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Purpose: To review the evidence on the safety and effectiveness of epithelium-off corneal collagen cross-
linking (CXL) for the treatment of progressive corneal ectasia.

Methods: A literature search of the PubMed database wasmost recently conducted inMarch 2024 with no date
restrictions and limited to studies published in English. The search identified 359 citations that were reviewed in ab-
stract form, and 43 of these were reviewed in full text. High-quality randomized clinical trials comparing epithelium-off
CXL with conservative treatment in patients who have keratoconus (KCN) and posterefractive surgery ectasia were
included. Thepanel deemed6articles tobeof sufficient relevance for inclusion, and thesewereassessed for quality by
the panel methodologist; 5 were rated level I, and 1 was rated level II. There were no level III studies.

Results: Thisanalysis includes6prospective, randomizedcontrolled trials thatevaluated theuseofepithelium-off
CXL to treatprogressiveKCN (5studies) andpostelaser refractivesurgeryectasia (1study),withameanpostoperative
follow-upof2.4years (range,1e5years).Allstudiesshowedadecreasedprogressionrate intreatedpatientscompared
with controls. Improvement in the maximum keratometry (Kmax) value, corrected distance visual acuity (CDVA), and
uncorrected distance visual acuity (UDVA) was observed in the treatment groups compared with control groups. A
decrease incorneal thicknesswasobserved inbothgroupsbutwasgreater in theCXLgroup.Complicationswere rare.

Conclusions: Epithelium-off CXL is effective in reducing the progression of KCN and postelaser refractive
surgery ectasia in most treated patients with an acceptable safety profile.
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The American Academy of Ophthalmology prepares
Ophthalmic Technology Assessments to evaluate new and
existing procedures, drugs, and diagnostic and screening tests.
The goal of an Ophthalmic Assessment is to review system-
atically the available literature and research for clinical efficacy
and safety. After review by members of the Ophthalmic
Technology Assessment Committee, other Academy com-
mittees, relevant subspecialty societies, and legal counsel, as-
sessments are submitted to the Academy’s Board of Trustees
for consideration as official Academy statements. The purpose
of this assessment prepared by the Ophthalmic Technology
Assessment Committee Cornea and Anterior Segment Disor-
ders panel is to review the evidenceon the safety and efficacyof
corneal collagen cross-linking (CXL) for the treatment of
corneal ectasia, including keratoconus (KCN) and postelaser
refractive surgery ectasia.
Background

Keratoconus is a noninflammatory, usually bilateral and
asymmetric, progressive corneal ectasia that can significantly
affect vision due to worsening myopia and irregular astigma-
tism.1 Before the introduction of CXL, available treatments
addressed only the refractive consequences of KCN with
glasses, specialty contact lenses, and intrastromal ring
segments but did not modify disease progression or its
prognosis. Progression to advanced disease may lead to loss
of best-corrected vision due to corneal opacification or con-
tact lens intolerance requiring corneal replacement. In fact,
KCN remains a common indication for penetrating kerato-
plasty globally.2,3 Likewise, KCN-like corneal ectasia also can
occur as a complication of laser refractive surgery.4 Corneal
collagen cross-linking is a minimally invasive procedure
https://doi.org/10.1016/j.ophtha.2024.05.006
ISSN 0161-6420/24

www.aaojournal.org
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ophtha.2024.05.006&domain=pdf
https://doi.org/10.1016/j.ophtha.2024.05.006


Cortina et al � Ophthalmic Technology Assessment
designed to reduce the progression of corneal ectasia by
creating stronger chemical bonds between collagenfibrils.5,6 A
photosensitizer, riboflavin (vitaminB2), is used in combination
with ultraviolet A (UV-A, 365 nm) light to induce a
photochemical reaction that results in the formation of
covalent bonds between collagen molecules and between
collagen molecules and proteoglycans through oxidative
stress.7 Potential advantages of the use of CXL to slow or
arrest progression of corneal ectasia include a reduction of
associated visual disability by preserving uncorrected and
best-corrected vision, and a decrease in the need for corneal
transplantation and its well-known sight-threatening
complications.

