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Outcome indicators for cross 
linking in pediatric keratoconus
Denise Wajnsztajn †, Or Shmueli †, Yehuda Tarnovsky , 
Joseph Frucht-Pery  and Abraham Solomon *

Department of Ophthalmology, Hadassah-Hebrew University Medical Center, Jerusalem, Israel

Purpose: To evaluate the predictive factors for successful corneal collagen cross-
linking (CXL) in pediatric patients with Keratoconus (KC).

Methods: This retrospective study was conducted using a prospectively built 
database. Patients (18 years old or younger) underwent CXL for KC between 
2007 and 2017, with a 1-year follow-up period or longer. The outcomes included 
changes in Kmax (delta [Δ] Kmax = Kmaxlast − Kmaxpre) and LogMAR visual acuity 
(ΔLogMAR = LogMARlast − LogMARpre).

The effects of CXL type (accelerated or non-accelerated), demographics (age, 
sex, background of ocular allergy, ethnicity), preoperative LogMAR visual acuity, 
maximal corneal power (Kmax), pachymetry (CCTpre), refractive cylinder, and 
follow-up (FU) time on the outcomes were analyzed.

Results: One hundred thirty-one eyes of 110 children were included (mean age, 
16 ± 2 years; range, 10–18 years). Kmax and LogMAR improved from baseline to 
last visit: from 53.81 D ± 6.39 D to 52.31 D ± 6.06 D (p < 0.001) and from 0.27 ± 0.23 
LogMAR units to 0.23 ± 0.19 LogMAR units (p  = 0.005), respectively. A negative 
ΔKmax (meaning corneal flattening) was associated with a long FU, low CCTpre, 
high Kmaxpre, high LogMARpre, and non-accelerated CXL on univariate analysis. 
High Kmaxpre and non-accelerated CXL were associated with negative ΔKmax in 
the multivariate analysis.

A negative ΔLogMAR (meaning vision improvement) was associated with a high 
LogMARpre in univariate analysis.

Conclusion: CXL is an effective treatment option in pediatric patients with KC. 
Our results showed that the non-accelerated treatment was more effective than 
the accelerated treatment. Corneas with advanced disease had a greater effect 
on CXL.
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Introduction

Keratoconus (KC) is a progressive corneal ectasia characterized by progressive central or 
paracentral thinning, protrusion, and irregular astigmatism, with the potential for severe visual 
loss. KC onset occurs between the first decade of life and puberty. Younger patients, especially 
young males (1), often present with more advanced and severe disease, a rapidly progressive 
course, and significant asymmetry (2–4). Advanced KC causes significant visual impairment 
and is of particular concern to this population because it may critically impact young patients’ 
social, educational, and professional development.
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Corneal collagen cross-linking (CXL) is used to strengthen the 
cornea by photochemically creating new covalent bonds within and 
between amino acid residues in the collagen fibers of the cornea 
through a combination of vitamin B2 (riboflavin) and longer-
wavelength ultraviolet A radiation (370 nm). This increases the 
biomechanical strength of the keratoconic cornea and halts ectasia 
progression of ectasia (5).

To date, the maximum corneal power (Kmax) and visual acuity 
(measured as the minimum angle of resolution [logMAR]) are 
acceptable parameters for evaluating CXL efficacy and safety, 
respectively (6). The success of CXL in pediatric patients is conflicting. 
While some studies agree that CXL in this population can stop KC 
progression (7–13), others claim that this treatment is insufficient or 
only partially effective, showing disease progression in up to 55% of 
treated eyes (14–19).

The main shortcomings of the current literature on pediatric CXL 
are the small number of studies with more than 100 eyes and short 
follow-up times, with only one randomized controlled study to date 
(20). Moreover, most studies compared final outcomes to baseline 
preoperative measures, and there is a lack of studies that systematically 
evaluated the factors predicting CXL success using a multivariate 
analysis approach (21).

Our study used multivariate analysis to evaluate long-term 
outcomes and preoperative predictors of successful CXL treating KC 
in children.

Materials and methods

Study design and patient selection

This was a retrospective cohort study. We collected data from 
patients with KC treated with CXL between 2007 and 2017 at the 
Department of Ophthalmology Cornea Service of Hadassah-Hebrew 
University Medical Center (Jerusalem, Israel).

This study adhered to the principles of the Declaration of Helsinki. 
Approval was obtained from the Institutional Review (IRB)Board/
Ethics Committee (approval number 18-0221).

The included patients were aged 18 years or younger at the time of 
treatment and underwent CXL for progressive KC. Informed consent 
was obtained from the legal guardian (aged <18 years), allowing for 
treatment. The IRB waived the requirement for informed consent for 
participation in this study owing to the retrospective and anonymous 
nature of data analysis.

KC was diagnosed based on topographic features (EyeSys 2000; 
EyeSys Vision Inc., Houston, Texas, USA) (22).

