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1  |   INTRODUCTION

Corneal cross-linking (CXL) is performed to halt the 
progression of keratoconus (Wollensak et  al.,  2003), 
with over 1000 such treatments carried out annually in 
the Nordic countries (Gustafsson, Bizios, et al., 2023; 
Gustafsson, Ivarsen, et al., 2023; Gustafsson, Vicente, 

et al., 2023). This has contributed to a decrease in the 
number of corneal transplants (Sandvik et  al.,  2015). 
However, Cochrane authors have indicated that fur-
ther randomised clinical trials (RCTs) are required 
to optimise and evaluate both existing and novel 
CXL techniques (Ng, Hawkins, et al., 2021; Ng, Ren, 
et al., 2021).
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Abstract
Purpose: To present the outcomes of a randomised clinical trial for the treatment 
of progressive keratoconus using different kinds of riboflavin and the addition 
of sterile water in thin corneae.
Methods: A randomised study using epithelium-off corneal cross-linking (CXL) 
with continuous UVA irradiance 9 mW/cm2 for 10 min (total fluence 5.4 J/cm2) 
and two kinds of riboflavin solutions: (i) isoosmolar dextran-based riboflavin 
(n = 27) and (ii) hypoosmolar dextran-free riboflavin (n = 27) for the treatment 
of progressive keratoconus. Visual acuity (corrected and uncorrected), 
tomographic parameters and endothelial cell count were obtained at baseline 
and after 1 year. Corneae thinner than 400 μm were also included. A safety limit 
of 400 μm was used, and sterile water was added if the corneae fell short of this 
limit during the treatment. Primary outcome: Change in Kmax.
Results: There were no statistically significant differences in any of the 
parameters between the isoosmolar and hypoosmolar groups. In the isoosmolar 
group, 74% of the patients required the addition of sterile water, while only 15% 
required it in the hypoosmolar group. The measurements of densitometry in the 
0–2 mm zone improved less in the group that received sterile water; otherwise, 
there were no statistically significant differences in any of the parameters 
between the groups that did and did not receive the addition of sterile water.
Conclusions: The results of this study demonstrate the efficacy and safety in using 
hypoosmolar riboflavin when performing CXL for progressive keratoconus. 
The results also demonstrate the efficacy and safety of using sterile water in 
corneae thinner than 400 μm.
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This RCT (NCT04427956) was designed to evaluate 
the efficacy of halting keratoconus progression using 
continuous 9 mW/cm2 UVA (365 nm) irradiance across 
three different treatment arms based on the type of ribo-
flavin and its delivery method: (i) an epithelium-off tech-
nique using dextran-based isoosmolar riboflavin, (ii) an 
epithelium-off technique using dextran-free hypoosmo-
lar riboflavin and (iii) an epithelium-on technique using 
iontophoresis-assisted riboflavin delivery. Treatment 
with iontophoresis-assisted riboflavin delivery was dis-
continued due to its low efficacy in halting disease pro-
gression, and the results from this arm of the study have 
been published elsewhere (Gustafsson, Bizios, et al., 2023; 
Gustafsson, Ivarsen, et  al.,  2023; Gustafsson, Vicente, 
et al., 2023).

Most centres in the Nordic countries utilise continu-
ous UVA irradiance at 9 mW/cm2 (Gustafsson, Bizios, 
et  al.,  2023; Gustafsson, Ivarsen, et  al.,  2023; Gustafsson, 
Vicente, et al., 2023) which aligns with a recent survey of clin-
ical practice regarding CXL in the United Kingdom (Hayes 
et al., 2023). Dextran-based riboflavin is the original form 
used in the Dresden Protocol (Wollensak et al., 2003) and re-
mains the most commonly used riboflavin type in clinical tri-
als (Ng, Hawkins, et al., 2021; Ng, Ren, et al., 2021; Sykakis 
et al., 2015). However, the oncotic effect of this riboflavin and 
the evaporation of stromal water from the de-epithelialised 
cornea (Iwata et al., 1969; Mazzotta & Caragiuli, 2014) can 
cause a reduction in corneal thickness to below the suggested 
safety threshold of 400 μm (Rosenblat & Hersh, 2016), ex-
posing endothelial cells to excessive radiation (Kymionis 
et al., 2012; Spoerl, Mrochen, et al., 2007; Spoerl, Zubaty, 
et al., 2007). Consequently, we employed hypoosmolar ribo-
flavin in the second treatment arm, as it has been suggested to 
result in less reduction in corneal thickness, making more pa-
tients eligible for safe CXL (Hafezi et al., 2009). Nevertheless, 
clinical experience suggests that corneal thickness can fall 
below 400 μm with both types of riboflavin. Thus, the study 
protocol anticipated the use of sterile water (SW) to increase 
thickness when corneal thickness approached the safety 
threshold of 400 μm (Gustafsson et al., 2017). Indeed, early 
findings from this RCT showed that 74% of patients in the 
isoosmolar group and 15% in the hypoosmolar group re-
quired the addition of SW (Gustafsson et al., 2024). These 
results underscore the importance of assessing intraopera-
tive corneal thickness during CXL, particularly when using 
dextran-containing riboflavin, and demonstrate that SW can 
effectively increase corneal thickness.

The primary aim of this study was to evaluate the safety 
and treatment efficacy of hypoosmolar and isoosmolar 
riboflavin using continuous UVA irradiance at 9 mW/
cm2 for 10 minutes. While hypoosmolar riboflavin is com-
monly used (Gustafsson, Bizios, et al., 2023; Gustafsson, 
Ivarsen, et al., 2023; Gustafsson, Vicente, et al., 2023), no 
previous randomised clinical trials have assessed its use 
in combination with 9 mW/cm2 irradiance. The second-
ary objective was to evaluate the safety and efficacy of 
adding SW during CXL in corneae with thicknesses of 
less than 400 μm, a technique frequently used in Nordic 
Countries and in the United Kingdom (Gustafsson, Bizios, 
et al., 2023; Gustafsson, Ivarsen, et al., 2023; Gustafsson, 
Vicente, et al., 2023; Hayes et al., 2023). The results of the 
1-year follow-up are presented in this paper.

2  |   SUBJECTS A N D M ETHODS

The study is being conducted at the Department of 
Ophthalmology at Skåne University Hospital, Lund, 
Sweden. The principles of the Declaration of Helsinki 
were adhered to throughout. All participants received 
both oral and written information about the study, and 
written consent was obtained. The Regional Ethics 
Committee in Lund, Sweden, approved the study (no. 
2015/373).

2.1  |  Study design

Randomised clinical trial (NCT04427956) https://​clini​
caltr​ials.​gov.