The most commonly reported risks of CXL include
pain, infection, delayed epithelial healing, stromal haze,
photophobia, and treatment failure. Other rare complica-
tions reported in the literature include corneal perforation,
excessive corneal flattening, noninfectious endotheliitis,
and endothelial failure.8 Wollensak et al5 published the
first clinical study using CXL for the treatment of
progressive KCN in adult patients. Since then, many
more studies have been published, and CXL has been
widely adopted for the treatment of both KCN and
postelaser refractive surgery ectasia.9-11 Briefly, the
most commonly used and traditional technique described
by Wollensak et al, known as the “Dresden protocol,”
consists of removing epithelium in the central 9-mm zone
followed by applying 0.1% riboflavin in 20% dextran
every 2 minutes for 30 minutes. The cornea is then irra-
diated with UV-A light (370 nm) for 30 minutes at 3 mW/
cm2 for a total energy of 5.4 J/cm2. Minimum corneal
thickness of 400 mm is generally required before irradia-
tion to prevent endothelial cell damage.5 A number of
modifications to the Dresden protocol have been
proposed, mainly to reduce the treatment time
(accelerated CXL) and postoperative healing time
(epithelium-on CXL) and to expand indications to
corneas thinner than 400 mm (sub-400 protocol).12

Evidence suggests that some accelerated techniques are
comparable in efficacy to the Dresden technique and that
epithelium-on CXL may be safer but perhaps slightly
less effective than epithelium-off techniques, with varied
results in comparative studies that are largely dependent on
the type of riboflavin used and its ability to penetrate the
corneal epithelium.13-16 Newer techniques and riboflavin
formulations currently being studied may result in
increased efficacy of epithelium-on CXL. Although some
consider the Dresden protocol to be the gold standard
because of its status as the first widely accepted technique,
epithelium-off techniques and some accelerated protocols
are equally effective.17

Although the use of CXL also has been proposed in
combination with refractive correction procedures and
intrastromal ring implants, for the treatment of refractory
infectious keratitis and for the prevention of corneal melt in
keratoprosthesis,18,19 this assessment focuses on epithelium-
off CXL and its use in progressive KCN and postelaser
refractive surgery ectasia.
Food and Drug Administration Status

The Food and Drug Administration (FDA) approved CXL
system (KXL; Avedro Inc.) to treat patients with progressive
KCN and postelaser in situ keratomileusis ectasia in April
2016. Currently, there are 2 FDA-approved solutions for use
in CXL, including riboflavin 59-phosphate in 20% dextran
ophthalmic solution 0.146% (Photrexa Viscous) and ribo-
flavin 59-phosphate ophthalmic solution 0.146% (Photrexa).
Both formulations are intended to be used with the KXL
system.8 The FDA-approved procedure follows the Dresden
epithelium-off protocol.8 The Photrexa Viscous formulation
is used in all CXL procedures, whereas the hypotonic
formulation of riboflavin without dextran (Photrexa) is
used only in cases where corneal pachymetry is less than
400 mm after the initial induction period with Photrexa
Viscous.8 Other CXL systems and riboflavin formulations
that allow accelerated and trans-epithelial (epithelium-on)
procedures are used in other countries but are not currently
FDA approved in the United States.

Questions for Assessment

The purpose of this assessment is to address the following
questions: (1) Is epithelium-off CXL safe and effective for
the treatment of progressive corneal ectasia due to KCN and
postelaser refractive surgery? (2) Does epithelium-off CXL
provide a clinically significant benefit to patients with pro-
gressive ectasia secondary to KCN and postelaser refractive
surgery?

Description of Evidence

A literature search was last conducted in March 2024 in the
PubMed database with no date restrictions and limited to
studies published in English. The search strategy can be
found in the Appendix (available at www.aaojournal.org).
The search identified 359 citations that were reviewed in
abstract form, and 43 were reviewed in full text. High-
quality randomized clinical trials comparing epithelium-off
CXL with conservative treatment in patients who have
KCN and posterefractive surgery ectasia were included.
The panel decided to include only the most rigorously
designed randomized controlled clinical trials with at least
12 months of follow-up. Therefore, case-control, cohort
studies, clinical trials comparing CXL techniques, and
studies for alternative indications were excluded. When
more than one article was found for the same or similar
cohort, the study with the longest follow-up and more
complete dataset was selected.