Progression of KC was defined as an increase of at least 1.00 D 
in Kmax or in the refractive cylinder within 1 year or a patient’s 
report of deteriorating visual acuity without any other underlying 
cause in cases where previous refraction or topographic assessment 
was not possible.

Before CXL, we  performed a complete eye examination with 
anterior segment evaluation, intraocular pressure measurement, 
Schirmer test, and central corneal thickness measurement [CCT 
(Corneo-Gage Plus™, Sonogage, Cleveland, OH, USA)]. Any 
abnormalities were managed before CXL was performed.

Follow-up lasted for at least 1 year after CXL treatment.
Exclusion criteria included insufficient follow-up time (less than 

1 year after CXL) and insufficient critical data for calculating primary 
outcomes (e.g., lack of Kmaxpre measurement).

CXL was not performed in patients with active ocular surface 
disease, a history of herpes, stable KC, or pregnant women.

Corneal cross-linking procedure

All CXL procedures involve epithelium-off (epi-off). After the 
application of topical anesthetics, a slit lamp-assisted corneal abrasion 
of 8 mm diameter was made using a blunt spatula, and isotonic [0.1% 
riboflavin, 20% dextran (MedioCROSS D, Avedro)] or hypotonic 
(0.1% riboflavin (MedioCROSS H, Avedro) in corneas <400 μm) 
riboflavin was applied every 3 min for 30 min. Pachymetry was 
performed to ensure CCT > 400 μm before UVA exposure. None of the 
patients in our study required general anesthesia.

The cornea was subsequently exposed to a 3-mW/cm2 365-nm 
UV light source for 30 min in the non-accelerated (Dresden) protocol, 
or to a 9-mW/cm2 365-nm UV light source for 10 min in the 
accelerated protocol (UV-X ™ Specifications, IROC, Zurich, 
Switzerland). In both protocols, a total of 5.4 J/cm2 energy 
was delivered.

Subsequently, a 17 mm soft bandage contact lens (BCL; Sophlex, 
Israel) was placed on the cornea for at least 7 days or until complete 
re-epithelialization was evident. The patients received topical 0.1% 
dexamethasone and 0.3% gentamycin three and four times a day, 
respectively, for a week. After 7 days or when complete 
epithelialization was evident, BCL was removed, and topical 
fluorometholone 0.1% was applied three times a day for an 
additional 3 months.

Follow-up examinations were performed at 1, 3, 6, and 12 months 
of the first year and then yearly, including topography, uncorrected 
and corrected distance visual acuity (CDVA), and manifest refraction.

Data collection

We retrospectively recorded data from a prospectively built 
database of patients who underwent CXL for KC at the Cornea Service 
of The Ophthalmology Department of Hadassah Medical Center. The 
predictive factors documented included age at treatment, gender, a 
background of ocular allergy (diagnosis of allergic keratoconjunctivitis, 
vernal keratoconjunctivitis (VKC), undefined ocular allergy, or 
significant papillary reaction), ethnicity (Arabic or Jewish origin), 
follow-up period (in months), CCT at treatment (CCTpre, in microns), 
accelerated or non-accelerated (Dresden) protocol, Kmax before 

Abbreviations: CDVA, Corrected distance visual acuity; Kmax, Maximal corneal 

curvature; Kmaxpre, Maximal corneal curvature before cross-linking; Kmaxlast, 

Maximal corneal curvature after cross-linking at last follow up; LogMARpre, 

Logarithm of minimal angle of resolution; LogMARpre, Logarithm of minimal angle 

of resolution before cross-linking; LogMARlast, Logarithm of minimal angle of 

resolution after cross-linking at last follow up; Cylpre, Refractive cylinder before 

cross-linking; CCTpre, Central corneal thickness before cross linking; SEpre, Spherical 

equivalent before cross-linking; CXL, Cross-linking; KC, Keratoconus; SD, Standard 

deviation.
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treatment (Kmaxpre, in diopters), CDVA in LogMAR before treatment 
(LogMARpre), and refractive cylinder before treatment (Cylpre, 
in diopters).

Data were collected between 2007 and 2017. Visual acuity was 
tested using a Snellen chart and was converted to a logMAR visual 
acuity score. Cyl was extracted from manifest refraction, and CCT was 
obtained using the Corneo-Gage Plus™. The maximal corneal power 
(Kmax) was obtained using EyeSys through an axial numeric map 
provided by the topographer. The highest values were recorded and 
used for comparison (23).

Data analysis

The two study outcome measures were changes in Kmax (Delta 
Kmax) and visual acuity (Delta LogMAR) after CXL.

Delta Kmax was defined as the difference between the maximal 
corneal power (in diopters) at the last follow-up (Kmaxlast) and the 
maximal corneal power before CXL (Kmaxpre): Delta 
Kmax = Kmaxlast-Kmaxpre.