2.2  |  Patient enrolment and randomisation

Patient enrolment has been previously described 
(Gustafsson, Bizios, et  al.,  2023; Gustafsson, Ivarsen, 
et  al.,  2023; Gustafsson, Vicente, et  al.,  2023). Patients 
meeting the inclusion criteria were enrolled consecu-
tively from January 2017 until 2023. The inclusion cri-
teria were progressive keratoconus in patients aged 
18 years or older. Progression was defined as an increase 
of 1.0 D in Kmax over the past 12 months or 0.5 D in 
the past 6 months, along with a history of deteriorating 
visual acuity (subjective or objective). Patients with a 
history of ocular pathology and surgery were excluded. 
Pregnant or breastfeeding women were also excluded as 
hormones could affect the corneal biomechanics, result-
ing in a transitory effect on corneal measurements, which 
could result in errant recruitment to CXL (Hoogewoud 
et al., 2013; Toprak, 2023). It can also be speculated that 
the outcomes of CXL may not be representative for the 
group given the effects of hormones on the biomechani-
cal stability of the cornea (Spoerl, Mrochen, et al., 2007; 
Spoerl, Zubaty, et al., 2007). Contact lens wear was dis-
continued at least 2 weeks before tomographic measure-
ments were taken.

A preoperative corneal thickness of less than 400 μm 
was not an exclusion criterion, to avoid recruitment bias, 
with the understanding that the thickness could be ad-
justed by adding SW. Sealed envelopes were prepared by 
Clinical Studies Sweden, a national facility supported by 
the Swedish Research Council. An envelope was opened 
after each patient agreed to participate in the study. 
Only one eye per patient was included to avoid potential 
paired-organ bias.

2.3  |  Pre-treatment assessment

The pre-treatment has been described in a previous pub-
lication (Gustafsson et  al.,  2024). The pre-CXL assess-
ment consisted of measurements of uncorrected visual 
acuity (UCVA) and best spectacle-corrected visual acuity 
(BSCVA) by opticians with long experience of refraction 
in keratoconus patients. Measurements were performed 
with a corneal tomograph (Pentacam HR, Oculus 

https://clinicaltrials.gov
https://clinicaltrials.gov
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GmbH, Germany) followed by full confocal scanning of 
the cornea, in addition to an automated measurement 
of endothelial cell density (ECD) (Cofoscan 4, Nidek 
Technologies Srl, Italy) and a slit lamp examination.

2.4  |  CXL procedure and post-treatment 
assessment

The CXL procedure and post-treatment have been thor-
oughly described in a previous publication (Gustafsson 
et  al.,  2024). In brief, after epithelial debridement, 
isoosmolar riboflavin (MedioCross D, Avedro, Inc., 
Waltham, Massachusetts, USA) or hypoosmolar ri-
boflavin (MedioCross H, Avedro, Inc., Waltham, 
Massachusetts, MA, USA) was instilled every 3 min 
for 20 min prior to irradiance. No eyelid speculum was 
used during the instillation phase of CXL, as this has 
been shown to help preserve corneal thickness (ref). 
According to the referenced study, there was no clini-
cally observable difference in riboflavin flare between 
procedures performed with or without an eyelid specu-
lum, and it should therefore not have influenced ribofla-
vin saturation. If corneal thickness approached, or was 
below, 400 μm, SW (Braun AG, Melsungen, Germany) 
was added and additional measurements were per-
formed after 1 min. After the instillation phase, the 
cornea was irradiated with UVA (UV-X 2000, IROC, 
Switzerland) using an irradiance of 9 mW/cm2 for 10 min 
(total fluence 5.4 J/cm2). When the measurements were 
obtained and when SW was added, the irradiance was 
temporarily paused; however, the same total energy 
was delivered. Riboflavin instillation continued every 
third minute during UVA irradiance. The patients re-
turned to the clinic for follow-up visits after 7 days, and 
after 1, 6 and 12 months, which are now complete, and 
the next follow-up will occur after 24 months. At the 1-
month follow-up, the demarcation line was assessed by 
using an anterior segment optical coherence tomograph 
(Topcon Triton, Topcon Corporation, Tokyo, Japan). 
At the 6, 12 and 24-month follow-up examinations, the 
visual acuity was assessed, and measurements were per-
formed using the Pentacam HR and the Confoscan 4.

2.5  |  Statistical analysis

This randomised study was designed as a non-inferiority 
study using dextran-based isoosmolar riboflavin as the 
reference protocol. The null difference between the refer-
ence protocol and the other two protocols was set at 1.0 
D in Kmax, with a standard deviation (SD) of 1.2 D as-
sumed (alpha = 0.025; power = 0.81), yielding a sample size 
of 24 patients per group with an allocation ratio of 1:1:1. 
A Bonferroni correction was applied. A discontinuation 
rate of 10% was anticipated, resulting in a sample size of 
27 patients per group. Sample size calculations were per-
formed using SAS Enterprise Guide 6.1 for Windows (SAS 
Institute Inc., Cary, North Carolina, USA). The primary 
outcome variable was Kmax. Secondary outcome varia-
bles included K2 and the A, B and C parameters from the 
ABCD Progression Display (Duncan et al., 2016), along 

with ECD, UCVA, BSCVA, densitometry values, spheri-
cal equivalent (SE) and the depth of the demarcation line. 
Descriptive statistics are provided as means, standard 
deviations, medians, minimum and maximum values. 
Differences between groups (hypoosmolar versus isoos-
molar and without water vs with water) were assessed 
using the Mann–Whitney U test. A p-value below 0.05 was 
considered significant.

3  |   RESU LTS

The groups of patients used in the current analyses, in-
cluding the different treatment arms, addition of SW and 
patients lost to follow-up, can be seen in the flow chart 
in Figure 1. In the isoosmolar group, the mean age was 
25 years (SD 4.8, range 18–35 years), 24 patients were male 
(2 female) and 12 right eyes were treated (14 left eyes). In 
the hypoosmolar group, the mean age was 27 years (SD 
5.3, range 18–38 years), 20 subjects were male (4 female) 
and 12 right eyes were treated (12 left eyes). In the group 
in which SW was needed, the mean age was 26 years (SD 
5.2, range 18–35 years), 21 patients were male (1 female) 
and 11 right eyes were treated (13 left eyes). In the group 
that did not require the addition of SW, the mean age was 
26 years (SD 5.1, range 18–38 years), 24 patients were male 
(4 female) and 15 right eyes were treated (13 left eyes).

The values of the functional and tomographic pa-
rameters, as well as endothelial cell density and their 
difference between baseline and 1-year follow-up are 
presented and compared in Tables 1 and 2. There were 
no statistically significant differences. Equally, the val-
ues and their difference between baseline and 1-year fol-
low-up for the groups that did and did not require SW 
are presented and compared in Tables  3 and 4. There 
were no statistically significant differences besides the 
densitometry value in the 0–2 mm zone. In both groups, 
these values decreased, that is transparency improved; 
however, in the group that did receive SW, the improve-
ment was significantly lower (p = 0.014).

Treatment failure was defined as an increase in Kmax 
of 1.0 D at the 1-year follow-up. Three patients met this 
criterion and were monitored over time. The measured 
values of Kmax are presented in Table 5 and discussed 
under ‘Discussion’.

