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ABSTRACT

INTRODUCTION: Our purpose was to systematically evaluate the long-term effectiveness 
of transepithelial accelerated corneal collagen crosslinking (TE-ACXL) in the treatment of eyes 
with progressive keratoconus (KC) throughout a 4-year follow-up.

METHODS: Eyes of patients who underwent TE-ACXL (6 mW/cm2 for 15 minutes) for pro-
gressive KC and presented 48 months of follow-up were included. Corrected distance visual acu-
ity (CDVA), keratometry measurements (Kmax, maximum keratometry, Kmean, mean kerato-
metry and Astg, corneal astigmatism), thinnest corneal thickness (PachyMin), and topographic, 
and tomographic indexes (specifically the PRC, posterior radius of curvature from the 3.0 mm 
centered on the thinnest point of the cornea, and the D-index) were analysed preoperatively and 
every 12 months after TE-ACXL, up to 48 months. 

RESULTS: Forty one eyes from 30 patients were included, with a mean age at crosslink-
ing of 20.90±4.69 years. Eleven eyes were excluded from the comparison between 48 months and 
baseline values because they were submitted to either an epithelial-off crosslinking (n=6), an in-
tracorneal ring segment (n=4) or a corneal penetrating transplant (n=1), after 36 months of follow-
up. There was a significant increase in Kmean (+0.64±1.04 D, p<0.001; +0.98 ± 1.49 D, p<0.001; 
+1.27±2.01 D, p<0.001; +1.13±2.00 D, p=0.006) and D-index (+0.51±1.03 units, p=0.007; +0.69±1.25 
units, p=0.002; +1.02±1.72 units, p=0.002; +1.15±1.64 units, p<0.001) throughout follow-up. PRC 
decreased significantly throughout follow-up (-0.12±0.22, p=0.002; -0.15±0.24, p<0.001; -0.17±0.43, 
p=0.021; -0.16±0.43, p=0.027). PachyMin decreased significantly at 36 and 48 months (-8.50±15.93 
μm, p=0.004; -7.82±18.37, p=0.033). CDVA improved significantly at 12 and 48 months (-0.10±0.29 
logMAR units, p=0.045; -0.17±0.33 logMAR units, p=0.013), but not at 24 or 36 months. Surgery and 
follow-up were uneventful in all subjects, regarding potential complications of this procedure.

CONCLUSION: TE-ACXL is a safe treatment for progressive KC. However, there may still be a 
significant variation in topographic, tomographic, and pachymetric parameters in these eyes in a 4-year 
period following the procedure. Therefore, further procedures may be required to halt disease progression.
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INTRODUCTION

Keratoconus (KC) is a progressive, bilateral, and asym-
metric ectatic disease of the cornea, usually presenting in 
the second to third decades of life.1,2 Central or paracentral 
corneal stromal thinning occurs, accompanied by apical 
protrusion (ectasia), with consequent mild to significant 
visual impairment.2,3 It is the most frequent form of corneal 
ectasia, with an estimated incidence of up to 1 in 20004 in 
the general population, with more recent studies suggest-
ing a prevalence that can be as high as 4.79% in general 
pediatric patients.5,6 Currently, corneal tomography and 
biomechanics are the most useful tools in its early diag-
nosis,7 while topographic, tomographic, and pachymetric 

parameters are usually combined to monitor disease pro-
gression.8,9 The “Global Consensus on Keratoconus and Ec-
tatic Diseases” defined ectasia progression as a consistent 
change in ≥2 of the following parameters: (1) steepening of 
the anterior corneal surface; (2) steepening of the posterior 
corneal surface; (3) thinning and/or an increase in the rate 
of corneal thickness change from the periphery to the thin-
nest point. Furthermore, the consensus panel agreed that a 
change in both uncorrected distance visual acuity (UDVA) 
and corrected distance visual acuity (CDVA) is not required 
to document progression, and that while specific quanti-
tative data are lacking to further define progression, these 
data would likely be machine/technology specific.10 Some 
parameters are frequently used as KC progression criteria 

KEYWORDS: Corneal Cross-Linking; Corneal Topography; Cross-Linking Reagents; Dis-
ease Progression; Keratoconus.

RESUMO

INTRODUÇÃO: Avaliação sistematizada da efetividade a longo prazo do crosslinking 
transepitelial acelerado (TE-ACXL) no tratamento de olhos com queratocone (KC) progressivo, ao 
longo de um período de 4 anos.