The panel deemed 6 articles, all randomized clinical tri-
als, to be of sufficient relevance to be included. These were
evaluated by the panel methodologist (R.M.S.), who
assigned level of evidence ratings to each of the selected
articles based on the rating scale developed by the Oxford
Centre for Evidence-Based Medicine.20 A level I rating was
assigned to well-designed and well-conducted randomized
1235
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clinical trials; a level II rating was assigned to well-designed
case-controlled and cohort studies and lower-quality ran-
domized trials; and a level III rating was assigned to case
series, case reports, and lower-quality cohort and case-
controlled studies. Five articles were rated level I, and 1
article was rated level II. No articles were rated level III.

Published Results

Table 1 summarizes the 6 studies included in this
assessment. All studies were performed in patients with
documented progressive corneal ectasia. Five of the 6
studies were specifically for patients with KCN, and 1
study was dedicated to posterefractive surgery ectasia.
The intervention for all studies was epithelium-off CXL.
Five of the 6 studies21-25 followed the standard Dresden
protocol and 1 study (Larkin et al26) used an accelerated
protocol (0.1% riboflavin, saline, hydroxypropyl
methylcellulose administered every 2 minutes for 10
minutes and continuous UV-A light of 10 mW/cm2 for
5.4 J/cm2 total energy over 9 minutes). Follow-up ranged
from 1 to 5 years, with a mean of 29 months (2.4 years).
Eyes were randomized to CXL or conservative treatment.
For the purpose of these studies, conservative treatment was
defined as observation with spectacles and contact lenses as
necessary for vision.

Stabilization of Progressive Corneal Ectasia

All studies included in this assessment demonstrated effi-
cacy of CXL treatment to stabilize corneal ectasia.21-26

There remains controversy in the literature as to the best
parameter to detect corneal ectasia progression. The article
“Global Consensus on Keratoconus and Ectatic Diseases”
published in 2015 suggested that progression be defined as a
consistent and meaningful change in at least 2 of the
following parameters: (1) steepening of the anterior corneal
surface, (2) steepening of the posterior corneal surface, and
(3) thinning or an increase in the rate of the corneal thick-
ness change from the periphery to the thinnest point.27 The
majority of studies on CXL in the published literature do not
follow this recommendation strictly, but anterior corneal
curvature is the most commonly used parameter to
determine progression and CXL effect. Anterior maximum
keratometry (Kmax) was the main outcome measure
considered across all studies in this assessment except for
Larkin et al,26 who considered mean corneal power in the
steepest meridian (K2) as the main outcome measure.
However, the study by Larkin et al also reported Kmax
results for both groups, allowing for comparison with the
other studies. Five of the 6 studies had provisions in their
protocol allowing participants in the standard of care arm
to either crossover to the treatment arm if progression was
detected or to undergo compassionate CXL.21,22,24-26 The
method of last observation carried forward was used in some
of the studies to compare groups when significant data were
missing due to crossover at the end of the study. Consid-
ering that all patients included in the studies had progressive
disease when enrolled, this may have resulted in an under-
estimation of the difference between groups.
1236
Topographic outcomes for the included studies are
summarized in Table 2. The definition of progression varied
slightly among studies and is described in Table 2.
Progression in the untreated control groups ranged from
14% to 46% compared with 4% to 12% in the treatment
groups.21-26 The difference in the rate of progression be-
tween treatment and control groups reached statistical sig-
nificance in all studies. It is important to note that not all
patients in the control group showed progression, supporting
the indication for treatment only in progressive disease. On
the other hand, a small number of patients treated with CXL
showed topographic evidence of progression, which un-
derscores the need for long-term follow-up after treatment.