4  |   DISCUSSION

The results of this study showed that no statistically sig-
nificant differences were observed in any of the outcome 
parameters, neither in terms of treatment efficacy nor in 
terms of safety, 1 year after CXL when comparing the use 
of isoosmolar and hypoosmolar riboflavin during CXL. 
These findings are relevant, as hypoosmolar riboflavin 
is frequently used in clinical practice, yet no randomised 
trial has previously compared its efficacy and safety 
against dextran-containing isoosmolar riboflavin, which 
is commonly used as reference riboflavin in randomised 
trials (Ng, Hawkins, et  al.,  2021; Ng, Ren, et  al.,  2021; 
Sykakis et  al.,  2015). Hypoosmolar riboflavin is ad-
vantageous in terms of maintaining corneal thickness, 
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enabling more patients to undergo CXL. Although ini-
tially thought to induce a lower cross-linking effect due 
to a presumed increase in the interfibrillar space due to 
hydration (Wollensak et al., 2010), later research showed 
biomechanical outcomes equal to that of isoosmolar ri-
boflavin (Wollensak & Spörl, 2019). Indeed, most cross-
linking occurs in the dense anterior stroma, which swells 
less than the posterior stroma.

Treatment failure was defined as a ≥ 1 D increase in 
Kmax at the 1-year follow-up, observed in three patients. 
However, the measured values remained stable or re-
turned to the baseline value or below when these patients 
were measured at 18, 24, 30 and 36 months after CXL 
with no signs of continued progression in any other pa-
rameters. It is well known that keratometric parameters 
often increase in the first months following CXL, only 
to gradually decrease over time (Chang & Hersh, 2014; 
Mazzotta et al., 2021). However, not all values return to 
or fall below baseline levels at the 1-year follow-up (Hersh 
et  al.,  2017), which may erroneously be interpreted as 
treatment failure. In fact, 1 year may be too early to fully 
assess the efficacy of CXL, as keratometric values may 
continue to decline beyond this point (Raiskup-Wolf 
et al., 2008).

Moreover, treatment failure is often defined using a 
single threshold applied uniformly across all patients. 
This approach overlooks the potential impact of dis-
ease severity on measurement error. Indeed, if cross-
linked corneae exhibit the same association between 

increasing measurement error and advancing disease 
severity as observed in uncross-linked corneae, this 
could result in the erroneous diagnosis of treatment 
failure. This concern is supported by previous studies, 
which have reported higher rates of treatment failure in 
patients with more advanced keratoconus undergoing 
CXL (Kuechler et  al.,  2018). To properly evaluate the 
efficacy of CXL, it is essential to identify the optimal 
timing for post-treatment measurements and to assess 
both the repeatability of these measurements and the 
potential association between measurement error and 
disease severity. To date, no studies have specifically in-
vestigated this aspect, and we therefore aim to conduct 
such research. The commonly used safety limit of 400 μm 
is based on the cytotoxic threshold of 0.36 mW/cm2 for 
the endothelial cells (Wollensak,  2010). In addition to 
being a photoreactor, riboflavin also acts as a shield 
against excessive irradiance that could harm the endo-
thelium (Spoerl, Mrochen, et  al.,  2007; Spoerl, Zubaty, 
et  al.,  2007). The intensity of irradiance reaching the 
endothelial layer depends on corneal thickness, that is 
the path length through riboflavin-saturated tissue and 
on the absorption coefficient of the riboflavin solution 
(Wollensak et al., 2010). This safety limit has been ques-
tioned as being exceedingly conservative based on the 
findings in an ex vivo study (Seiler et al., 2019). However, 
only isoosmolar riboflavin, which has a higher absorp-
tion coefficient than hypoosmolar formulations, was 
evaluated. Consequently, different riboflavin solutions 

F I G U R E  1   Flowchart.

Consecutive enrolment 
in RCT

(2017-2023)

Treatment interrupted 
due to failure to halt 
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Hypoosmolar
SW group

1  year control
n = 3
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protocol 

non-adherence
n = 1

Adherence to
study protocol

Completed 1 year 
follow-up

Randomisation
 to 3 treatment arms and UVA 

irradiance (9mW/cm2)
n = 67

Requiring SW
during CXL?

Hypoosmolar 
dextran-free riboflavin

n = 27

SW group
n = 4

Isoosmolar 
dextran-based 

riboflavin
n = 27

Iontophoresis-assisted 
treatment arm

n = 13

SW-free group
n = 22

Isoosmolar
SW group

1 year control
n = 19
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n = 20

Isoosmolar
SW-free group
1 year control

n = 7
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n = 7
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Hypoosmolar
SW-free group
1  year control

n = 21

Completed 1 year 
follow-up

Completed 1 year 
follow-up

Completed 1 year 
follow-up
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No
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RCT = Randomised Controlled Trial          CXL = Corneal Crosslinking          SW = Sterile Water
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TA B L E  1   Functional, keratometric and endothelial cell density parameters at baseline and after 1 year.

Baseline 1 year Difference p-valuea

ECD (cells/mm2)

Hypoosmolar

Mean (SD) 2542 (259) 2700 (225) 160 (241)

Median [Min, Max] 2509 [2107, 3040] 2700 [2190, 3182] 178 [−280, 690]

n 23 23 22

Isoosmolar

Mean (SD) 2609 (239) 2811 (323) 192 (316)

Median [Min, Max] 2615 [2009,3029] 2790 [2180,3604] 122 [−435,768]

n 23 23 20

S.E.

Hypoosmolar

Mean (SD) −2.16 (2.86) −2.19 (3.16) −0.023 (2.34) 0.490

Median [Min, Max] −1.75 [−8.75, 2.50] −0.88 [−12.00; 0.031] 0.00 [−4.25; 6.50]

n 24 24 24

Isoosmolar

Mean (SD) −1.69 (3.41) −1.15 (2.51) 0.54 (2.61)

Median [Min, Max] −1.19 [−11.12, 3.50] −0.50 [−8.25, 3.13] 0.00 [−5.88, 6.88]

n 26 26 26

UCVA

Hypoosmolar

Mean (SD) 0.33 (0.22) 0.43 (0.32) 0.098 (0.29) 0.738

Median [Min, Max] 0.25 [0.080, 0.80] 0.40 [0.050, 1.30] 0.00 [−0.40; 1.10]

n 24 24 24

Isoosmolar

Mean (SD) 0.36 (0.25) 0.39 (0.24) 0.038 (0.18)

Median [Min, Max] 0.30 [0.040, 0.90] 0.40 [0.070; 1.00] 0.075 [−0.30; 0.50]

n 26 26 26

BSCVA

Hypoosmolar

Mean (SD) 0.63 (0.26) 0.72 (0.29) 0.084 (0.20) 0.386

Median [Min, Max] 0.65 [0.16, 1.00] 0.70 [0.10, 1.30] 0.050 [−0.30; 0.50]

n 24 24 24

Isoosmolar

Mean (SD) 0.67 (0.28) 0.69 (0.24) 0.026 (0.17)

