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Purpose: The purpose of this study was to compare the effects of transepithelial crosslinking 

(trans-CXL) versus epithelium-off crosslinking (epi-off CXL) for progressive keratoconus 

with respect to the development of higher order aberrations (HOAs) and their effects on 

visual acuity.

Materials and methods: A total of 61 patients were randomized and examined preopera-

tively and 1, 3, 6, and 12 months postoperatively in an academic referral center. Total corneal 

HOAs were compared between the two treatment groups using mixed linear modeling. Types 

of HOAs (coma, trefoil, and spherical aberration) that differed between groups were entered in 

a multivariable analysis to test their effect on uncorrected distance visual acuity (UDVA) and 

corrected distance visual acuity (CDVA).

Results: The epi-off CXL group had more flattening in maximal keratometry compared to the 

trans-CXL group (P=0.02). UDVA did not differ significantly between the groups (P=0.59); 

however, CDVA was significantly more improved in the trans-CXL group (P=0.02). Horizontal 

trefoil improved more in the epi-off group compared to the trans-CXL group (P=0.04), whereas 

the other HOAs were virtually unchanged in both groups. Differences in changes in HOAs 

between the two groups had no effect on either UCVA (P=0.76) or CDVA (P=0.96).

Conclusion: Although HOAs are clinically relevant determinants of vision quality in keratoconus 

patients, the change in total HOAs post treatment did not differ between the trans-CXL and epi-off 

CXL groups. Only horizontal trefoil differed significantly post treatment between the trans-CXL 

and epi-off CXL groups. However, this difference did not independently affect either UDVA or 

CDVA. Trans-CXL provides no benefit over epi-off CXL regarding visual relevant HOAs.

Keywords: keratoconus, crosslinking, epithelium off, epithelium on, transepithelial, higher 

order aberrations, HOAs

Introduction
Keratoconus is a disorder of the cornea characterized by changes in corneal collagen 

structure and progressive stromal thinning. The etiology of this thinning has been 

studied extensively and is believed to arise from a multifactorial interplay between 

genetic susceptibility, environmental factors, and chronic low-grade inflammation.1 

The resulting decrease in the cornea’s mechanical stability leads to progressive ectasia, 

which in turn can lead to myopia, irregular astigmatism, higher order aberrations 

(HOAs), and – eventually – corneal scarring, all of which can result in a marked 

decrease in vision quality.2,3
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Corneal collagen crosslinking (CXL) can be performed in 

order to stabilize the progression of keratoconus and prevent 

the need for corneal transplantation.4,5 The standard CXL 

treatment includes removal of the epithelium (ie, epithelium-

off crosslinking [epi-off CXL]), followed by the application 

of riboflavin and ultraviolet (UV)-A irradiation.4 However, 

removing the epithelium causes significant postoperative pain 

and discomfort that can last several days, and it increases 

the risk of developing postoperative complications such as 

bacterial keratitis.6,7

Unlike epi-off CXL, transepithelial crosslinking (trans-

CXL) does not require removal of the epithelium, thereby 

reducing postoperative pain and decreasing the risk of post-

operative infection.8 However, because riboflavin does not 

readily penetrate the intact epithelium, various techniques have 

been developed to promote the absorption of riboflavin by the 

corneal stroma. The clinical effects of trans-CXL on corneal 

curvature have been studied in several studies; however, the 

results are inconsistent – two randomized controlled trials 

(RCTs) concluded that trans-CXL was less effective at 

treating progression of corneal ectasia compared to epi-off 

CXL, whereas another RCT concluded that the effects were 

similar between treatment groups.9–11 Interestingly, all three 

trials found significantly higher improvement in visual acuity 

in the trans-CXL group. We hypothesized that this improve-

ment may be due to differences in the development of HOAs, 

as trans-CXL does not cause complications due to wound 

repair or long-lasting epithelial remodeling, both of which 

occur in epi-off CXL as a result of epithelial abrasion.

To test this hypothesis, we used data collected from a 

previously published RCT11 in order to investigate the effects 

of trans-CXL and epi-off CXL on HOAs, and we examined 

their effects on visual acuity.