Delta logMAR was defined as the difference in logMAR CDVA 
between the last follow-up (LogMARlast) and logMAR before 
treatment (LogMARpre): Delta LogMAR = LogMARlast − LogMARpre.

A value of 0 or negative values in Delta Kmax or Delta LogMAR 
indicated no decrease (stabilization) or improvement in Kmax or 
CDVA, respectively, demonstrating a favorable effect of CXL.

Delta Kmax and Delta LogMAR were analyzed using paired 
Student’s t-tests to evaluate the significance of the changes.

We first tested the effects of the independent variables on the 
outcome measures (Delta Kmax and Delta LogMAR) using a 
univariate analysis. We used the paired t-test, Mann–Whitney test and 
Pearson’s correlation (with r coefficient) for continuous variables, 
including age, LogMARpre, Kmaxpre, CCTpre, Cylpre, and follow-up time. 
We  used the chi-squared test for categorical variables, including 
accelerated or non-accelerated CXL, sex, ocular allergic background, 
and ethnicity.

Subsequently, variables that demonstrated a significant effect on 
either outcome measure in the univariate analysis were included in the 
multivariate analysis using stepwise linear regression.

p values < 0.05 were considered statistically significant.
Data were analyzed using SPSS version 24.0 (IBM).

Results

We included 131 eyes of 110 patients. The mean follow-up was 
32.76 ± 21.03 months (range: 12–104.47 months). The baseline patient 
characteristics are presented in Table 1. Hypotonic riboflavin was 
applied before CXL in 10 eyes with CCT < 400 μm. All these eyes 
except for two achieved a minimal CCT of 400 μm after the instillation 
of hypotonic riboflavin before UVA treatment. These two eyes had 
CCT of 380 and 397 μm, respectively. Treatment was performed 
because of the potentially high risk of vision loss due to advanced 
KC. There were no complications in these eyes, including corneal 
edema or scarring.

Annual post-CXL data were unavailable for all patients 
throughout follow-up; the number of patients and eyes for which data 
were available for analysis are indicated in the tables and figures below.

Kmax and Delta Kmax outcome

A total of 131 eyes of 110 children had available Kmax results for 
a minimum of 1 year and were included in this analysis. Mean Kmax 

TABLE 1 Baseline patient’s characteristics.

Baseline continuous variables

Variables 1N Median
Mean ± 2SD 
(Min–Max)

Age (years) 131 16.00 15.71 ± 2.07 (10; 18)

Follow up 

(months)
131 24.97

32.76 ± 21.03 (12.0; 

104.47)

3Pachymetry 

(microns)
128 470.00

464.78 ± 44.71 (328–

575)

4Kmaxpre (D) 131 52.40
53.81 ± 6.39 (42.70–

70.10)

5LogMARpre 129 0.22 0.27 ± 0.23 (0–1.96)

6Cylpre (D) 120 −3.25
−4.11 ± 3.00 (−12.50; 

0)

Baseline categorical variables

Accelerated/

non-accelerated
N = 131

Non-accelerated 41 eyes

Accelerated 90 eyes

Gender N = 131
Male 102 eyes

Female 29 eyes

Ethnicity N = 128
Jewish 101 eyes

Arabic 27 eyes

Allergy N = 131
Allergy 35 eyes

No allergy 96 eyes

Baseline characteristics of accelerated\non-accelerated 

treatment groups

Variable
Non-

accelerated
Accelerated p-value

Age (years) 16.22 15.48 0.057

Follow up (months) 55.23 23.02 <0.001**

Pachymetry 

(microns)

453.90 469.55 0.068

Kmaxpre 56.4810 52.5900 0.001

LogMARpre 0.3387 0.2359 0.018

Cylpre (D) −4.016 −4.145 0.810

Sex (male) 80.5% 76.7% 0.625

Allergy 14.6% 32.2% 0.035

Ethnicity (Jewish) 71.1% 82.2% 0.157

Continuous variables are presented by Mean, median, standard deviation and minimum/
maximum values. Comparison of baseline characteristics of accelerated\non-accelerated 
treatment groups was analyzed with t-test and Chi2 test, respectively. Bold values are for 
p-values of significance.
1N = number of eyes with available data.
2SD = standard deviation.
3Pachymetry was measured before corneal epithelial removal.
4Kmaxpre = maximal corneal power before cross-linking.
5LogMARpre = Logarithm of minimal angle of resolution before cross-linking.
6Cylpre = refractive cylinder before cross-linking.
*p < 0.05.
**p < 0.01.
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decreased from 53.81 D ± 6.39 D to 52.31 D ± 6.06 D (p < 0.001) at the 
last follow-up.

The mean Delta Kmax was −1.495 ± 2.946 D (median − 1.200).
Among the eyes, 52.6% had Delta Kmax ≤ −1D (improvement 

following treatment), 31.6% had Delta Kmax between −1D and +1D 
(stable), and 15.8% had Delta Kmax ≥ +1D (post-
treatment progression).