Median [Min, Max] 0.70 [0.10, 1.00] 0.75 [0.30, 1.00] 0.00 [−0.30, 0.30]

n 26 26 26

Demarcation line (μm)

Hypoosmolar 0.379

Mean (SD) 223 (48)

Median [Min, Max] 222 [140, 310]

n 21

Isoosmolar

Mean (SD) 209 (41)

Median [Min, Max] 201 [142, 275]

n 23

Densito 0–2 mm

Hypoosmolar

Mean (SD) 13.0 (1.7) 12.3 (1.7) −0.73 (1.2) 0.600

Median [Min, Max] 12.6 [10.4, 17.1] 12.0 [9.7, 15.6] −0.60 [−3.2, 2.2]

n 24 24 24

Isoosmolar

Mean (SD) 13.1 (2.3) 12.5 (1.9) −0.60 (1.2)

Median [Min, Max] 12.3 [9.5, 19.0] 12.1 [9.5, 17.1] −0.70 [−3.0, 1.3]

n 26 26 26

(Continues)
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may require distinct safety thresholds, so adhering to the 
400 μm limit is deemed prudent.

In this study, no negative impact on ECD was evi-
dent in either group at the 1-year follow-up. This con-
trasts with a previous study in which ECD diminished 
at 1 year after CXL (Yurttaser Ocak & Mangan, 2021), 
using the same riboflavin and irradiance rate (9 mW/
cm2). Patients in that study had thinner corneae before 
de-epithelialisation compared with those in the present 
study (a mean of 376 μm vs. a mean of 451 μm). If true 
endothelial cell loss occurred, it might be explained by 
the cornea falling below the safety limit during UVA 
irradiance, or possibly by the instillation of too little 
riboflavin each time, resulting in inadequate UV shield-
ing. However, measurement error is also plausible, as 
thin corneae are more prone to develop haze, which 
could have degraded the image quality in specular mi-
croscopy, resulting in a falsely low measurement of 
ECD (Chaurasia & Vanathi,  2021). In this study, ECD 
increased in both groups compared to baseline, which 
might be analogously explained by improved measure-
ments due to the regularisation of the anterior and pos-
terior corneal surfaces and the improved clarity of the 
corneae.

In addition to providing a safety limit for the endo-
thelial cells, corneal thickness also affects the amount 
of cross-linking that occurs in the tissue. Thin corneae 
have a higher oxygen availability in the stroma and 
more cross-linking will thus occur (Richoz et al., 2013). 
This can lead to overcrosslinking, which can mani-
fest as extreme flattening (Noor et al., 2018), persistent 
haze and scar formation (Agarwal et al., 2022). Corneal 
thickness must therefore be considered when perform-
ing CXL to avoid overcrosslinking (Kling et al., 2015). 
The de-epithelialised cornea has increased evaporation 
from the corneal surface with a consequent thinning ef-
fect (Iwata et al., 1969). In addition, dextran-containing 
isoosmolar riboflavin (402.7 mOsml/L) further contrib-
utes to thinning due to an oncotic effect (Mazzotta & 
Caragiuli,  2014), while dextran-free hypoosmolar ri-
boflavin (310 mOsml/L) counteracts the thinning and 
can also increase the thickness (Gustafsson et al., 2024; 
Hafezi et  al.,  2009). Indeed, a previous study demon-
strated that the use of hypoosmolar riboflavin elim-
inated the risk of overcrosslinking in terms of scar 

formation (0%) compared to using isoosmolar riboflavin 
(8.6%) (Raiskup & Spoerl, 2011).

In 74% of patients in the isoosmolar group and 15% 
in the hypoosmolar group whose corneal thickness 
fell below 400 μm, SW was used to restore thickness 
(Gustafsson et al., 2024). Comparing those who received 
SW with those who did not revealed no significant dif-
ferences in any outcome parameter, except densitome-
try in the 0–2 mm zone. Both groups showed improved 
densitometry values, although the SW group improved 
less. These patients had more advanced keratoconus and 
thinner corneae, possibly reflecting a stronger cross-
linking effect due to altered oxygen availability as men-
tioned above (Kling et  al.,  2015). However, differences 
in outcomes may also stem from poorer repeatability of 
densitometry measurements in the SW group, given their 
more severe keratoconus (Gustafsson, Bizios, et al., 2023; 
Gustafsson, Ivarsen, et  al.,  2023; Gustafsson, Vicente, 
et  al.,  2023). Importantly, the densitometry values im-
proved, which contrasts with the findings of a study 
analysing densitometry outcomes following CXL using 
the Dresden protocol (Peskina et al., 2024). Crucially, no 
evidence regarding negative impact on ECD or signs of 
overcrosslinking occurred. Furthermore, there were no 
statistically significant differences regarding the depth 
of the demarcation line, suggesting an equal treatment 
effect. However, analysing the depth of the demarcation 
line without considering corneal thickness may be sub-
optimal when evaluating the treatment effect. Therefore, 
a comparison between the ratio demarcation line/cor-
neal thickness was performed. In the group that did not 
receive SW, the mean quote was 41% (SD 7.9%) and in the 
group receiving SW, it was 43% (SD 10%) with no statisti-
cally significant differences (p = 0.345). When comparing 
the mean quote in the isoosmolar riboflavin group (41%, 
SD 8.6%) with the hypoosmolar group (42%, SD 9.5%), 
there were also no statistically significant differences 
(p = 0.958).

Only one previous publication has addressed the 
use of SW during CXL. However, the effects on ECD 
were not evaluated (Gustafsson et  al.,  2017). The cur-
rent study is therefore of importance as the use of SW 
is commonly used in clinical practice. The survey across 
the four Nordic countries revealed that the preferred 
technique in thin corneae was hypoosmolar riboflavin 

Baseline 1 year Difference p-valuea

Densito 2–6 mm

Hypoosmolar

Mean (SD) 12.1 (1.6) 11.4 (1.7) −0.68 (1.1) 0.703

Median [Min, Max] 11.8 [9.4, 15.4] 11.1 [9.1, 15.5] −0.50 [−2.8, 2.5]

n 24 24 24

Isoosmolar

Mean (SD) 12.4 (2.3) 11.7 (1.9) −0.71 (1.2)

Median [Min, Max] 11.6 [8.6, 18.7] 11.4 [8.9, 16.8] −0.50 [−3.3, 1.0]

n 26 26 26

Abbreviations: μm, micrometre; BSCVA, best spectacle-corrected visual acuity; ECD, endothelial cell density, SE, spherical equivalent, UCVA, uncorrected visual 
acuity.
aDifference between measurement at 1 year and baseline. Mann–Whitney U test, Exact Sig. (two-tailed).

TA B L E  1   (Continued)
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(42%), followed by the addition of SW (32%), followed 
by other techniques (26%), such as contact lens-assisted 
CXL (Jacob et al., 2014) or the sub-400 protocol (Hafezi 
et al., 2021). In the UK survey, SW was the most com-
monly used approach (36%). In the survey performed in 
India, contact lens-assisted CXL was the most frequently 

used technique (27%). Interestingly, this study also stated 
that approximately 20% of the respondents did not per-
form CXL in corneae thinner than 400 μm.