MÉTODOS: Foram incluídos olhos com KC progressivo submetidos a TE-ACXL (6 mW/
cm2 durante 15 minutos), com seguimento de 48 meses. Foram avaliados os seguintes parâmetros: 
melhor acuidade visual para longe corrigida (CDVA), parâmetros queratométricos (queratometria 
máxima (Kmax), queratometria media (Kmean) e astigmatismo corneano (Astg)), espessura 
corneana mínima (PachyMin), índices topográficos e tomográficos (nomeadamente o raio de 
curvatura posterior dos 3 mm centrados no ponto mais fino da córnea (PRC) e o índice D). Estes 
parâmetros foram analisados pré-operatoriamente e a cada 12 meses após o TE-ACXL, até 48 
meses após a cirurgia. 

RESULTADOS: Foram incluídos 41 olhos de 30 doentes. A idade média pré-operatória 
foi 20,90±4,69 anos. Foram excluídos 11 olhos da comparação entre os resultados aos 48 meses 
e os resultados pré-TE-ACXL, visto que estes olhos foram submetidos a outros procedimentos 
36 meses após a cirurgia inicial (nomeadamente, crosslinking com remoção do epitélio (n=6), 
segmentos de anel intracorneanos (n=4) ou queratoplastia penetrante (n=1). Registou-se um 
aumento significativo da Kmean (+0,64±1,04 D, p<0,001; +0,98 ± 1,49 D, p<0,001; +1,27±2,01 D, 
p<0,001; +1,13±2,00 D, p=0,006) e do índice D (+0,51±1,03 unidades, p=0,007; +0,69±1,25 unidades, 
p=0,002; +1,02±1,72 unidades, p=0,002; +1,15±1,64 unidades, p<0,001) ao longo do seguimento. O 
PRC diminuiu significativamente ao longo dos 48 meses (-0,12±0,22 mm, p=0,002; -0,15±0,24 mm, 
p<0,001; -0,17±0,43 mm, p=0,021; -0,16±0,43 mm, p=0,027). A PachyMin diminuiu significativamente 
aos 36 e aos 48 meses (-8,50±15,93 μm, p=0,004; -7,82±18,37, p=0,033). A CDVA melhorou 
significativamente aos 12 e aos 48 meses (-0,10±0,29 unidades logMAR, p=0,045; -0,17±0,33 
unidades logMAR, p=0,013), mas não aos 24 meses ou aos 36 meses. A cirurgia e o seguimento dos 
doentes decorreram sem intercorrências em todos os doentes incluídos. 

CONCLUSÃO: O TE-ACXL é um tratamento seguro para o KC progressivo. Contudo, pode 
ocorrer uma variação significativa dos parâmetros topográficos, tomográficos e paquimétricos 
nestes olhos, num período de 4 anos após o procedimento. Assim, podem ser necessários outros 
procedimentos para abrandar a progressão da doença.

PALAVRAS-CHAVE: Crosslinking Corneano; Progressão da Doença; Queratocone; Rea-
gentes de Crosslinking; Topografia da Córnea.
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in the literature, in studies that use the Pentacam® tomog-
raphy system (OCULUS Optikgeräte GmbH, Wetzlar, Ger-
many).8,11-16 However, these parameters have not been vali-
dated. Furthermore, using one isolated parameter is not in 
agreement with the global consensus on KC.10