Three of the studies included patients 14 years old and
older,21,22,24 but the study by Larkin et al26 was the only one
dedicated to children with progressive KCN (ages 10e16
years) included in this assessment. Evaluating the efficacy
of CXL in this age group is critical because an inverse
correlation between age at diagnosis and severity has been
reported, with a 7-fold higher risk of requiring corneal
transplantation in children.28,29 This study found an adjusted
mean difference in K2 of e3.0 diopters (D) favoring CXL at
18 months. The results are comparable to the rest of the
studies, and the reported progression in the untreated
group is the highest of the 6 studies. The calculated
unadjusted odds ratio suggests 90% lowered odds of
progression in the CXL arm compared with patients
receiving only standard of care (odds ratio, 0.1; 95% CI,
0.02e0.48; P ¼ 0.004).26 The study allowed for patients
randomized to standard of care with documented
progression to crossover to the treatment arm no earlier
than 9 months after randomization.

Hersh et al21 evaluated the efficacy of CXL in postelaser
refractive surgery ectasia. The study found a decrease in
mean Kmax of 0.7 D from baseline at 1 year after CXL,
whereas the untreated eyes continued to progress (1.3 D
difference in Kmax change between treatment and control, P
< 0.0001 at 12 months). Progression in the treated eyes was
4% (3/91 eyes), confirming that efficacy of CXL in
posterefractive surgery ectasia is similar to that observed in
progressive KCN.21

The results from randomized controlled trials included in
this analysis support efficacy of CXL in stabilizing pro-
gressive corneal ectasia for the intermediate term of 2.4
years (range, 1e5 years). Recently, a follow-up of 2 of the
cohorts included in this assessment (Hersh et al21,22) was
published reporting overall long-term stability in 65.8% of
eyes.30 A higher percentage of eyes with KCN (81.8%)
compared with eyes with posterefractive laser ectasia
(50%) remained stable at the 10-year follow-up.30 These
results are definitely encouraging but should be interpreted
with caution because only 19 of the 181 initially treated
eyes are included, and therefore the study lacks statistical
power to confirm 10-year efficacy of epithelium-off CXL.
Although level I studies have not yet confirmed long-term
efficacy, several nonrandomized studies have reported
corneal stabilization in 76% to 100% of treated eyes at 7 to
10 years, with higher rates of progression after treatment
seen in those treated before 15 years of age and those with
higher keratometry values at the time of treatment.9-11,31



Table 1. Summary of Included Studies

Authors (Year) Title
Level of
Evidence No. of Eyes

Age (yrs;
Mean ± SD)

Gender (n [ Eyes;
Male/Female)

Type of
Ectasia

Collagen
Cross-Linking
Intervention

Follow-up
(mos)

Wittig-Silva
et al (2014)25

A randomized, controlled trial of
corneal collagen cross-linking in
progressive keratoconus: three-year
results

I 94 (46 CXL; 48 control) 25.6 � 6.2 (CXL)
25.8 � 6.4 (control)

143/62 KCN Standard epi-off 36

Lang et al (2015)23 Prospective, randomized, double-
blind trial to investigate the
efficacy and safety of corneal cross-
linking to halt the progression of
keratoconus

II 29 (15 CXL; 14 control) 28 23/6 KCN Standard epi-off 36

Hersh et al (2017)22 United States Multicenter Clinical
Trial of Corneal Collagen
Crosslinking for Keratoconus
Treatment

I 166 (90 CXL; 76 control) 33 � 10.9 143 /62 KCN Standard epi-off 12

Meyer et al (2021)24 Five-year results of a prospective,
randomised, contralateral eye trial
of corneal crosslinking for
keratoconus

I 152 (76 CXL; 76 control) 21.1 � 6.7 NR KCN Standard epi-off 60

Larkin et al (2021)26 Effect of Corneal Cross-linking versus
Standard Care on Keratoconus
Progression in Young Patients. The
KERALINK Randomized
Controlled Trial

I 55 (30 CXL; 28 control) 15.2 � 1.4 44/16 KCN Accelerated epi-off 18

Hersh et al (2017)21 U.S. Multicenter Clinical Trial of
Corneal Collagen Crosslinking for
Treatment of Corneal Ectasia after
Refractive Surgery

I 179 (91 CXL; 89 control) 43.5 (CXL)
41.8 (control)