The SW technique addresses the safety of CXL in 
a manner opposite to the sub-400 protocol. While the 
addition of SW adjusts corneal thickness in relation to 

TA B L E  2   Tomographic parameters at baseline and after 1 year.

Baseline 1 year Difference p-valuea

K2

Hypoosmolar 0.409

Mean (SD) 47.9 (4.9) 48.1 (5.0) 0.18 (0.65)

Median [Min, Max] 47.0 [41.8; 61.8] 47.7 [41.5, 62.3] 0.00 [−0.80; 1.80]

n 24 24 24

Isoosmolar

Mean (SD) 48.5 (4.1) 48.3 (3.8) −0.18 (0.99)

Median [Min, Max] 48.3 [42.9, 58.1] 47.6 [42.8, 56.6] 0.050 [−3.00, 1.60]

n 26 26 26

Kmax

Hypoosmolar 0.844

Mean (SD) 55.2 (8.0) 54.7 (7.8) −0.51 (1.44)

Median [Min, Max] 52.6 [46.0, 77.8] 53.8 [45.2, 76.8] −0.55 [−3.88, 2.18]

n 24 24 24

Isoosmolar

Mean (SD) 56.1 (6.6) 55.4 (6.1) −0.62 (1.87)

Median [Min, Max] 56.9 [43.7, 67.0] 55.7 [44.2, 65.0] −0.12 [−6.45, 4.06]

n 26 26 26

A

Hypoosmolar 0.859

Mean (SD) 6.79 (0.66) 6.82 (0.66) 0.025 (0.079)

Median [Min, Max] 6.93 [4.95, 7.67] 6.90 [4.96, 7.77] 0.015 [−0.10, 0.17]

n 24 24 24

Isoosmolar

Mean (SD) 6.78 (0.64) 6.79 (0.58) 0.0023 (0.20)

Median [Min, Max] 6.64 [5.67, 8.05] 6.80 [5.79, 8.11] 0.025 [−0.75, 0.34]

n 26 26 26

B

Hypoosmolar 0.461

Mean (SD) 5.16 (0.60) 5.17 (0.60) 0.0046 (0.11)

Median [Min, Max] 5.28 [3.75, 6.10] 5.22 [3.76, 6.22] 0.020 [−0.25, 0.22]

n 24 24 24

Isoosmolar

Mean (SD) 5.07 (0.55) 5.13 (0.53) 0.063 (0.20)

Median [Min, Max] 4.92 [4.33, 6.49] 5.17 [4.35, 6.43] 0.020 [−0.12, 0.94]

n 26 26 26

C

Hypoosmolar 0.874

Mean (SD) 482.3 (42.5) 481.1 (44.7) −1.17 (9.41)

Median [Min, Max] 494.5 [394.0, 543.0] 495.5 [395.0, 544.0] −1.50 [−25.0, 18.0]

n 24 24 24

Isoosmolar

Mean (SD) 474.7 (47.8) 475.7 (46.5) 1.04 (12.5)

Median [Min, Max] 471.5 [382.0, 579.0] 474.5 [384.0, 576.0] −1.00 [−14.0, 54.0]

n 26 26 26

Abbreviations: A, anterior radius of curvature in the 3.0 mm zone centred on the thinnest location of the cornea; B, posterior radius of curvature in the 3.0 mm 
zone centred on the thinnest location of the cornea; C, thinnest pachymetry in μm; K2, steepest keratometry value; Kmax, maximal corneal curvature.
aDifference between measurement at 1 year and baseline. Mann–Whitney U test, Exact Sig. (two-tailed).
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TA B L E  3   Comparison of functional, keratometric and endothelial cell density parameters at baseline and after 1 year with or without water.

Baseline 1 year Difference p-valuea

ECD (cells/mm2)

Without water 0.884

Mean (SD) 2576 (253) 2754 (293) 174 (271)

Median [Min, Max] 2535 [2107, 3040] 2767 [2190, 3604] 160 [−280, 768]

n 27 26 25

With water

Mean (SD) 2574 (250) 2758 (271) 177 (293)

Median [Min, Max] 2615 [2009, 3029] 2697 [2180, 3570] 126 [−435, 681]

n 19 20 17

S.E.

Without water 0.328

Mean (SD) −1.95 (2.91) −2.08 (3.11) −0.13 (2.44)

Median [Min, Max] −1.44 [−8.75, 3.00] −0.88 [−12.0, 1.88] 0.00 [−5.88, 6.50]

n 28 28 28

With water

Mean (SD) −1.88 (3.47) −1.11 (2.48) 0.77 (2.49)

Median [Min, Max] −1.75 [−11.1, 3.50] −0,50 [−8.25, 3.13] 0.00 [−2.75, 6.88]

n 22 22 22

UCVA

Without water 0.789

Mean (SD) 0.35 (0.23) 0.44 (0.33) 0.087 (0.27)

Median [Min, Max] 0.30 [0.050, 0.90] 0.40 [0.050, 1.30] 0.00 [−0.30, 1.10]

n 28 28 28

With water

Mean (SD) 0.33 (0.25) 0.37 (0.21) 0.042 (0.20)

Median [Min, Max] 0.30 [0.040, 0.80] 0.40 [0.070, 0.80] 0.035 [−0.40, 0.50]

n 22 22 22

BSCVA

Without water

Mean (SD) 0.65 (0.26) 0.72 (0.28) 0.069 (0.18) 0.772

Median [Min, Max] 0.70 [0.16, 1.00] 0.75 [0.10, 1.30] 0.00 [−0.20, 0.50]

n 28 28 28

With water

Mean (SD) 0.65 (0.29) 0.68 (0.25) 0.035 (0.19)

Median [Min, Max] 0.70 [0.10, 1.00] 0.70 [0.30, 1.00] 0.00 [−0.30, 0.40]

n 22 22 22

Demarcation line (μm)

Without water

Mean (SD) 217 (42) 0.977

Median [Min, Max] 217 [152, 302]

n 24

With water

Mean (SD) 214 (48)

Median [Min, Max] 203 [140, 310]

n 20

Densito 0–2 mm

Without water 0.014

Mean (SD) 13.7 (2.1) 12.7 (2.0) −0.98 (1.1)

Median [Min, Max] 13.0 [10.8, 19.0] 12.9 [9.7, 17.1] −0.90 [−3.2, 2.2]

n 28 28 28

With water

Mean (SD) 12.2 (1.6) 11.9 (1.5) −0.26 (1.1)

Median [Min, Max] 11.9 [9.5, 16.1] 12.0 [9.5, 16.9] 0.050 [−3.0, 1.3]

n 22 22 22
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Baseline 1 year Difference p-valuea

Densito 2–6 mm

Without water 0.063

Mean (SD) 12.7 (2.0) 11.8 (1.9) −0.91 (1.1)

Median [Min, Max] 12.1 [9.9, 18.7] 11.7 [9.1, 16.8] −0.95 [−3.3, 2.5]

n 28 28 28

With water

Mean (SD) 11.6 (1.8) 11.2 (1.5) −0.43 (1.1)

Median [Min, Max] 11.4 [8.6, 15.7] 11.2 [8.9, 16.5] −0.40 [−3.3, 1.0]

n 22 22 22

Abbreviations: μm, micrometre; BSCVA, best spectacle-corrected visual acuity; ECD, endothelial cell density; SE, spherical equivalent; UCVA, uncorrected visual 
acuity.
aDifference between measurement at 1 year and baseline. Mann–Whitney U test, Exact Sig. (two-tailed).