Keratoconus treatment has evolved greatly in recent years.17 
Corneal collagen crosslinking (CXL) has emerged as an effective 
treatment in decreasing or even aborting disease progression. It 
is a safe and minimally invasive procedure that increases cor-
neal biomechanical rigidity and is the only form of treatment 
that specifically targets the disease pathophysiology.18,19 The 
first established CXL protocol – the Dresden Protocol – was de-
scribed by Wollensack et al20 and is considered the standard (or 
conventional, C-CXL) procedure. It involves epithelial debride-
ment to facilitate stromal riboflavin absorption, application of a 
0.10% riboflavin 5-phosphate solution for 30 minutes, followed 
by exposure to UVA radiation (365 nm, 3 mW/cm2) for 30 min-
utes, enabling a total fluence of 5.4 J/cm2.20 Nonetheless, corneal 
epithelium debridement and prolonged corneal exposure are 
responsible for the main adverse effects and disadvantages of 
C-CXL (infection, sub-epithelial haze, sterile corneal infiltrates, 
corneal scarring, endothelial damage, postoperative pain, and 
delayed visual rehabilitation).19,21-23 To reduce these negative 
outcomes, new accelerated protocols emerged (A-CXL). These 
are based on the Bunsen-Roscoe law of photochemical reciproc-
ity, therefore maintaining the cumulative dose of radiation ad-
ministered. Posteriorly, to avoid the possible complications as-
sociated with epithelial debridement, transepithelial protocols 
(TE-CXL) were developed.19,23-25 Notwithstanding, transepithe-
lial accelerated crosslinking (TE-ACXL) efficacy may be limited 
by: (1) the epithelial barrier to riboflavin diffusion and UVA 
and oxygen absorption by the corneal stroma; (2) the assump-
tion that increasing irradiation intensity during a reduced peri-
od has the same biological effect in the cornea.26,27 Furthermore, 
some studies report an inferior efficacy of the TE-ACXL regard-
ing visual and topographic outcomes, when compared with the 
standard C-CXL,28,29 while others report similar outcomes with 
both techniques and even defend the transepithelial technique 
due to its better visual outcomes and lower postoperative com-
plications.30 Therefore, long-term efficacy and safety TE-ACXL 
studies are required to fully determine the efficacy of this tech-
nique in progressive KC and which patients will benefit from 
it. This study aims to answer the following research question: 
is TE-ACXL effective in halting the progression of progressive 
keratoconus over a four-year period. 

METHODS

STUDY DESIGN

This article was redacted according to the recommenda-
tions of The REporting of studies Conducted using Observa-
tional Routinely-collected health Data (RECORD) statement.

The authors conducted a retrospective observational cohort 
study of eyes with progressive keratoconus who underwent 
TE-ACXL (6 mW/cm2 for 15 minutes), from January 2016 to 
July 2019, and were followed for 48 months afterward in the 
Ophthalmology Department of Centro Hospitalar Universi-

tário de São João (Porto, Portugal). This study was conducted in 
accordance with the Declaration of Helsinki and was approved 
by the Ethics Committee of Centro Hospitalar Universitário de 
São João. Written informed consent was obtained from all pa-
tients or legal guardians (in patients under the age of consent) 
before surgical interventions. This study’s inclusion criteria 
were defined as: age between 14 and 32, pachymetry at its thin-
nest point (PachyMin) ≥ 380 µm and previously documented 
progression of keratoconus. The exclusion criteria were apical 
corneal scarring, severe dry eye, delayed epithelial healing, ac-
tive ocular infections, connective tissue disease, pregnancy or 
lactation, and previous history of cornea surgery.

All clinical, visual, corneal topographic, tomographic, and 
pachymetric parameters from the eyes included in the study 
were evaluated preoperatively and every 12 months postop-
eratively up to 48 months. Our primary outcome was the vari-
ation of CDVA, Kmax, Kmean, PRC, PachyMin, and D-index. 
CDVA was recorded via a Snellen chart and converted to loga-
rithm of minimal angle of resolution (logMAR) units to allow 
statistical analysis. Kmax, Kmean, Astg, PRC, PachyMin, in-
dex of height decentration (IHD), index of vertical asymme-
try (IVA), index of surface variance (ISV), keratoconus index 
(KI), and Belin/Ambrósio D-index were determined using 
the Pentacam HR® (OCULUS Optikgeräte GmbH, Wetzlar, 
Germany). The Keratoconus Classification was determined in 
accordance with the Pentacam HR® Ktc Scoring System. The 
baseline score for all parameters was defined as the preop-
erative measurement closest to the date of the procedure; the 
presence of postoperative KC progression represented treat-
ment failure. Disease progression was assessed at 12, 24, 36, 
and 48 months after TE-ACXL.