122/57 Posterefractive
surgery ectasia

Standard epi-off 12

CXL ¼ corneal collagen cross-linking; epi ¼ epithelium; KCN ¼ keratoconus; NR ¼ not reported; SD ¼ standard deviation.
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The long-term efficacy of CXL can be indirectly assessed
by examining the number of keratoplasties performed for
corneal ectasia. The studies included in this assessment did
not directly evaluate this outcome measure; however, the
number of primary penetrating keratoplasties for KCN and
other ectatic disorders has been decreasing for the past 8
years in the United States according to the Eye Bank As-
sociation of America’s statistical report.32 Likewise, other
studies outside the United States have reported a
significant decrease in the number of keratoplasties
performed in patients with KCN after the introduction of
CXL.33-35 It is likely that CXL is not the only factor lead-
ing to this finding and that improvement in contact lens
technology also played a significant role.36-39

Visual Acuity Results

The 6 studies included in this assessment reported visual
improvement in treated eyes compared with control eyes
(Table 3).21-26 The difference in uncorrected distance visual
acuity (UDVA) between groups was statistically significant
in all studies except Meyer et al.24 In addition, corrected
distance visual acuity (CDVA) was better in the CXL
group compared with the control group in 2 of 5 studies
on KCN eyes and in the study on posterefractive surgery
ectasia eyes at the end of the follow-up period.21,22,26 Larkin
et al26 and Hersh et al22 both showed a significant difference
in UDVA and CDVA between treated and untreated eyes,
favoring CXL. Specifically, Hersh et al22 found that CXL
was associated with an improvement of more than 1 line
of mean CDVA 1 year after surgery. Conversely, Wittig-
Silva et al25 and Meyer et al24 showed a significant
improvement in UDVA compared with baseline in the
treatment group at all time points, up to 36 and 60
months, respectively. However, final CDVA was not
different between the groups. Lang et al23 also did not
show a significant difference in CDVA.

In agreement with the results observed in patients with
KCN, Hersh et al21 reported that in patients with
posterefractive surgery ectasia, one third of treated eyes
had a clinically significant improvement in CDVA (32%
gained 2 or more lines, 44% remained unchanged, and 4%
lost 2 or more lines). Of the eyes that experienced loss of
CDVA, there was no identified adverse event. Multifactorial
analysis identified eyes with a preoperative CVDA of less
than 20/40 as the only predictor of visual acuity improve-
ment after treatment. Both UDVA and CDVA were signif-
icantly better in the CXL group compared with the control
group at 1 year.21

Corneal Thickness

Corneal collagen cross-linking appears to cause a decrease
in the mean central corneal thickness (CCT), decreasing the
usefulness of CCT as a parameter to detect progression in
eyes that have undergone treatment. Four of the 6 included
studies reported results on mean CCT or thinnest point.23-26

Three of the studies found a more significant decrease in
CCT in the CXL treatment group compared with the control
group, whereas Larkin et al found no difference in apical
thickness between the groups at 18 months.23-26



Table 3. Postoperative Visual Acuity after Corneal Collagen Cross-Linking

Authors (Year) Follow-up

Uncorrected Visual Acuity (logMAR) Corrected Visual Acuity (logMAR)

Mean (SD) Mean (SD)

Baseline Final P Value* Baseline Final P Value*

Wittig-Silva et al (2014)25 Control 36 mos 0.81 (0.40) 0.10 (0.034)y 0.001 0.28 (0.26) e0.05 (0.03)y 0.347
CXL 0.93 (0.39) e0.15 (0.06)y,x 0.33 (0.26) e0.09 (0.03)y,x

Lang et al (2015)23 Control 36 mos NR NR 0.39 (0.37) 0.23 (0.27) 0.38
CXL 0.25 (0.15) 0.22 (0.14)

Hersh et al (2017)22 Control 12 mos 0.93 (0.22)z 0.88 (0.22)z >0.05 0.44 (0.27)z 0.40 (0.27)z <0.01
CXL 0.86 (0.25)z 0.77 (0.28)z,x 0.43 (0.27)z 0.33 (0.24)z,x