TA B L E  3   (Continued)

TA B L E  4   Tomographic parameters at baseline and after 1 year with and without addition of water.

Baseline 1 year Difference p-valuea

K2

Without water 0.827

Mean (SD) 47.6 (4.7) 47.5 (4.8) −0.0071 (0.80)

Median [Min, Max] 46.9 [42.2, 61.8] 46.6 [42.2, 62.3] 0.00 [−2.8, 1.8]

n 28 28 28

With water

Mean (SD) 49.1 (4.1) 49.1 (3.8) −0.0045 (0.94)

Median [Min, Max] 48.7 [41.8; 58.1] 49.0 [41.5, 56.6] 0.15 [−3.0, 1.6]

n 22 22 22

Kmax

Without water 0.738

Mean (SD) 53.8 (8.0) 53.3 (7.8) −0.46 (1.3)

Median [Min, Max] 51.8 [43.7, 77.8] 52.5 [44.2, 76.8] −0.55 [−3.88, 2.18]

n 28 28 28

With water

Mean (SD) 58.0 (5.4) 57.3 (4.9) −0.71 (2.0)

Median [Min, Max] 57.7 [48.8, 67.0] 57.0 [49.8, 65.0] −0.17 [−6.5, 4.1]

n 22 22 22

A

Without water 0.695

Mean (SD) 6.93 (0.71) 6.96 (0.70) 0.032 (0.093)

Median [Min, Max] 7.05 [4.95, 8.05] 7.04 [4.96, 8.11] 0.020 [−0.10; 0.30]

n 28 28 28

With water

Mean (SD) 6.61 (0.50) 6.60 (0.41) −0.011 (0.20)

Median [Min, Max] 6.47 [5.67, 7.80] 6.57 [5.79, 7.34] 0.020 [−0.75, 0.34]

n 22 22 22

B

Without water 0.162

Mean (SD) 5.28 (0.65) 5.28 (0.65) 0.0036 (0.10)

Median [Min, Max] 5.29 [3.75, 6.49] 5.29 [3.76, 6.43] 0.0050 [−0.16, 0.21]

n 28 28 28

With water

Mean (SD) 4.90 (0.38) 4.98 (0.36) 0.076 (0.22)

Median [Min, Max] 4.77 [4.33, 5.49] 4.93 [4.35, 5.48] 0.035 [−0.25, 0.94]

n 22 22 22

(Continues)
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UV irradiance, the sub-400 protocol adjusts the UV 
fluence according to corneal thickness. To optimise the 
SW technique, it would be beneficial to use intraoper-
ative OCT to monitor corneal thickness throughout 
treatment. The same principle applies to the sub-400 
protocol, where ongoing monitoring of corneal thick-
ness during CXL would enable precise adjustment of the 
UV fluence delivered. However, both techniques adapt 
to the individual needs of each patient, which is a nota-
ble strength. The contact lens-assisted CXL implies add-
ing a UV-permeable contact lens on the corneal surface 
to artificially increase corneal thickness. However, the 
contact lens may limit oxygen diffusion into the stroma, 
thus reducing the cross-linking effect. In fact, the biome-
chanical stiffening achieved with this protocol has been 
estimated to be only one-third of that obtained with the 
Dresden protocol (Wollensak et al., 2019).

A strength of this investigation is its prospective ran-
domised design and that there was no minimum cor-
neal thickness limit for inclusion. Thus, the study was 
designed to recruit patients reflecting a clinical every-
day scenario. A limitation is that an increase of Kmax 
of 0.5 D over 6 months or an increase in Kmax of 1.0 D 
over 12 months together with a history of deteriorated vi-
sual acuity were used as inclusion criteria. More recent 
studies have demonstrated that the measurement error 
of Kmax and other parameters increases with increas-
ing disease severity (Gustafsson et al., 2020). Thus, de-
tection limits for Kmax must be stratified according to 
disease severity when diagnosing progressive disease. In 
addition, to further optimise the diagnosis of progressive 
keratoconus, the inter-day variability of the measured 
parameters should be taken into account. Accordingly, 

a post hoc analysis of progression was conducted to 
evaluate if true progression was present prior to CXL 
by using previously published detection limits based on 
inter-day repeatability and disease severity, with single 
measurements taken on each occasion for Kmax, as well 
as for the A, B and C parameters from the Belin ABCD 
Progression Display (Gustafsson, Bergstrom, et al., 2021; 
Gustafsson, Faxén, et  al.,  2021). These results are pre-
sented in Tables S1 and S2. We consider that all patients 
included in the study exhibited progression, although the 
degree of progression varied.

A relative limitation of this study concerns the 
comparison between subjects who received SW and 
those who did not. While we initially intended to con-
duct comparisons within each riboflavin group, the 
markedly uneven distribution in the hypoosmolar (3 
vs. 21) and isoosmolar groups (19 vs. 7) rendered this 
approach suboptimal. Consequently, comparisons 
were instead made between subjects who did and did 
not receive SW, irrespective of the type of riboflavin 
administered.

In summary, the results of this randomised controlled 
trial demonstrate the efficacy and safety of using hypoos-
molar riboflavin during CXL for the treatment of progres-
sive keratoconus. The results also demonstrate the safety 
and efficacy of adding SW to increase corneal thickness 
in corneae that are otherwise too thin to be treated safely.
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Baseline 1 year Difference p-valuea

C

Without water 0.406

Mean (SD) 498.3 (40.7) 498.5 (40.0) 0.18 (7.8)

Median [Min, Max] 500.0 [403.0, 579.0] 500.0 [399.0; 576.0] −1.0 [−13.0; 18.0]

n 28 28 28

With water

Mean (SD) 452.9 (37.3) 452.6 (38.5) −0.27 (14.4)

Median [Min, Max] 463.5 [382.0, 511.0] 466.5 [384.0, 506.0] −2.5 [−25.0, 54.0]

n 22 22 22

Abbreviations: A, anterior radius of curvature in the 3.0 mm zone centred on the thinnest location of the cornea; B, posterior radius of curvature in the 3.0 mm 
zone centred on the thinnest location of the cornea; C, thinnest pachymetry in μm; K2, steepest keratometry value; Kmax, maximal corneal curvature.
aDifference between measurement at 1 year and baseline. Mann–Whitney U test, Exact Sig. (two-tailed).