�SURGICAL TECHNIQUE AND 
POSTOPERATIVE CARE

All operations were conducted under sterile conditions 
in an operative room. Oxybuprocaine hydrochloride 4 
mg/L eyedrops were used for preoperative local anesthesia. 
TE-ACXL was carried out through an intact epithelium; to 
do so, a TE riboflavin preparation (0.25% riboflavin, eth-
ylenediamine tetra-acetic acid [EDTA], trometamol [Tris], 
benzalkonium chloride [BAC]) and a 0.45% phosphate 
buffer saline preparation were instilled in the cornea every 
3 minutes for 30 minutes preoperatively. UV-A irradia-
tion began after corneal stromal saturation was confirmed 
through slit-lamp assessment of the anterior chamber flare. 
The cornea was exposed to a UV-A light beam at an inten-
sity of 6 mW/cm2 for 15 minutes to achieve a total dose in-
tensity of 5.4 J/cm2. During this period, a riboflavin solution 
and a sterile balance sodium solution were administered 
alternatively every 3 minutes to avoid corneal dehydration. 
After the procedure, antibiotic eye drops (ofloxacin 0.30%) 
were prescribed for a week, as well as topical steroids eye 
drops (fluorometholone 0.10%) for 2 weeks and sodium hy-
aluronate 0.20% as needed. Regarding the follow-up, visits 
were scheduled for day 1 postoperatively, at 3 months, and 
every 6 months afterward.
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STATISTICAL ANALYSIS

The sample’s characteristics were summarized, and 
data were exposed as counts and proportions for categori-
cal variables. Continuous variables were described as mean 
and standard deviation (or median and interquartile range, 
when distributions were skewed). The postoperative varia-
tion in visual, keratometric, pachymetric, topographic, and 
tomographic parameters was calculated by subtracting their 
baseline values from the subsequent readings at each follow-
up visit (therefore, positive delta values denote an increase 
in that parameter, whilst negative delta values represent a 
decrease). Paired t-tests were used to compare preoperative 
and postoperative outcomes; multiple related samples were 
compared via within-subjects ANOVA test. A p-value less 
than 0.05 was considered statistically significant. Statistical 
analysis was performed using SPSS Statistics software (ver-
sion 29.0 for Mac OS; SPSS Inc., Chicago, IL, USA).

ETHICS

The study was approved by the Institutional Ethics Re-
view Board of Centro Hospitalar Universitário de São João, 
Porto, Portugal. The protocol conformed with the canons 
of the Declaration of Helsinki for research involving hu-
man participants, as well as the European Union’s General 
Data Protection Regulation. Informed consent was waived 
in view of the retrospective nature of the study. 

RESULTS

Forty one eyes from 30 patients were included in this 
study. Our cohort included 22 male and 8 female patients; 
11 patients received TE-ACXL in both eyes (9 male and 
2 female patients). The mean age was 20.90 ± 4.69 years 
(ranging from 14 to 32). Further baseline characteristics are 
shown in Table 1. Regarding KC, its preoperative mean was 
2.66 ± 0.66 and its preoperative distribution is displayed in 
Fig. 1. The most frequent keratoconus grade was 3 (N=18, 
43.9%), the second being 2, 2.5, 3.5 (all with an n=6, 14.6%). 
All 41 eyes completed the 48-month follow-up. However, 
11 eyes were excluded from the comparison between 48 
months and baseline values because they were submitted 
to either an epithelial-off crosslinking (n=6), an intracorne-
al ring segment (n=4), or a corneal penetrating transplant 
(n=1), after 36 months of follow-up. Variations (Δ) between 
baseline visual, keratometric, pachymetric, topographic, 
and tomographic corneal parameters at 12, 24, 36, and 48 
months postoperatively are presented in Table 2. All surgi-
cal procedures were carried out uneventfully and no com-
plications were registered throughout follow-up.

VISUAL ACUITY

Fig. 2 shows CDVA variation over time (in logMAR val-
ues). The mean CDVA preoperatively was 0.47 ± 0.36 log-

MAR units. Mean variation was -0.10 ± 0.20 logMAR units 
at 12 months (p=0.045), -0.10 ± 0.33 logMAR units at 24 
months (p=0.099), -0.07 ± 0.34 logMAR units at 36 months 
(p=0.226), and -0.17 ± 0.33 logMAR units at 48 months post-
operatively (p=0.013). 

Long-term Outcomes of Transepithelial Accelerated Corneal Collagen Crosslinking in Patients with Progressive Keratoconus

Table 1. Baseline demographic, clinical, visual, corneal topo-
graphic, tomographic and pachymetric characteristics of pa-
tients undergoing transepithelial accelerated crosslinking.