Mean Delta Kmax values did not differ significantly between 
hypotonic (10 eyes; Mean Delta Kmax = −3.9) and isotonic (121 eyes; 
Mean Delta Kmax = −1.3) riboflavin pre-CXL instillation (p = 0.33; 
Mann–Whitney test).

Delta Kmax: univariate analysis

Correlation analysis demonstrated a significant correlation 
between a longer follow-up time (r = −0.435; p < 0.001) and negative 
Delta Kmax values, indicating that the treatment effect was greater the 
further it was measured from the time of treatment (Figure 1).

A significant correlation was also found between a more negative 
Delta Kmax and thinner corneas (r = 0.222; p = 0.012; Figure 2), higher 
Kmaxpre (r = −0.341; p < 0.001; Figure 3), and higher LogMARpre values 
(r = −0.221; p  = 0.012; the results of the correlation analysis are 
presented in Table 2).

More negative Delta Kmax values were observed with the 
non-accelerated CXL protocol (p < 0.001) than with the accelerated 
CXL protocol (Figure 4).

Other variables had no significant effect on Delta Kmax (Table 2), 
including age (p = 0.842), sex (p = 0.824), ethnicity (Jewish or Arabic; 
p  = 0.177), Cylpre (p  = 0.065), and the presence of ocular allergy 
(p = 0.824).

The percentage of eyes with Delta Kmax ≤ −1 was 82.9% in the 
non-accelerated protocol group and 38.9% in the accelerated protocol 
group (p < 0.001; Table 3).

Delta Kmax: a multivariate analysis

Only two variables remained significant in the multivariate 
analysis (R2 = 23.2%; Table 2). In order of significance, these were 
accelerated/non-accelerated CXL protocols (β = −2.453; p < 0.001) and 
Kmaxpre (β = −0.096; p < 0.001). Together, these results indicate that 
the non-accelerated CXL protocol and a higher Kmax pre-CXL 
positively influenced corneal flattening following CXL treatment in 
pediatric patients with KC.

FIGURE 1

Correlation between follow-up time and 1Delta Kmax. More negative 
Delta Kmax values were correlated with longer follow-up times, 
indicating the treatment effect was greater with longer follow-up 
times. However, the correlation coefficient is low, with r2 = 0.19. 
Thus, although the correlation is significant, it is relatively weak. 
1Delta Kmax = (maximal corneal power after cross-linking) − (maximal 
corneal power before cross-linking), measured in diopters. 
2r = Pearson correlation coefficient.

FIGURE 2

Correlation between corneal thickness (pachymetry) and 1Delta 
Kmax. More negative Delta Kmax values significantly correlated with 
thinner corneas, indicating that a thinner cornea can predict a better 
treatment outcome. However, the correlation coefficient is low, with 
r2 = 0.05. Thus, although the correlation is significant, it is relatively 
weak. 1Delta Kmax = (maximal corneal power after cross-
linking) − (maximal corneal power before cross-linking), measured in 
diopters. 2r = Pearson correlation coefficient.

FIGURE 3

Correlation between 1Kmaxpre and 2Delta Kmax. More negative Delta 
Kmax values significantly correlated with higher Kmaxpre values (more 
severe baseline keratoconus). However, the correlation coefficient is 
low, with r2 = 0.13. Thus, although the correlation is significant, it is 
relatively weak. 1Kmaxpre = maximal corneal power before cross-
linking. 2Delta Kmax = (maximal corneal power after cross-
linking) − (maximal corneal power before cross-linking), measured in 
diopters. 3r = Pearson correlation coefficient.
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LogMAR and Delta LogMAR outcome

A total of 123 eyes of 108 children had available LogMAR results 
for a minimum of 1 year and were included in this analysis. Mean 
LogMAR decreased from 0.27 ± 0.23 to 0.22 ± 0.19 (p = 0.005) at the 
last follow up. Mean Delta LogMAR was −0.05 ± 0.18 (median − 0.05).

12.8% of patients had Delta LogMAR ≤ −0.2 (improvement), 80% 
of patients had Delta LogMAR between −0.2 and +0.2 (stable), 7.2% 
of patients had Delta LogMAR ≥ +0.2 (worsen). Figure 5 shows the 
distribution of delta logMAR following CXL.

Mean Delta LogMAR values did not differ significantly between 
hypotonic (10 eyes; Mean Delta LogMAR = −0.13) and isotonic (113 

eyes; Mean Delta Kmax = −0.04) riboflavin pre-CXL instillation 
(p = 0.77; Mann–Whitney test).