Materials and methods
Dataset and study design
Data were derived from an RCT in which trans-CXL and epi-off 

CXL were performed to treat progressive keratoconus; this trial 

was conducted at the University Medical Center Utrecht in 

the Netherlands.11 Adult patients who were diagnosed with 

progressive keratoconus and were candidates for CXL were 

enrolled from May 30, 2011 through September 4, 2013. Trans-

CXL was performed with Ricrolin TE solution (consisting 

of riboflavin 0.1% eye drops with dextran T500 15 mg and 

EDTA; Sooft Italia, Montegiorgio, Italy). Epi-off CXL was 

performed in accordance with the Dresden protocol, using 0.1% 

riboflavin with 20% dextran (Medio Cross, Burlington, MA, 

USA). Riboflavin soaking time (30 min) and UV irradiation 

(3 mW/cm2 for 30 min) were identical between the treatment 

groups. Detailed information regarding the inclusion criteria 

and surgical procedures has been published previously.11 The 

study was approved and monitored by the University Medical 

Center Utrecht Ethics Review Board (reference number 

NL29961) and registered at ClinicalTrials.gov (identifica-

tion number NCT02349165). All procedures were conducted 

in accordance with the ethical standards established by the 

Declaration of Helsinki and local laws regarding privacy and 

research in human subjects. Written informed consent was 

obtained from all patients prior to their participation.

Assessment of corneal optical 
aberrations
Patients were examined preoperatively and 1, 3, 6, and 

12  months postoperatively. At each visit, measurements 

included manifest refraction, uncorrected distance visual 

acuity (UDVA), corrected distance visual acuity (CDVA), 

and Scheimpflug corneal tomography (Pentacam HR; Oculus, 

Wetzlar, Germany). In the event that the tomogram did not 

reach the minimum quality criterion of 90%, tomography was 

repeated up to three times and the best scan was used to assess 

HOAs. Patients who wore contact lenses were instructed to 

discontinue use at least 1 week (for scleral and soft contact 

lenses) or 2 weeks (for hybrid and rigid gas-permeable lenses) 

prior to each examination.11 Corneal optical aberrations were 

measured at each visit using the Pentacam device, which mea-

sures anterior and posterior corneal elevations over the 

central 6.0 mm and calculates HOAs from these elevation 

data. The software program reports aberrations at the anterior 

and posterior surfaces, as well as for the total cornea. Total 

corneal aberrations were used as the outcome parameter in 

this study because this outcome is most relevant to patients. 

The Pentacam software subdivides this outcome into the 

following two composite values: total corneal lower order 

aberrations (LOAs) and total corneal HOAs. Normalized 

coefficients were expressed in microns of wavefront error (in 

root mean square) and labeled with International Organization 

for Standardization (ISO)-standardized double index Zernike 

symbols. HOAs were reported with their Zernike weight 

coefficient, as the polynomial coefficient is considered to be 

invariant. Total corneal HOAs were calculated based on the 

third- to eigth-order aberrations. The following LOA subtypes 

were reported in detail: defocus (
2

Z 0 ), vertical astigmatism 

(
2

2Z − ), and horizontal astigmatism (
2
2Z ). HOA subtypes were 

reported in detail for horizontal coma and vertical coma 

(Z
3
1 and Z

3
1− , respectively), horizontal trefoil and vertical trefoil 

(Z
3
3 and Z

3
−3, respectively), and spherical aberration (

4
0Z ).
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Statistical analysis
Visual acuity was converted to the logarithm of the mini-

mal angle of resolution (logMAR). Baseline measurements 

were compared between the two groups using an indepen-

dent samples t-test. Normality of baseline measurements 

was assessed using a Q–Q plot. Because both positive 

and negative HOAs can impair visual acuity, we used 

absolute values for all HOAs. We used a linear mixed 

model with generalized estimating equations correction to 

analyze trends over time, and outcomes were corrected for 

baseline values. HOAs that differed significantly between 

the two treatment groups were entered in a multivariable 

analysis with treatment as an interaction term and visual 

acuity as the outcome, while correcting for changes in 

LOAs. Uncorrected visual acuity and corrected visual 

acuity were analyzed separately. Except where indicated 

otherwise, data are reported as mean ± standard devia-

tion. Differences with a P-value ,0.05 were considered 

as statistically significant. All statistical analyses were 

performed using SPSS version 21.0 (IBM Corporation, 

Armonk, NY, USA).

Results
Baseline characteristics
Sixty-one eyes of 61 patients (47 men and 14 women) with 

progressive keratoconus were included in this randomized 

clinical trial. These 61 patients were randomly assigned 

to either the epi-off CXL group (n=26) or the trans-CXL 

group (n=35). Baseline characteristics were similar between 

the two treatment groups apart from a lower spherical 

equivalent and logMAR UDVA in the trans-CXL group 

(Table 1).

Follow-up and adverse events
A total of four patients (6% of patients, two patients in each 

group) were lost to follow-up at the last follow-up visit. 