Parameter n = 30 patients

Patients [male:female] 30 [22:8]

Age at crosslinking 20.90 ± 4.69

Eye rubber 9 (30)

Allergic conjunctivitis 10 (33.3)

Atopy 11 (36.7)

Asthma 2 (6.7)

Parameter n = 41 eyes

CDVA (logMAR) 0.47 ± 0.36

K1 (D) 46.98 ± 3.72

K2 (D) 50.51 ± 4.45

Astg (D) 3.53 ± 1.91

Kmax (D) 57.83 ± 5.71

Kmean (D) 48.66 ± 3.97

PachyMin (μm) 453.20 ± 35.97

ISV 101.35 ± 30.83

IVA 1.09 ± 0.39

IHD 0.16 ± 0.06

KI 1.27 ± 0.12

D-Index 9.99 ± 3.21

KC 2.66 ± 0.66

Categorical data are presented as n (%). Continuous data are presented as 
mean ± standard deviation (SD), or median ± interquartile range for skewed 
data.	  
μm, micrometer; Astg, astigmatism (K2-K1); CDVA, corrected distance 
visual acuity; D, diopter; IHD, index of height decentration; ISV, index of 
surface variance; IVA, index of vertical asymmetry; K1, flat keratometry; K2, 
steep keratometry; KI, keratoconus index; KC, keratoconus classification; 
Kmax, maximum keratometry; Kmean, mean keratometry; logMAR, logari-
thm of minimal angle of resolution; PachyMin, minimum pachymetry.  

Figure 1. Distribution of baseline keratoconus classification.
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�TOPOGRAPHY AND TOPOGRAPHIC 
INDICES

The baseline mean Kmax was 57.83 ± 5.71 D. No sig-
nificant changes were found during follow-up, except at 36 
months. The mean variation was +0.45 ± 2.07 D (p=0.211) 
at 12 months, +0.58 ± 2.16 D (p=0.119) at 24 months, +1.08 
± 2.40 D (p=0.013) at 36 months, and +0.61±3.03 D (p=0.299) 
at 48 months postoperatively. Baseline average Kmean was 
48.66 ± 3.97 D. There was a significant increase in Kmean 
throughout follow-up. Its mean variation was +0.64 ± 
1.04 D at 12 months (p<0.001), +0.98 ± 1.49 D at 24 months 
(p<0.001), +1.27 ± 2.01 D at 36 months (p<0.001), and +1.13 
± 2.00 D at 48 months (p=0.006). As for Astg, no statistically 
significant differences were found throughout follow-up 
(Table 2). There were no significant variations in ISV, IVA, 
IHD, or KI throughout follow-up.

�TOMOGRAPHY, TOMOGRAPHIC 
INDICES, AND PACHYMETRY

The preoperative mean PachyMin value was 453.20 ± 
35.97 µm. There were no statistically significant variations 
in the first 24 months of follow-up (-1.69 ± 12.96 µm at 12 
months, p=0.447; -15.25 ± 69.03 µm at 24 months, p=0.194). 
There was a significant increase in the D-index through-
out follow-up. The baseline value was 9.99 ± 3.21 units. At 
12 months, there was a significant increase of +0.51 ± 1.03 
(p=0.007). At 48 months there was a significant increase of 
+0.69 ± 1.25 units (0.002). At 36 months there was a signifi-
cant increase of 1.02 ± 1.72 (p=0.002). Finally, at 48 months, 
there was a significant increase of 1.15 ± 1.64 (p<0.001). A 
significant decrease of PachyMin was determined at 36 
months follow-up (-8.50 ± 15.93 µm; p=0.004), and at 48 
months follow-up (-7.82 ± 18.37; p=0.033). Regarding PRC, 
there was a significant decrease in this parameter through-
out follow-up (-0.12 ± 0.22 at 12 months; p=0.002; -0.15 ± 0.24 
at 24 months; p<0.001; -0.17 ± 0.43 at 36 months; p=0.021; 
-0.16 ± 0.43 at 48 months; p=0.027).

DISCUSSION

In our retrospective study, 41 eyes from 30 patients un-
derwent TE-ACXL (with chemical enhancers for stromal 
riboflavin diffusion, and an UV-A light beam intensity of 6 
mW/h for 15 minutes to achieve a total dose intensity of 5.4 
J/cm2) due to progressive KC. These patients were followed 
for 48 months. Eleven eyes required further procedures, ≥36 
months after the initial TE-ACXL, undergoing either an ep-
ithelial-off crosslinking (n=6), an intracorneal ring segment 

Figure 2. Corrected distance visual acuity (CDVA) in LogMAR units at base-
line, 12, 24, 36, and 48 months after trans-epithelial accelerated crosslinking 
(TE-ACX).