Delta LogMAR: univariate analysis

The only variable found to be significantly correlated with a more 
negative Delta LogMAR (Table  4) was LogMARpre (r = −0.596; 
p < 0.001). Other variables were not significantly correlated with Delta 
LogMAR (Table 4), including age (p = 0.527), pachymetry (p = 0.853), 
follow-up time (p = 0.164), Kmaxpre (p = 0.712), Cylpre (p = 0.701), CXL 
protocol type (accelerated or non-accelerated; p  = 0.350), sex 
(p = 0.663), ethnicity (p = 0.571), or ocular allergy (p = 0.502).

As only one variable was associated with a significant change in 
Delta LogMAR, the multivariate analysis was not relevant. These 
results demonstrate that lower preoperative visual acuity only 
influences the improvement of visual function following CXL in 
pediatric patients with KC.

The percentage of patients with Delta LogMAR ≤ −0.2 (gain of 
two or more Snellen lines) was 24.4% in the non-accelerated protocol 
group and 7.1% in the accelerated protocol group (p = 0.006; Table 3). 
However, the accelerated group had a larger proportion of stable eyes 
with Delta LogMAR between −0.2 and +0.2 (86.9% vs. 60.1% in the 
non-accelerated group; p = 0.008) and a non-significant trend towards 
a smaller proportion of eyes with Delta LogMAR ≥ +0.2 (6% vs. 14.6% 
in the non-accelerated group; p = 0.17).

Discussion

We analyzed the effects of preoperative predictors of successful 
CXL in pediatric patients with progressive KC by using an extensive 
database of patients with a long-term follow-up period. We used 
two primary outcome measures: changes in Kmax and visual acuity, 
over the follow-up period. Our study showed that CXL in this group 
not only successfully stabilized KC progression over time, but the 
mean negative Delta Kmax and Delta LogMAR results also 
indicated improvement of corneal shape and visual function, 
respectively. In addition, to the best of our knowledge, our study is 
the first to demonstrate that, in a multivariate analysis, 
non-accelerated CXL and higher Kmax pre-CXL positively 
influenced corneal flattening, whereas lower preoperative visual 
acuity only influenced the improvement of visual function. These 
results suggest that CXL may have a more potent effect in children 
with advanced KC.

In the adult population, there is robust evidence of CXL success 
and long-lasting effects in long-term follow-up (24, 25). The results in 
the pediatric keratoconus patients are still controversial. Overall, 
epithelium-off studies show stability or flattening of the cornea while 
maintaining or improving the CDVA (7–11). However, some authors 
report significant KC progression post-CXL, with increasing rates over 
time (14–18). Kodavoor (18) reported Kmax worsening in 8.6% of 
treated eyes at one-year post-CXL. Godefrooji (17) reported Kmax 
progression of up to 7.2D in 22% of treated eyes in the last follow-up, 
with no significant changes in visual acuity. Padmanabhan (15) 
showed an increase of more than 1D in Kmax in 15% of treated eyes 
at 2 years, 21% at 4 years, and 24% beyond that period, with a decrease 
in visual acuity of 30.9% after 4 years. A similar CXL regression effect 
was noted by Mazzota (16), with a 24% progression rate over a 10-year 

TABLE 2 Analysis of variables affecting 1Delta Kmax.