Two of these patients moved abroad, one patient received 

follow-up care at another hospital, and one patient was 

retreated with epi-off CXL 10 months after the initial trans-

CXL treatment. At the 1-, 3-, and 6-month visit, data were 

missing from zero (0%), two (3%), and four (6%) patients, 

respectively. No adverse events were reported in the trans-

CXL group; in contrast, four patients in the epi-off CXL group 

Table 1 Baseline characteristics of the epithelium-off and transepithelial groups

Baseline parameters Epithelium-off 
corneal CXL

Transepithelial 
corneal CXL

P-valuea

Number 26 35
Right eyes/left eyes 13/13 19/16
Males/females 19/7 28/7
Age (years) 25.9 (7.6) 26.9 (8.0) 0.60
Spherical equivalent (D) −3.0±3.0 −1.5±2.5 0.04
UDVA (logMAR) 1.1±0.6 0.8±0.5 0.03
CDVA (logMAR) 0.3±0.3 0.3±0.3 0.58

Pachymetry thinnest point (mm) 467±29 457±27 0.17

Maximal keratometry (D) 57.8±7.2 56.4±5.0 0.38

Endothelial cell count (cells/mm2) 2,764±252 2,627±363 0.14
LOAs (RMS)

Total LOAs 11.8±5.6 11.8±4.4 0.56

Defocus ( )
2
0Z 3.01±2.95 2.95±2.92 0.93

Vertical astigmatism ( )
2

2Z − 1.47±1.20 1.55±1.33 0.81

Horizontal astigmatism ( )
2
2Z 2.10±2.08 1.90±1.44 0.66

HOAs (RMS)
Total HOAs 3.29±1.42 3.09±1.18 0.97

Vertical trefoil ( )
3

3Z − 0.22±0.16 0.28±0.21 0.22

Vertical coma ( )1Z
3
− 2.69±1.45 2.56±1.23 0.71

Horizontal coma ( )
3
1Z 0.94±0.71 0.86±0.67 0.67

Horizontal trefoil ( )
3
3Z 0.25±0.18 0.19±0.20 0.26

Spherical aberration ( )
4
0Z 0.66±0.63 0.56±0.52 0.53

Notes: Except when indicated otherwise, values are presented as a mean ± standard deviation. aP-values were calculated using the independent samples t-test. Significant 
P-values (,0.05) are shown in bold.
Abbreviations: CXL, crosslinking; D, diopter; UDVA, uncorrected distance visual acuity; logMAR, log of the minimal angle of resolution; CDVA, corrected distance visual 
acuity; LOAs, lower order aberrations; RMS, root mean square; HOAs, higher order aberrations.
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(15% of patients) developed an adverse event: one patient 

developed herpes simplex keratitis, one patient had a sterile 

infiltrate, and two patients had delayed epithelial healing.11

Clinical outcomes
The clinical outcomes in the trans-CXL and epi-off CXL 

groups 1, 3, 6, and 12  months post treatment are sum-

marized in Table 2. The two groups differed significantly 

with respect to both maximal keratometry (P=0.02) and 

corneal thickness (P,0.001). The two groups did not differ 

significantly with respect to their change in UCVA (P=0.59). 

In contrast, CDVA differed significantly between the two 

groups (P=0.02), with the trans-CXL group having a larger 

improvement compared to the epi-off CXL group. Complete 

details regarding the clinical outcomes of this trial have 

been published.11

Table 2 Epithelium-off vs transepithelial corneal CXL for keratoconus: outcomes 1, 3, 6, and 12 months after CXL relative to baseline

Parameter Group 1 month 3 months 6 months 12 months P-valuea

∆Maximal keratometry (D) Epi-off 0.3±1.1 −1.2±2.0 −1.4±2.0 −1.5±2.0 0.02
Trans −0.1±1.1 0.0±1.0 −0.1±1.2 0.3±1.8

∆CDVA (logMAR) Epi-off 0.09±0.18 −0.04±0.18 −0.09±0.23 −0.07±0.21 0.02
Trans −0.05±0.24 −0.10±0.21 −0.12±0.22 −0.14±0.21

∆UDVA (logMAR) Epi-off −0.10±0.36 −0.18±0.31 −0.16±0.35 −0.15±0.43 0.59
Trans −0.06±0.25 −0.08±0.29 −0.02±0.31 −0.06±0.37

∆Spherical equivalent (D) Epi-off 0.6±1.4 0.5±1.6 0.9±1.8 0.4±3.0 0.44
Trans 0.4±1.1 0.3±1.1 0.3±1.6 0.3±1.6

∆Corneal thickness (µm) Epi-off −18±10 −14±15 −9±11 −4±8 ,0.001
Trans 0±7 2±9 −3±8 0±12

Notes: Except when indicated otherwise, values are presented as a mean ± standard deviation. aP-values were calculated using trend analysis with generalized estimating 
equations while correcting for baseline values. Significant P-values (,0.05) are shown in bold.
Abbreviations: CDVA, corrected distance visual acuity; CXL, crosslinking; D, diopter; Epi-off, epithelium-off; logMAR, log of the minimal angle of resolution; trans, 
transepithelial; UDVA, uncorrected distance visual acuity.