Table 2. Mean changes in visual, corneal tomographic, topogra-
phic and pachymetric parameters between 12, 24, 36, and 48 mon-
ths and baseline values.  �  

Variables

Post-TE-ACXL
Δ 12-months Δ 24-months

N = 35 N = 36
Mean ± SD p value Mean ± SD p value

CDVA (logMAR) -0.10 ± 0.29 0.045 -0.10 ± 0.33 0.099
Astg (D) 0.02 ± 1.05 0.924 0.03 ± 1.09 0.855
Kmax (D) 0.45 ± 2.07 0.211 0.58 ± 2.16 0.119
Kmean (D) 0.64 ± 1.04 <0.001 0.98 ± 1.49 <0.001
PRC (mm) -0.12 ± 0.22 0.002 -0.15 ± 0.24 <0.001
PachyMin (μm) -1.69 ± 12.96 0.447 -4.25 ± 15.31 0.105
ISV 0.15 ± 11.58 0.941 0.37 ± 11.73 0.852
IVA -0.02 ± 0.16 0.385 -0.05 ± 0.17 0.079
IHD -0.003 ± 0.03 0.526 -0.002 ± 0.02 0.531
KI 0.004 ± 0.05 0.687 -0.001 ± 0.04 0.830
D-index 0.51 ± 1.03 0.007 0.69 ± 1.25 0.002

Variables

Post-Operation
Δ 36-months Δ 48-months

N = 34 N = 28
Mean ± SD p value Mean ± SD p value

CDVA (logMAR) -0.07 ± 0.34 0.226 -0.17 ± 0.33 0.013
Astg (D) 0.08 ± 1.33 0.721 0.02 ± 1.46 0.949
Kmax (D) 1.08 ± 2.40 0.013 0.61 ± 3.03 0.299
Kmean (D) 1.27 ± 2.01 <0.001 1.13 ± 2.00 0.006
PRC (mm) -0.17 ± 0.43 0.021 -0.16 ± 0.43 0.027
PachyMin (μm) -8.50 ± 15.93 0.004 -7.82 ± 18.37 0.033
ISV 2.70 ± 15.45 0.323 -0.21 ± 18.42 0.951
IVA -0.03 ± 0.20 0.396 -0.06 ± 0.25 0.207
IHD -0.005 ± 0.03 0.391 -0.012 ± 0.05 0.200
KI 0.01 ± 0.07 0.342 -0.01 ± 0.06 0.677
D-index 1.02 ± 1.72 0.002 1.15 ± 1.64 <0.001

Note: 11 eyes were excluded from the comparison between 48 months and 
baseline values because they were submitted to either an epithelial-off cros-
slinking (n=6), an intracorneal ring segment (n=4) or a corneal penetrating 
transplant (n=1), after 36 months of follow-up.

μm, micrometer; Astg, astigmatism (K2-K1) CDVA, corrected distance 
visual acuity; D, diopter; IHD, index of height decentration; ISV, index 
of surface variance; IVA, index of vertical asymmetry; KI, keratoconus 
index; Kmax, maximum keratometry; Kmean, mean keratometry; logMAR, 
logarithm of minimal angle of resolution; PachyMin, minimum pachyme-
try; PRC, posterior radius of curvature from the 3.0 mm centered on the 
thinnest point of the cornea; TE-ACXL, transepithelial accelerated corneal 
collagen crosslinking; SD, standard deviation.
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(n=4), or a corneal penetrating transplant (n=1). As such, 
these eyes were excluded from analysis at the 48-month 
follow-up. Our primary outcome was the variation of vis-
ual, topographic and tomographic parameters following 
TE-ACXL. After undergoing TE-ACXL, there was a signifi-
cant improvement in CDVA at 12 and at 48 months. How-
ever, there was also a significant increase in Kmean and 
D-index throughout follow-up and a significant decrease 
in PRC and PachyMin (only at 36 and 48 months for the 
latter). There were no intraoperative or postoperative com-
plications regarding the procedure. Therefore, even though 
there was a significant improvement in CDVA, most eyes 
still presented a significant increase in Kmean and D-in-
dex, and a significant decrease in PRC and PachyMin af-
ter undergoing TE-ACXL, which raises questions about its 
effectiveness in halting progression in KC, especially con-
sidering that there are newer techniques to improve CXL’s 
efficacy and effectiveness.31 The questionable effectiveness 
of this technique may be related to the limited penetration 
of riboflavin in the corneal stroma,32 the limited availabil-
ity of oxygen,33,34 and the lower UV-A transmission35 in the 
TE-ACXL technique. These limitations are being addressed 
in more recent varitations of the technique, that include in-
creasing the total UV-A energy to 7.2 J/cm2,36 as well as us-
ing pulsed light to increase the intrastromal concentration 
of oxygen,37 or even using supplemental oxygen near the 
cornea, during the procedure.33 These modifications may 
enhance the effectiveness of this technique, particularly in 
young patients with a high preoperative Kmean and de-
creased CDVA, such as the patients included in this study 
(baseline age of 20.90 ± 4.69 years, baseline Kmean of 48.66 
± 3.97 D, and baseline CDVA of 0.47 ± 0.36 logMAR units).