Univariate analysis of continuous variables

Variables
2N Pearson 

Correlation (3r)
p-value

Age 131 −0.018 0.842

Pachymetry 128 0.222 0.012*

4LogMARpre 129 −0.221 0.012*

Follow-up time 131 −0.435 <0.001**

5Kmaxpre 131 −0.341 <0.001**

6Cylpre (D) 120 0.170 0.065

Univariate analysis of categorical variables

Variables N Mean Median p-value

Accelerated 90 −0.56

−3.55

−0.60

−2.40

<0.001**

Non-Accelerated 41

Male 102 −1.46

−1.60

−1.20

−0.90

0.824

Female 29

Jewish 101 −1.28

−2.14

−1.10

−1.30

0.177

Arab 27

Allergy 35 −1.40

−1.53

−0.50

−1.25

0.824

No allergy 96

Multivariate stepwise regression analysis

Variables N β p-value

Accelerated\

Non-accelerated

90

41

−2.453 <0.001**

Kmaxpre 131 −0.096 0.013

LogMARpre 129 −0.15 0.875

Follow-up time 131 −0.179 0.122

Pachymetry 128 −0.60 0.557

Model’s R2 23.2%

Univariate analysis was done with correlation analysis for continuous variables and Chi-
square test for categorical variables. Variables that were significant in the univariate analysis 
were included in multivariate analysis using stepwise approach linear regression.
1Delta Kmax = (maximal corneal power after cross-linking) − (maximal corneal power 
before cross-linking).
2N = number of patients.
3r = Pearson correlation coefficient.
4LogMARpre = Logarithm of minimal angle of resolution before cross-linking.
5Kmaxpre = maximal corneal power before cross-linking.
6Cylpre = refractive cylinder before cross-linking.
*p < 0.05.
**p < 0.01.  
Bold values are for p-values of significance.
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follow-up period. Chatzis and Hafezi (14) reported the highest rate of 
progression, with 55% of treated eyes showing an increase of 1D or 
more after 3 years. In addition, the only randomized controlled trial 
(20) on this population showed KC progression in 7% of the treated 
eyes after 18 months. In general, the loss of CXL effect is poorly 
understood. While some authors may attribute this finding to eye 
rubbing secondary to chronic ocular allergic disease (14, 16, 18), it 
could be  secondary to the more aggressive course of KC in this 
population (2, 26), the lack of natural cross-links in pediatric young 
corneas, and the corneal collagen turnover (16). Our results showed 
an increase of ≥1.0 D in Kmax in 15.8% of the eyes with a loss of ≥2 

Snellen lines in 7.2%. Interestingly, in the univariate analysis, a longer 
follow-up period was correlated with a more negative Delta Kmax, 
indicating that the CXL effect was maintained or increased over time. 
However, no significant differences were found in multivariate analysis.

FIGURE 4
1Delta Kmax with non-accelerated and accelerated CXL2 protocols. 
The paired t-test showed significantly more mean negative Delta 
Kmax values with the non-accelerated protocol than with the 
accelerated protocol (p < 0.001), indicating a greater efficacy for the 
non-accelerated protocol. 1Delta Kmax = (maximal corneal power 
after cross-linking) − (maximal corneal power before cross-linking), 
measured in diopters. 2CXL = Cross-linking.

TABLE 3 Success rates of non-accelerated vs. accelerated cross-linking.

Variables Non-
accelerated

Accelerated p-value

1Delta Kmax

Delta Kmax ≤ −1 82.9% 38.9% < 0.001**

+1 > Delta 

Kmax > −1

12.2% 40%
0.003**

Delta Kmax ≥ +1 4.9% 21.1% 0.019*

2Delta LogMAR

Delta 

LogMAR ≤ −0.2

24.4% 7.1%
0.01*

+0.2 > Delta 

LogMAR > −0.2

60.1% 86.9%
0.008**

Delta 

LogMAR ≥ +0.2

14.6% 6%
0.17

Analysis was done with and Chi-square test.
1Delta Kmax = (maximal corneal power after cross-linking) − (maximal corneal power 
before cross-linking).
2Delta LogMAR = (LogMAR after cross-linking) − (LogMAR before cross-linking).
*p < 0.05.
**p < 0.01.  
Bold values are for p-values of significance.

FIGURE 5
1Delta LogMAR distribution following cross-linking for Keratoconus. 
1Delta LogMAR = (Logarithm of minimal angle of resolution after 
cross-linking) − (Logarithm of minimal angle of resolution before 
cross-linking). 2N = number of eyes with available data; 3SD = standard 
deviation.

TABLE 4 Analysis of variables affecting 1Delta LogMAR.

Univariate analysis of continuous variables

Variables 2N Pearson 
Correlation (3r)

p-value

Age 123 0.058 0.527

Follow-up 123 −0.127 0.164

Pachymetry 120 0.017 0.853

4LogMARpre 123 −0.596 <0.001**

5Kmaxpre 123 −0.034 0.712

6Cylpre 114 −0.036 0.701

Univariate analysis of categorical variables

Variables N Mean Median p-value

Accelerated 83

40

−0.04

−0.07

0

−0.07

0.350

Non-Accelerated

Male 97

26

−0.04

−0.06

−0.05

−0.05

0.663

Female

Jewish 95

26

−0.05

−0.03

−0.05

−0.04

0.571

Arab

Allergy 35

88

−0.03

−0.05

0

−0.05

0.502

No allergy

Univariate analysis was done with correlation analysis for continuous variables and Chi-
square test for categorical variables.
1Delta LogMAR = (LogMAR after cross-linking) – (LogMAR before cross-linking).
2N = number of patients.
3r = Pearson correlation coefficient.
4LogMARpre = Logarithm of minimal angle of resolution before cross-linking.
5Kmaxpre = maximal corneal power before cross-linking.
6Cylpre = refractive cylinder before cross-linking.
*p < 0.05.
**p < 0.01.  
Bold values are for p-values of significance.
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A higher Kmaxpre correlated with a significantly more negative 
delta Kmax. Although studies performed in the adult population 
support our findings (27, 28), reports on the pediatric population 
failed to establish a correlation between Kmaxpre and Delta Kmax (11, 
17, 21). Interestingly, Padmanabhan (15) showed that the decrease in 
Kmax post-CXL was maximal in eyes with a moderate grade of 
disease than in the severe and mild groups.