Table 3 Trend analysis on LOAs and HOAs 1, 3, 6, and 12 months after CXL relative to baseline

Parameter Group Baseline 1 month 3 months 6 months 12 months P-valuea

LOAs (RMS)

∆Total LOAs
Epi-off 11.8±5.6 0.31±1.83 −0.66±1.79 −1.10±2.35 −1.12±1.86 0.42

Trans 11.8±4.4 0.04±1.20 −0.06±1.33 −0.34±1.86 −0.13±2.21

∆Defocus Z
0
2







Epi-off
Trans

3.01±2.95
2.95±2.92

0.71±1.70
0.12±0.82

−0.47±1.61
0.14±1.17

−0.46±1.39
−0.05±1.11

−0.36±1.48
0.06±1.43

0.90

∆Vertical astigmatism Z
−2
2







Epi-off
Trans

1.47±1.20
1.55±1.33

0.07±0.69
0.03±0.51

0.14±0.75
0.01±0.42

0.00±0.63
0.00±0.46

−0.10±0.74
0.23±0.63

0.59

∆Horizontal astigmatism Z
2
2







Epi-off
Trans

2.10±2.08
1.90±1.44

0.21±0.55
−0.08±0.48

0.11±0.40
−0.03±0.55

−0.10±0.50
−0.02±0.53

0.08±0.78
−0.06±0.70

0.18

HOAs (RMS)

∆Total HOAs
Epi-off 3.29±1.42 0.16±0.44 −0.06±0.37 −0.16±0.43 −0.18±0.36 0.98

Trans 3.09±1.18 0.02±0.27 0.01±0.33 −0.03±0.37 0.03±0.54

∆Vertical trefoil Z
−3
3







Epi-off
Trans

0.22±0.16
0.28±0.21

−0.02±0.20
0.02±0.29

0.07±0.24
−0.01±0.31

0.05±0.17
−0.01±0.26

0.01±0.28
0.02±0.33

0.29

∆Vertical coma Z
−1
3







Epi-off
Trans

2.69±1.45
2.56±1.23

0.05±0.43
−0.01±0.27

−0.07±0.29
0.02±0.29

−0.19±0.38
−0.02±0.35

−0.17±0.40
−0.05±0.58

0.44

∆Horizontal coma Z
1
3







Epi-off
Trans

0.94±0.71
0.86±0.67

0.20±0.30
0.10±0.19

0.08±0.28
0.00±0.23

0.09±0.22
0.02±0.18

0.06±0.26
0.03±0.23

0.45

∆Horizontal trefoil Z
3
3







Epi-off
Trans

0.25±0.18
0.19±0.20

−0.08±0.17
0.09±0.28

−0.07±0.22
0.04±0.22

−0.05±0.22
0.02±0.18

0.05±0.19
0.11±0.31

0.04

∆Spherical aberration Z
0
4







Epi-off
Trans

0.66±0.63
0.56±0.52

0.16±0.23
0.03±0.12

−0.09±0.29
0.01±0.19

−0.07±0.28
0.01±0.21

−0.05±0.25
0.05±0.23

0.42

Notes: Except when indicated otherwise, values are presented as a mean ± standard deviation. aP-values were calculated using trend analysis with generalized estimating 
equations while correcting for baseline values. Significant P-values (,0.05) are shown in bold.
Abbreviations: Epi-off, epithelium-off; LOAs, lower order aberrations; HOAs, higher order aberrations; CXL, crosslinking; RMS, root mean square; trans, transepithelial.
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HOAs
Table 3 summarizes the change in optical aberrations in 

the two treatment groups. Only horizontal trefoil differed 

significantly between the two groups (P=0.04), with a larger 

improvement in the epi-off CXL group. We found no signifi-

cant difference between the treatment groups with respect to 

total LOAs (P=0.41) or total HOAs (P=0.98).

Relationship between visual acuity and 
horizontal trefoil
Our analysis revealed that the difference in horizontal trefoil 

between the two treatment groups did not independently 

affect either UDVA (P=0.76) or CDVA (P=0.96). Similar 

results were obtained when we corrected for the change 

in LOAs (P=0.75 and P=0.84 for UDVA and CDVA, 

respectively).

