrated that transepithelial
and accelerated crosslinking protocols may be as effective as
conventional protocols;'??223! however, only a limited
amount of studies have evaluated the efficacy of the TE-
ACXL protocol.>** Until this moment, only few studies
conducted in adults evaluated the efficacy of TE-ACXL;
however, the protocol used was different. In one study, the
cornea was exposed to UVA irradiance of 9 mW/cm? for 10
minutes,? whilst in an other, an irradiance of 45 mW/cm?
for a total dose of 7.2 J was used.?* The first study enrolled
26 eyes with progressive keratoconus, with a mean age of
24.54+5.16 years and a significant improvement in BCVA
and Kmax after 12 months of follow-up.?* However, in the
second study, which included 46 eyes, no significant changes
were observed regarding the BCV A and topographic indices,
but a significant increase in corneal central thickness was
observed.* Both studies concluded that TE-ACXL is an
effective method to decrease or stop the progression of
keratoconus.?** Four more studies with TE-ACXL have been
published; however, these studies used pulsed corneal irra-
diation instead of continuous irradiation, as in our study.?>

In accordance with the results of CXL in previously pub-
lished papers, in our study, BCVA remained stable during
the 12 months of follow-up and the results were similar for

both procedures. Akbar et al used a similar technique for
TE-ACXL, and they did not show any significant improve-
ment in BCVA. The BCVA was 0.4320.30 and 0.37+0.27
at baseline and after 12 months, respectively (P=0.621).%
However, other authors have reported BCVA improvement
with transepithelial CXL*?* and with accelerated CXL.*
No articles with worsening of BCVA after transepithelial
or accelerated CXL were found.

Regarding the keratometry values, the corneal flatting
in the TE-ACXL group was —2.13 D after 12 months of
follow-up; however, the difference was not statistically
significant. Several studies suggested that a greater flatten-
ing effect could be achieved with more severe keratoconus
patients.’**” Heikal et al reported significant improvement
in Kmax in patients who underwent transepithelial CXL
(about 76.66% had a decrease by 1 D or more),? and Toker
et al reported a statistically significant improvement in Kmax
in the accelerated and C-CXL without statistical difference
between then.’® However, other studies showed the opposite
results. Li et al suggested that transepithelial CXL effect may
not treat deeper corneal tissue because in the C-CXL group,
there was a greater effectiveness in the Kmax reduction.®
Interestingly, Soeters et al have reported that in 23% of
cases treated by transepithelial CXL, keratoconus progres-
sion occured.”® The differences between these studies may
be related to topographic differences among the populations
evaluated or differences in CXL protocols (UVA irradiation
time and the riboflavin preparations used).*

Reduction in the corneal thickness has been associated with
worsening of the keratoconus. In our C-CXL group, there was
adecrease in corneal thickness in the first 6 months. Our results
are in agreement with the published literature, since after
CXL there was a significant worsening in the first 3 months
with recovery beginning between 3 and 6 months.'*?° The
mean change of corneal thickness in our C-CXL group may
be related to epithelial remodeling, compactness of collagen
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fibrils, corneal dehydration, and keratocyte apoptosis.?®3*
Compared to the C-CXL group, in the TE-ACXL group, there
was a slight increase in corneal thickness at 12 months, which
suggests an effective structural effect.’®

Of all the topographic indices, ISV and IHD have a better
correlation with the progression of keratoconus.?” In our
study, there were no statistically significant differences
between the ISV, IVA, and IHD indices when both treatment
groups were compared. Toker et al and Choi et al reported
similar results.'>%

The strength of our study is that given the lack of data on
the safety and efficacy of TE-ACXL, we provided unique data
on that topic.*®* Our results prove that TE-ACXL is effective
in stabilizing the progression of keratoconus. TE-ACXL is
performed without epithelium debridement, thereby decreasing
the risk of corneal infection, haze, and postoperative pain.>'%
Also this protocol is less time-consuming than the conven-
tional one and facilitates the use of CXL for less co-operative
patients.> The advantages of this protocol over the conventional
one make it a more appealing option for keratoconus treatment.

However, several limitations should be considered in this
study. First, our sample size was small, which reduced the
statistical power of the study. Second, the follow-up time was
short. The progression of keratoconus was not linear over
time, and there were moments when progression interspersed
with periods of stabilization. Thus, follow-up of 12 months
was not enough to classify assertively the keratoconus as
stable, and it is believed that this flatting process induced by
crosslinking can continue for several years.?

Conclusion

TE-ACXL and C-CXL seem to be similarly effective. TE-
ACXL is a less invasive and faster procedure that seems to be
effective in halting keratoconus progression. Further studies
with longer follow-up and larger sample sizes are required to
achieve meaningful conclusions and allow the predictability
of the outcome.

Disclosure
The authors report no conflicts of interest in this work.
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