Meyer et al (2021)24 Control 60 mos 0.64 (0.41) 0.02 (0.29)y 0.06 0.28 (0.23) e0.02 (0.20)y 0.76
CXL 0.81 (0.34) e0.13 (0.31)y,x 0.33 (0.26) e0.04 (0.23)y

Larkin et al (2021)26 Control 18 mos 0.7 (0.4) 0.8 (0.6) 0.002 0.5 (0.4) 0.6 (0.6) 0.002
CXL 0.6 (0.4) 0.5 (0.3) 0.5 (0.4) 0.4 (0.4)

Hersh et al (2017)21 Control 12 mos 0.80 (0.27)z 0.80 (0.31)z <0.001 0.33 (0.23)z 0.34 (0.24)z <0.0001
CXL 0.81 (0.26)z 0.72 (0.32)z,x 0.36 (0.26)z,x 0.36 (0.25)z

CXL ¼ corneal collagen cross-linking; logMAR ¼ logarithm of the minimum angle of resolution NR ¼ not reported; SD ¼ standard deviation.
*Statistically significant difference between CXL and control groups.
yChange from baseline.
zCalculated from reported results. Original results were reported in Early Treatment Diabetic Retinopathy Study (ETDRS) letters read on a Lighthouse
ETDRS chart, 2nd edition. This specific chart has a value of logMAR 1.0 upon successful completion of the top/largest line. Thus, the conversion from
letters to logMAR for this specific chart is logMAR ¼ 1.1 e 0.02* (number of Lighthouse 2nd edition letters read).
xStatistically significant difference from baseline. Not reported in Lang et al23 and Larkin et al.26
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Safety

Ocular adverse events after CXL were rare across all
studies. The most commonly reported adverse event was
persistent corneal haze after 12 months (4.6%).21-24 Not all
patients with persistent corneal haze experienced loss of
CDVA; however, some did. Infectious keratitis was reported
in 0.6% (2/347) of treated eyes across the 6 studies included
in this assessment, resulting in loss of more than 2 lines of
CDVA in 1 eye.22,24 Sterile corneal infiltrates were reported
in 4 eyes.24,25 Other reported adverse events included
epithelial downgrowth under the LASIK flap in 1 eye
likely related to flap edge trauma, highlighting the
importance of careful epithelial removal during the CXL
procedure in patients post-LASIK.21

On average, loss of CDVA (2 Snellen lines or more; 10
Early Treatment Diabetic Retinopathy Study logarithm of
the minimum angle of resolution letters or more) was
observed in approximately 4.6% (16/347) of treated eyes.
Specifically, 2 eyes lost vision due to disease progression, 3
eyes due to persistent stromal haze, and 1 eye due to in-
fectious keratitis. Nine eyes with reported CDVA loss had
no other associated adverse events or disease progression,
and in these cases loss of vision was due to collagen
remodeling induced by treatment.21-25 Unfortunately, loss of
CDVA or corneal scarring was not specifically reported for
the control group in most of the included studies, except for
Lang et al,23 who found an equal number of eyes in both the
control and treated groups with loss of CDVA without a
specific associated reason. Prior studies have evaluated
vision loss as part of the natural history of KCN. Most
notably, the Collaborative Longitudinal Evaluation of
Keratoconus study found a 19% and 31% decrease of 10
or more Early Treatment Diabetic Retinopathy Study
letters in high-contrast and low-contrast best-corrected vi-
sual acuity, respectively, in at least 1 eye over 8 years of
follow-up.40 This same study found an 8-year incidence of
corneal scarring of 20%.40

Damage to endothelial cells due to exposure to free rad-
icals generated during the CXL process is a concern.41

Cytotoxicity studies suggest a minimum threshold of 400
mm in corneal thickness to mitigate a UV-A effect on
endothelial cells.42 All studies included the use of hypotonic
riboflavin as part of the protocol to achieve minimum corneal
thickness before UV-A exposure. Only 3 studies reported
endothelial cell counts and showed no difference between
groups.21,22,25 No endothelial decompensation was reported
in any of the treated patients; however, persistent corneal
edema after CXL has been reported in the literature.21-26,43