TA B L E  4   (Continued)

TA B L E  5   Measurements of Kmax up to 48 months after CXL in patients who fulfilled the criteria for continued progression (Kmax ≥1 D 
compared to baseline) at the 1-year follow-up.

Patient Age (years) Gender Eye Riboflavin H20

Kmax (D) Kmax (D) continued follow-up (months)

Baseline 12 months 18 24 30 36 48

1 30 M OS H O 66.8 68.9 68.6 69.1 68.1 68.5

2 23 M OD I 1 60.4 64.4 58.5 59.0

3 21 M OD I 1 48.8 49.8 48.9

Abbreviations: D, dioptres; H, hypoosmolar riboflavin; I, isoosmolar riboflavin; Kmax, maximum corneal curvature.



      |  e73GUSTAFSSON et al.

F U N DI NG I N FOR M AT ION
Lions Forskningsfond Skåne, Sweden. The Foundation 
for the Visually Impaired in Former Malmöhus County, 
Sweden. Synoptikfonden, Denmark.

ORCI D
Ingemar Gustafsson   https://orcid.
org/0000-0001-7001-0202 

R E F ER E NC E S
Agarwal, R., Jain, P. & Arora, R. (2022) Complications of corneal 

collagen cross-linking. Indian Journal of Ophthalmology, 70, 
1466–1474.

Chang, C.Y. & Hersh, P.S. (2014) Corneal collagen cross-linking: a re-
view of 1-year outcomes. Eye & Contact Lens, 40, 345–352.

Chaurasia, S. & Vanathi, M. (2021) Specular microscopy in clinical 
practice. Indian Journal of Ophthalmology, 69, 517–524.

Duncan, J.K., Belin, M.W. & Borgstrom, M. (2016) Assessing pro-
gression of keratoconus: novel tomographic determinants. Eye 
Vision (Lond), 3, 6.

Gustafsson, I., Bergstrom, A., Cardiakides, A., Ivarsen, A. & Hjortdal, 
J.O. (2021) The inter-day repeatability of parameters for the as-
sessment of progressive disease in subjects with less advanced 
keratoconus. American Journal of Ophthalmology, 225, 38–46.

Gustafsson, I., Bergstrom, A., Myers, A.C., Ivarsen, A. & Hjortdal, 
J. (2020) Association between keratoconus disease severity and 
repeatability in measurements of parameters for the assessment 
of progressive disease. PLoS One, 15, e0228992.

Gustafsson, I., Bizios, D., Ivarsen, A. & Hjortdal, J. (2023) The in-
tra- and inter-day repeatability of corneal densitometry mea-
surements in subjects with keratoconus and in healthy controls. 
Scientific Reports, 13, 5566.

Gustafsson, I., Cardiakides Myers, A., Ivarsen, A. & Hjortdal, J. 
(2017) Retrospective analysis of the effects of using sterile water 
in addition to hypoosmolar riboflavin during corneal collagen 
crosslinking for keratoconus. Journal of Cataract and Refractive 
Surgery, 43, 426–427.

Gustafsson, I., Faxén, T., Vicente, A., Bergström, A., Ivarsen, A. & 
Hjortdal, J. (2021) An inter-day assessment of the ABC param-
eters in the evaluation of progressive keratoconus. Scientific 
Reports, 11, 16037.

Gustafsson, I., Ivarsen, A. & Hjortdal, J. (2023) Early findings in a 
prospective randomised study on three cross-linking treatment 
protocols: interruption of the iontophoresis treatment protocol. 
BMJ Open Ophthalmol, 8, e001406.

Gustafsson, I., Olafsdottir, T., Neumann, O., Johansson, P., Bizios, 
D., Ivarsen, A. et al. (2024) Early findings in a randomised con-
trolled trial on crosslinking protocols using isoosmolar and hy-
poosmolar riboflavin for the treatment of progressive keratoco-
nus. Acta Ophthalmologica, 103, 23–32.

Gustafsson, I., Vicente, A., Bergström, A., Stenevi, U., Ivarsen, A. 
& Hjortdal, J. (2023) Current clinical practice in corneal cross-
linking for treatment of progressive keratoconus in four Nordic 
countries. Acta Ophthalmologica, 101, 109–116.

Hafezi, F., Kling, S., Gilardoni, F., Hafezi, N., Hillen, M., Abrishamchi, 
R. et  al. (2021) Individualized corneal cross-linking with ribo-
flavin and UV-A in ultrathin corneas: the Sub400 protocol. 
American Journal of Ophthalmology, 224, 133–142.

Hafezi, F., Mrochen, M., Iseli, H.P. & Seiler, T. (2009) Collagen crosslink-
ing with ultraviolet-a and hypoosmolar riboflavin solution in thin 
corneas. Journal of Cataract and Refractive Surgery, 35, 621–624.

Hayes, S., Jaycock, P., Rees, N., Figueiredo, F.C., O'Brart, D.P.S. & 
Meek, K.M. (2023) National survey of corneal cross-linking 
(CXL) practice patterns in the United Kingdom during 2019. Eye 
(London, England), 37, 2511–2517.

Hersh, P.S., Stulting, R.D., Muller, D., Durrie, D.S. & Rajpal, R.K. 
(2017) United States multicenter clinical trial of corneal collagen 
crosslinking for Keratoconus treatment. Ophthalmology, 124, 
1259–1270.

Hoogewoud, F., Gatzioufas, Z. & Hafezi, F. (2013) Transitory topo-
graphical variations in keratoconus during pregnancy. Journal 
of Refractive Surgery, 29, 144–146.

Iwata, S., Lemp, M.A., Holly, F.J. & Dohlman, C.H. (1969) 
Evaporation rate of water from the precorneal tear film and cor-
nea in the rabbit. Investigative Ophthalmology, 8, 613–619.

Jacob, S., Kumar, D.A., Agarwal, A., Basu, S., Sinha, P. & Agarwal, 
A. (2014) Contact lens-assisted collagen cross-linking (CACXL): 
a new technique for cross-linking thin corneas. Journal of 
Refractive Surgery, 30, 366–372.

Kling, S., Richoz, O., Hammer, A., Tabibian, D., Jacob, S., Agarwal, 
A. et  al. (2015) Increased biomechanical efficacy of corneal 
cross-linking in thin corneas due to higher oxygen availability. 
Journal of Refractive Surgery, 31, 840–846.

Kuechler, S.J., Tappeiner, C., Epstein, D. & Frueh, B.E. (2018) 
Keratoconus progression after corneal cross-linking in eyes with 
preoperative maximum Keratometry values of 58 diopters and 
steeper. Cornea, 37, 1444–1448.

Kymionis, G.D., Portaliou, D.M., Diakonis, V.F., Kounis, G.A., 
Panagopoulou, S.I. & Grentzelos, M.A. (2012) Corneal collagen 
cross-linking with riboflavin and ultraviolet—a irradiation in patients 
with thin corneas. American Journal of Ophthalmology, 153, 24–28.