The explanation for greater CXL flattening effect seen with higher 
Kmaxpre is still not clear. As far as we are concerned, the existing 
literature in adults, with similar findings as ours, fails to establish a 
clear cause for this effect. Sloot et al. (28) speculate that there “might 
be a difference in the corneal stroma in mild to moderate cases versus 
advanced cases of KC.” In addition, the authors believe that “treatment 
might be more deeply located in the stroma in advanced cases because 
these have thinner corneas.” (28) Our work shows that indeed in 
univariate analysis, pre-operatively thinner corneas were also 
correlated with a more negative Kmax. Although this was not the case 
in the multivariate analysis, as we  explained in the manuscript, 
stepwise linear regression grades variables according to the strength 
of their correlation with the outcome. It might be the case that Kmaxpre 
correlated better with delta kmax and since steeper corneas usually are 
thinner, the pre-operative thickness was excluded from the 
multivariate analysis.

Like Uçakhan (11), we  did not find an association between 
Kmaxpre and Delta LogMAR.

In univariate analysis, thinner corneas were correlated with a 
more negative Delta Kmax. This finding is in contrast with those of 
other published reports. Sarac (21) found that eyes with corneas 
thinner than 450 μm had an OR of 4.54 to progress after CXL. The 
authors believe that, in this group, the driving factors for KC 
progression are especially stronger in the more advanced (thinner) 
diseased corneas, and the use of hypotonic riboflavin during 
treatment in these eyes provided a weaker CXL effect. Kodavoor (18) 
showed that 1-year post-CXL, patients with a thinner cornea 
(between 350 and 400 μm) had a mean Kmax of 3 D more than those 
with thicker corneas (>400 μm). In contrast, while searching for 
predictors of KC progression post-CXL, Godefrooji (17) did not find 
a correlation between pachymetry and outcomes. The Siena CXL 
Pediatrics study (8) found that both groups of eyes with corneas > 
or <450 μm had statistically significant flattening of Kmax during all 
follow-up periods, with a similar mean decrease in Kmax. Similarly, 
with an accelerated protocol, Ulusoy (12) showed that keratometry 
and CDVA improved from baseline after 1 year in eyes with corneas 
< and ≥450 μm. We believe that our results better reflect clinical 
CXL effects because we analyzed corneal thickness in a large cohort 
as a continuous variable rather than using a categorical variable 
approach. Moreover, corneal thickness was correlated with KC 
severity. Thus, eyes with thinner corneas had more severe 
topographic characteristics (such as Kmaxpre) at baseline. Stepwise 
linear regression grade variables according to the strength of their 
correlation with the outcome. Other parameters (Kmaxpre) probably 
correlated better with the outcome; hence, pachymetry was found to 
be nonsignificant in the multivariate analysis. Pachymetry was not 
associated with logMAR changes, similar to the findings of other 
studies (16, 18).

Worse baseline visual acuity (higher LogMARpre) was significantly 
correlated with corneal flattening and better visual acuity post-CXL 

in univariate analysis. Although studies on the adult population 
support our findings (29–31) data on pediatric patients contradict our 
results. Uçakhan (11) did not find an association between preoperative 
vision and improvement in uncorrected or corrected distance visual 
acuity in 40 eyes during 48 months of follow-up. While evaluating 
predictive factors for the progression of KC post-CXL, Sarac (21) and 
Godefrooij (17) did not find a significant effect of CDVA on an 
increase in Kmax ≥1 D. Interestingly, despite the usual vision 
worsening with KC progression, some studies have reported no vision 
change with an increase in Kmax post-CXL (14, 17). In a previous 
work by Wisse et al. (31), worse baseline visual acuity correlated with 
more central cones, which demonstrated greater CXL effect, 
presumably due to a more perpendicular incident angle of UVA rays, 
as compared with more peripheral cones. However, we  did not 
evaluate cone eccentricity in our study. It seems that further studies 
are needed to elucidate the mechanism explaining the observation of 
greater visual improvement with worse baseline visual acuity.

Non-accelerated CXL correlated with significant Kmax flattening 
compared with accelerated CXL. Amer (32) found that the CDVA and 
Kmax improved more in the non-accelerated group. Turhan (33) 
found a significant decrease in Kmax in both accelerated and 
non-accelerated groups. However, after 2 years, CDVA only improved 
from baseline in the non-accelerated group. Sarac (34) found no 
difference in the outcomes between the non-accelerated and 
accelerated groups. However, the post-CXL progression rates in the 
non-accelerated and accelerated CXL groups were 13.1 and 16.3%, 
respectively (p = 0.754).

Although the exact mechanism explaining superior efficacy of the 
non-accelerated protocol is not clear to us, a previous study on porcine 
corneas found non-accelerated CXL to produce greater anterior 
stromal stiffening, as compared to the accelerated protocol (35).