Since its first description by Wollensak et al in 2003, CXL 
has been widely used and proved to be a safe and effective 
method of corneal stabilization in keratoconus patients.20,38 
From the various treatment approaches to this condition, 
only CXL focuses on the disease’s pathophysiology and 
natural history, aiming to slow down or cease its progres-
sion.2,19,39,40 However, CXL is not devoid of adverse effects. 
As so, several modifications to the conventional protocol 
have been made to improve this procedure, with overall fa-
vourable results.30 The TE-CXL procedure emerged as a so-
lution to the problems related to the removal of the corneal 
epithelium, with several studies highlighting its faster heal-
ing, improved patient comfort, lower risk of corneal haze or 
infectious keratitis, and a better safety profile in advanced 
cases in which low corneal thickness would preclude treat-
ment.19,41,42 After the realization that the epithelium would 
act as a barrier and reduce the effects of riboflavin and 
UVA on the cornea, it became clear that maintaining it 
throughout the whole procedure would require methods 
to facilitate riboflavin diffusion, such as chemical enhanc-
ers (EDTA, Tris, and BAC, used in the present study, are 
examples of these substances) or iontophoresis.21,43,44 Pos-
teriorly, the A-CXL protocols were introduced to reduce il-
lumination time by increasing intensity while maintaining 
the overall fluence, in accordance with the aforementioned 
Bunsen-Roscoe law.45-48 Nonetheless, this law may not di-

rectly apply to CXL in living corneal tissue49 and the higher 
irradiance required may lead to excessive oxygen con-
sumption and therefore less availability, and less produc-
tion of reactive oxygen species (ROS).23,34 Furthermore, the 
corneal epithelium blocks about 20% of the UV illumina-
tion administered.50 Combining these two modified proto-
cols into TE-ACXL brings about both their advantages and 
disadvantages. Thus, studying its effect during the longest 
possible follow-up period is essential to determine if such 
a combination is effective in the treatment of progressive 
KC. Published evidence on TE-ACXL has increased signifi-
cantly since its inception, reflecting the increasing interest 
in this method. Most studies acknowledge its safety and ef-
ficacy, albeit most of them agree that more long-term stud-
ies are required.51-53 

There is an extremely relevant issue with TE-CXL, which 
is the wide variety of TE-CXL protocols and approaches cur-
rently used. There are many methodologies to increase cor-
neal epithelial permeability to riboflavin (different chemical 
enhancers, iontophoresis), and multiple UVA irradiation 
protocols (18 mW/cm2 irradiation for 5 minutes, 10 mW/cm2 
irradiation for 9 minutes, 6 mW/cm2 for 15 minutes, 3 mW/
cm2 irradiation for 30 minutes, or even used pulsed protocols 
of irradiation of 45 mW/cm2 for 5:20 min), though the total 
irradiation dose is generally similar (5.4 J/cm2).29 Naturally, 
with this lack of currently agreed upon TE-CXL protocol, 
drawing conclusions about the non-inferiority of TE-CXL 
when compared to epi-off CXL is difficult. Furthermore, 
there are still no RCTs that compare the long-term outcomes 
(at least 5 years) of TE-CXL and epi-off CXL.