Mazzotta, C. & Caragiuli, S. (2014) Intraoperative corneal thickness 
measurement by optical coherence tomography in keratoconic 
patients undergoing corneal collagen cross-linking. American 
Journal of Ophthalmology, 157, 1156–1162.

Mazzotta, C., Raiskup, F., Hafezi, F., Torres-Netto, E.A., Armia 
Balamoun, A., Giannaccare, G. et al. (2021) Long term results of 
accelerated 9 mW corneal crosslinking for early progressive ker-
atoconus: the Siena eye-cross study 2. Eye Vision (London), 8, 16.

Ng, S.M., Hawkins, B.S. & Kuo, I.C. (2021) Transepithelial versus 
epithelium-off corneal crosslinking for progressive Keratoconus: 
findings from a Cochrane systematic review. American Journal 
of Ophthalmology, 229, 274–287.

Ng, S.M., Ren, M., Lindsley, K.B., Hawkins, B.S. & Kuo, I.C. (2021) 
Transepithelial versus epithelium-off corneal crosslinking for 
progressive keratoconus. Cochrane Database of Systematic 
Reviews, 3, Cd013512.

Noor, I.H., Seiler, T.G., Noor, K. & Seiler, T. (2018) Continued long-
term flattening after corneal cross-linking for Keratoconus. 
Journal of Refractive Surgery, 34, 567–570.

Peskina, M., Kaufman, D.A., O'Brien, C., Miele, A., Lym, C. & 
Kruh, J. (2024) Densitometry changes after corneal collagen 
cross-linking with riboflavin and UVA light in patients with 
Keratoconus. Cornea Open, 3, e0047.

Raiskup, F. & Spoerl, E. (2011) Corneal cross-linking with hypo-
osmolar riboflavin solution in thin keratoconic corneas. 
American Journal of Ophthalmology, 152, 28–32.e21.

Raiskup-Wolf, F., Hoyer, A., Spoerl, E. & Pillunat, A.E. (2008) Collagen 
crosslinking with riboflavin and ultraviole-A light in keratoconus: 
long-term results. J Cataract Refract Surg, 34, 796–801.

Richoz, O., Hammer, A., Tabibian, D., Gatzioufas, Z. & Hafezi, 
F. (2013) The biomechanical effect of corneal collagen cross-
linking (CXL) with riboflavin and UV-A is oxygen dependent. 
Translational Vision Science & Technology, 2, 6.

Rosenblat, E. & Hersh, P.S. (2016) Intraoperative corneal thickness 
change and clinical outcomes after corneal collagen crosslink-
ing: standard crosslinking versus hypotonic riboflavin. Journal 
of Cataract and Refractive Surgery, 42, 596–605.

Sandvik, G.F., Thorsrud, A., Råen, M., Østern, A.E., Sæthre, M. 
& Drolsum, L. (2015) Does corneal collagen cross-linking re-
duce the need for Keratoplasties in patients with Keratoconus? 
Cornea, 34, 991–995.

Seiler, T.G., Batista, A., Frueh, B.E. & Koenig, K. (2019) Riboflavin 
concentrations at the endothelium during corneal cross-linking 
in humans. Investigative Ophthalmology & Visual Science, 60, 
2140–2145.

Spoerl, E., Mrochen, M., Sliney, D., Trokel, S. & Seiler, T. (2007) 
Safety of UVA-riboflavin cross-linking of the cornea. Cornea, 
26, 385–389.

Spoerl, E., Zubaty, V., Raiskup-Wolf, F. & Pillunat, L.E. (2007) 
Oestrogen-induced changes in biomechanics in the cornea 
as a possible reason for keratectasia. The British Journal of 
Ophthalmology, 91, 1547–1550.

Sykakis, E., Karim, R., Evans, J.R., Bunce, C., Amissah-Arthur, 
K.N., Patwary, S. et al. (2015) Corneal collagen cross-linking for 

https://orcid.org/0000-0001-7001-0202
https://orcid.org/0000-0001-7001-0202
https://orcid.org/0000-0001-7001-0202


e74  |      GUSTAFSSON et al.

treating keratoconus. Cochrane Database of Systematic Reviews, 
24, CD010621.

Toprak, I. (2023) To what extent is pregnancy-induced keratoconus 
progression reversible? A case-report and literature review. 
European Journal of Ophthalmology, 33, Np37-np41.

Wollensak, G. (2010) Histological changes in human cornea after cross-
linking with riboflavin and ultraviolet a. Acta Ophthalmologica, 
88, e17–e18.

Wollensak, G., Aurich, H., Wirbelauer, C. & Sel, S. (2010) Significance 
of the riboflavin film in corneal collagen crosslinking. Journal of 
Cataract and Refractive Surgery, 36, 114–120.

Wollensak, G., Spoerl, E. & Seiler, T. (2003) Riboflavin/ultraviolet-a-
induced collagen crosslinking for the treatment of keratoconus. 
American Journal of Ophthalmology, 135, 620–627.

Wollensak, G. & Spörl, E. (2019) Biomechanical efficacy of corneal 
cross-linking using hypoosmolar riboflavin solution. European 
Journal of Ophthalmology, 29, 474–481.

Wollensak, G., Spörl, E. & Herbst, H. (2019) Biomechanical efficacy 
of contact lens-assisted collagen cross-linking in porcine eyes. 
Acta Ophthalmologica, 97, e84–e90.

Yurttaser Ocak, S. & Mangan, M.S. (2021) Endothelial cell loss after 
accelerated corneal crosslinking using pachymetry-guided 
hypo-osmolar riboflavin dosing in thin keratoconic corneas. 
Journal of Cataract and Refractive Surgery, 47, 1530–1534.

SU PPORT I NG I N FOR M AT ION
Additional supporting information can be found online 
in the Supporting Information section at the end of this 
article.

How to cite this article: Gustafsson, I., Olafsdottir, 
T., Neumann, O., Bizios, D., Ivarsen, A. & Hjortdal, 
J.Ø. (2026) A randomised controlled trial on 
cross-linking protocols for the treatment of 
progressive keratoconus using isoosmolar and 
hypoosmolar riboflavin with the addition of sterile 
water in thin corneae. Acta Ophthalmologica, 104, 
e63–e74. Available from: https://doi.org/10.1111/
aos.17551

https://doi.org/10.1111/aos.17551
https://doi.org/10.1111/aos.17551

	A randomised controlled trial on cross-linking protocols for the treatment of progressive keratoconus using isoosmolar and hypoosmolar riboflavin with the addition of sterile water in thin corneae
	Abstract
	1  |  INTRODUCTION
	2  |  SUBJECTS AND METHODS
	2.1  |  Study design
	2.2  |  Patient enrolment and randomisation
	2.3  |  Pre-treatment assessment
	2.4  |  CXL procedure and post-treatment assessment
	2.5  |  Statistical analysis

	3  |  RESULTS
	4  |  DISCUSSION
	ACKNOWLEDGEMENTS
	FUNDING INFORMATION
	ORCID
	REFERENCES