In contrast, a prospective randomized contralateral eye study (36) 
showed better improvement in vision and Kmax with the accelerated 
protocol after 3 years. The authors stated that conventional and 
accelerated CXL are effective options for managing KC in children. 
Accelerated CXL is more appealing to both doctors and patients 
because of its shorter duration and, therefore, better patient comfort 
and compliance during local anesthesia. However, we believe that the 
benefits of non-accelerated treatment outweigh its disadvantages, with 
a significantly more potent effect characterized by 95 vs. 79% 
stabilization or flattening of Kmax in children.

Age did not affect any of the outcome measures in this study. 
Other studies (11, 17, 21) also failed to demonstrate a correlation 
with age. However, Mazzotta (16). observed that a treatment 
regression rate of 24% over 10 years could be considered for patients 
aged 15  years at the time of treatment. When evaluating the 
accelerated CXL protocol, Ozer (19) found keratometric progression 
in 35% of patients aged ≤14 years and 4% of patients aged 
15–18 years (p = 0.014). Although some may argue that younger 
patients have more severe allergic eye diseases and are less 
compliant with ceasing eye rubbing (19), in addition to having more 
aggressive KC (2–4), we  believe that our results are consistent 
because age was analyzed as a continuous variable (and not 
dichotomously, as in those studies).

Our previous work evaluated success predictors of CXL in adult 
KC in 517 eyes, with a mean followed for 2.3 years (37). The ethnic 
populations were similar to the present study in children. In 
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resemblance with the present study, Delta Kmax was influenced 
negatively by a longer follow-up, thinner corneas, non-accelerated 
protocol, higher Kmaxpre and higher LogMARpre in univariate 
analysis and non-accelerated protocol and higher Kmax in 
multivariate analysis. Similarly, the only significant feature when 
analyzing the Delta LogMAR was a higher LogMARpre. The results 
of both studies corroborate the idea that CXL effect is higher in more 
advanced diseases regardless of age and that the non-accelerated 
protocol is more effective than the accelerated CXL. In addition, 
although pediatric corneas have fewer natural cross-links and are 
subjected to more aggressive disease, CXL treatment behaves alike.

Allergy was not associated with changes in the CDVA and Kmax. 
Previous studies have linked allergy and eye rubbing to CXL failure or 
regression (14, 18). KC is more severe and progresses faster in patients 
with VKC and ocular allergies than in those without VKC (38).
Nonetheless, in a study comparing CXL in pediatric patients with KC 
with and without VKC, there were no differences in outcome, 
complications, or KC progression between the groups (39).

Middle Eastern populations are known to have a greater incidence 
and severity of KC (3). Nevertheless, our study did not find a 
correlation between Jewish or Arabic origin and CXL success in Israel. 
However, the pathogenesis of KC is not yet completely understood. 
Some KC features suggest a strong genetic component (40). Our study 
population comprised both the Jewish and Arabic populations of 
Jerusalem and its surroundings. High rates of consanguineous 
marriages characterize these two subsets of the local population; 
therefore, genetic diseases are relatively more common. We believe 
that similar marital habits might explain the similarities in the 
outcomes between the two groups.

Our study has significant advantages over the existing literature. 
First, the sample size was significantly larger than those reported in 
previous studies. Second, we followed the patients for an extended 
period of up to 8 years. Third, many variables in this study were 
analyzed as continuous (Kmax, LogMAR, age, CCT, and follow-up) 
and not categorically as in previous studies. Fourth, we included the 
effects of allergic eye disease and ethnicity on the CXL outcomes. 
Finally, this is one of the few studies to present a systematic analysis of 
multiple predictors of CXL success using univariate and multivariate 
statistical tools.

Our study has some limitations. This was a retrospective analysis; 
therefore, some data were missing from a small proportion of the 
cohort. Second, the study cohort lacked control eyes that had not been 
treated with CXL. However, as the efficacy of CXL has been 
demonstrated in many previous studies, it is unethical to not perform 
this procedure in patients with progressive KC. In addition, our 
analysis included cases from 2007, when CXL was less popular and 
well known and was not yet introduced to the Israeli National Health 
basket until 2014. This means that cases performed in the early years 
might have had a more advanced KC, whereas those performed in the 
later years might have had a more moderate KC. As the procedure 
gained acceptance and popularity, and with the growing awareness of 
its efficacy, more community ophthalmologists and optometrists 
referred more patients with KC at earlier stages. Lastly, it mainly 
comprises Middle Eastern patients, who are known to have a more 
aggressive progression of KC than other populations (3).

In conclusion, our results show that CXL is an effective treatment 
for decrease in Kmax and to improve vision in pediatric patients with 

KC. Patients with an advanced KC may benefit more from the late 
effects of CXL, with a decrease in Kmax, than patients with early KC 
do. However, early detection and treatment are critical for patient 
benefit, and treatment should not be delayed to achieve maximum 
effects. Finally, we demonstrated that the non-accelerated protocol 
had a greater impact on corneal flattening than the accelerated 
protocol did.
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