We compared our results to other large prospective stud-
ies with a long follow-up (≥ 36 months) that used TE-ACXL: 
Al Fayez et al, who evaluated 36 patients with a baseline age 
of 24.8 ± 4.2 years, Kmean of 48.2 ± 3.6 D, and CDVA of 0.2 ± 
0.2 logMAR units54; and, Henriquez et al, who evaluated 32 
patients with a baseline age of 13.2 ± 2.6 years, Kmean 47.32 ± 
2.78 D, and CDA of 0.19 ± 0.17 logMAR units).55 In our study, 
we found a significant improvement in CDVA of 0.10 ± 0.29 
logMAR units and 0.17 ± 0.33 logMAR units in BCVA at 12 
and 48 months, respectively. Henriquez et al (who used a 
transepithelial riboflavin solution of 0.25% riboflavin, 1.0% 
phosphate hydroxypropyl methylcellulose, and 0.007% BAC, 
and irradiated the eyes for 5 minutes with an intensity of 18 
mW/cm2) reported a significant improvement in CDVA of 
0.09 ± 0.17 logMAR units and 0.06 ± 0.19 logMAR units at 12 
and 60 months postoperatively.55 Al Fayez et al (who used a 
solution of tetracaine 1% with benzalkonium chloride 0.02% 
every 2 minutes, for 30 minutes, before starting no-dextran ri-
boflavin drops, and irradiated the eyes for 30 minutes with an 
intensity of 3 mW/cm2) reported a decrease in CDVA of 0.02 
and 0.06 logMAR units at 12 and 36 months, respectively.54 
In our study, there were no significant differences in Kmax 
throughout follow-up, while Kmean increased significantly 
throughout follow-up (+0.64 ± 1.04 and +1.13 ± 2.00 at 12 and 
48 months, respectively). Al Fayez et al reported a significant 
increase in Kmax of around +0.75 and +1.00D at 24 and 36 
months, respectively, while Henriquez et al did not find sig-
nificant differences in Kmax or Kmean at 12 or 60 months.54,55 
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In our study, PachyMin decreased significantly at 36 and 48 
months (-8.50 ±15.93 and -7.83 ± 18.37 μm), while Henriquez et 
al reported no significant changes at 12 months and a signifi-
cant increase of 7.33 ± 11.78 μm at 60 months.55 In our study, 
there was a significant decrease in the PRC and a significant 
increase in the D-index throughout follow-up (from 12 to 48 
months). None of the two aforementioned studies evaluated 
these parameters. Our study sample (baseline age of 20.90 ± 
4.69 years, Kmean of 48.66 ± 3.97 D, and CDVA of 0.47 ± 0.36 
logMAR units) was more similar to the one from Al Fayez et al 
than to the one from Henriquez et al.54,55

Our study limitations include its retrospective and 
non-randomized nature and the lack of a comparison epi-
off CXL group. Furthermore, we did not include patients 
with very thin corneas (PachyMin < 380 μm), in order to 
study a more homogeneous population with progressive 
keratoconus. Nonetheless, some patients with progressive 
keratoconus and thin corneas also benefit from TE-ACXL, 
particularly with the use of hypoosmolar riboflavin, as 
has already been demonstrated in previous studies.56,57 We 
believe that we have a relevant sample size of eyes that 
underwent TE-ACXL (when compared to other relevant 
studies that were published on this technique) and that our 
follow-up of 48 months allows for a reasonable evaluation 
of long-term outcomes of TE-ACXL. Nevertheless, the ex-
clusion of 11 eyes that underwent additional procedures 
after 36 months could bias the results, as these cases may 
represent more severe or progressing disease. We opted to 
exclude these cases only from the 48-month comparison, 
since it would not be feasible to compare these eyes after 
they underwent additional procedures, but we kept these 
eyes in all the other analyses throughout follow-up, to limit 
the potential bias of excluding them altogether. There is 
still a significant need for RCTs that define the best TE-CXL 
protocol and that compare long-term outcomes of epi-off 
and TE-CXL. Only then will we be able to clearly define 
which cases should be treated with epi-off, and which cases 
should be treated with TE-CXL. 

In conclusion, our results demonstrate that TE-ACXL 
was a safe treatment for eyes with progressive KC, increasing 
CDVA 4 years after the initial procedure. A significant pro-
portion of eyes with progressive KC still presented significant 
variations in topographic, tomographic, and pachymetric pa-
rameters after being treated with TE-ACXL, requiring further 
procedures to halt disease progression. Nevertheless, future 
studies should focus on analyzing which patients benefit the 
most from TE-ACXl, as there is biological plausibility and 
clinical evidence that demonstrates that this is still a valuable 
technique in some cases of progressive keratoconus. 
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