Discussion
Changes in HOAs do not differ between patients who 

undergo trans-CXL and patients who undergo epithelial-off 

CXL; only horizontal trefoil differed significantly between 

the groups. Moreover, we found no independent relationship 

between the change in horizontal trefoil and visual acuity 

outcome. Therefore, we conclude that no clinically relevant 

differences exist between treatment groups with respect to 

the effect of treatment on HOAs.

A major strength of this study is our use of data obtained 

from a randomized clinical trial, which provided the best set-

ting to compare treatment effects without confounding factors. 

In addition, all measurements and refractions were performed 

by one senior optometrist with extensive experience in kerato-

conus care. Moreover, the follow-up rate was high, with 57 out 

of 61 patients completing the follow-up course. In this study, 

we focused on the HOA subtypes that are most relevant to 

clinical practice (ie, coma, trefoil, and spherical aberrations). 

We also performed our analyses using total corneal HOAs and 

anterior HOAs only, with nearly identical results. Finally, the 

clinical results of our RCT are consistent with other results 

comparing trans-CXL and epi-off CXL.2,17,18

A limitation of this study is the use of a Scheimpflug-

based device, which calculates Zernike coefficients and 

HOAs based on anterior and posterior elevation maps, rather 

than using a wavefront device that directly measures optical 

aberrations. On the other hand, the use of a Scheimpflug-

based device could also be considered as a strength because 

its repeatability in keratoconus patients has been proven to 

be superior compared to the Placido topographer and the 

Javal keratometer.19 Another limitation of this study is that 

whole-eye optical aberrations were not measured during this 

RCT. Optical aberrations within the eye (ie, internal aberra-

tions) can compensate for corneal aberrations, particularly 

in healthy eyes.12–14 An additional limitation of this study is 

that only high-contrast visual acuity was tested in this RCT. 

Previous studies found that low-contrast visual acuity testing 

can be more sensitive when measuring the effect of HOAs 

on visual acuity.15,16 To the best of our knowledge, the effect 

of HOAs on low-contrast visual acuity following CXL has 

never been studied.

An auxiliary limitation to this study is the baseline imbal-

ance between the two treatment groups with a lower spherical 

equivalent and logMAR UDVA in the trans-CXL group. 

However, the applied trend analysis is relatively robust for 

baseline imbalances (because it is focused at relative differ-

ences and corrected for baseline values), and both LOAs and 

HOAs were equally distributed between the treatment groups. 

Therefore, we think that our conclusions are not affected by 

this baseline imbalance.

In this study, only horizontal trefoil differed significantly 

between the two treatment groups. Optical disturbances 

caused by a slight haze after CXL in the epi-off CXL group 

might be the pathophysiological explanation because the 

difference between the treatment groups was largest 1 month 

after treatment. Another explanation for the difference in 

horizontal trefoil could be that this finding is a type I error, 

because the difference between the two groups was relatively 

small and fluctuating over time. Furthermore, there was 

no difference in total HOAs between the treatment groups 

(P=0.98) and there was no biological substrate that would 

explain a difference in only this specific HOA subtype.20 

Moreover, if any type of multiple testing correction was 

applied, the difference in horizontal trefoil would become 

insignificant. Vinciguerra et al21 and Caporossi et al22 reported 

that total HOAs and/or HOA subtypes improved following 

trans-CXL or epi-off CXL; however, neither group studied 

the relationship between HOAs and visual acuity. Studies 

by Greenstein et al23 and Ghanem et al24 found significant 

reductions in coma, spherical, and trefoil aberrations that 

were not correlated with an improvement in visual acuity. 

On the other hand, our research group previously reported 

that changes in horizontal coma have an effect on UCVA 

following epi-off CXL.25

Three RCTs studying trans-CXL versus epi-off CXL 

found significant improvement in visual acuity in the trans-

CXL group.9–11 This improvement in visual acuity in the 

trans-CXL group could be related to a decrease in HOAs. 

Alternatively, it could be due to the reduced need for wound 

repair compared to epi-off CXL. However, neither of these 

possibilities is supported by the results of our study.
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Conclusion
Our randomized clinical trial detected no clinically relevant 

difference between patients who received trans-CXL and 

epi-off CXL with respect to HOAs and the effect of HOAs on 

visual acuity. Specifically, only horizontal trefoil differed sig-

nificantly between treatment groups but did not affect visual 

acuity outcomes. Based on these results, we conclude that 

trans-CXL provides no benefit over epi-off CXL regarding 

the effect on visual relevant HOAs.
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