Other severe adverse events such as corneal melt and
perforation have been described in the literature44 but were
not reported in any of the included studies. The absence of
some complications previously described in the literature
may represent a trend toward lower complication rates
related to increased surgeon experience and stricter
inclusion/exclusion criteria. Risk factors associated with
complications after CXL reported in the literature include
CDVA better than 20/25 and age more than 35 years,
suggesting that refining CXL indications may further
reduce the risk of complications.31
Economic and Quality of Life
Considerations

None of the included studies directly addressed the issues of
cost or accessibility of CXL. However, there are several
published studies providing strong economic evidence for the
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cost-effectiveness of CXL in KCN.45-49 Specifically, Leung
et al47 found an incremental cost-effectiveness ratio of
Can$9090/quality-adjusted life years (QALYs) when
comparing CXL with conventional management, including
keratoplasty. This calculated incremental cost-effectiveness
ratio falls well below the range of Can$20 000 to Can$100
000/QALY and below US$50 000/QALY, thresholds
generally used to evaluate the cost-effectiveness of health
interventions in Canada and the United States, respectively.47

Likewise, Lindstrom et al48 used a discrete-event micro-
simulation lifetime model from the U.S. payor’s perspective
and found that CXL was associated with a lifetime cost
savings of $43 759 per patient and that it was considered
cost-effective within 2 years and cost-saving within 4.5 years.
In this model, patients undergoing CXL were 25% less likely
to undergo penetrating keratoplasty and spent 27.9 fewer
years in advanced-disease stages.48 Despite the reported
favorable cost-effectiveness, variable insurance coverage re-
mains a barrier to CXL access in the United States.

Larkin et al26 evaluated quality of life using the 25-item
Cardiff Visual Ability Questionnaire for Children and the
Child Health Utility 9D questionnaires. The study found no
evidence of difference in quality of life between CXL and
standard of care at 18 months after surgery. However, it is
possible that differences may be detected with longer
follow-up.26 Hersh et al22 used a patient questionnaire to
assess subjective visual function at baseline and 1 year
after surgery. The study did not compare groups but rather
reported changes from baseline in the treatment group and
found that several parameters had a statistically significant
improvement after CXL, including night driving, difficulty
reading, diplopia, glare, fluctuation in vision, and foreign-
body sensation.22 A similar trend was observed
specifically in the posterefractive surgery population, with
most subjective visual parameters showing improvement,
but only night driving reached a statistically significant
difference at 1 year.21

Study funding and author financial disclosures can be
found in Table S4 (available at www.aaojournal.org).

Conclusions

Epithelium-off CXL appears to decelerate or arrest pro-
gression of KCN and postelaser refractive surgery ectasia in
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most adults as well as children ages 10 to 16 years for at
least 2.4 years after treatment. Longitudinal studies are
needed to establish whether the effect on disease progres-
sion induced by CXL is permanent. In this patient popula-
tion, CXL treatment also results in a clinically significant
benefit in corneal curvature and UDVA. According to the
results of these studies, epithelium-off CXL should be
considered a first-line treatment for patients with progressive
KCN and postelaser refractive surgery ectasia. A small
percentage of treated eyes may continue to progress, and
long-term follow-up is recommended. Adverse events
associated with the procedure are rare, and the benefit of
treatment likely outweighs the risk of morbidity from
advanced disease and contact lense and keratoplasty-related
complications.
Future Research

Longer follow-up studies will help elucidate whether a
higher percentage of untreated patients progress over more
time. This question is particularly important for the younger
age group who, as expected, demonstrated the highest rates
of progression without treatment. Another consideration in
the pediatric population is that children with developmental
disabilities have a higher risk of KCN. Further research is
necessary to determine if this specific population has a
higher rate of complications or lower rates of success, given
that eye-rubbing behavior may persist even after treatment.
Further studies are also needed to understand fully the safety
and efficacy of retreatments in the small number of patients
who show progression after CXL and whether technique
modifications are required in these cases. Likewise,
expanding CXL indications to more advanced disease and
thinner corneas is of interest. Research into imaging and
diagnostic techniques that would allow better definition of
progression parameters and the ideal timing for CXL treat-
ment is also important. Finally, research continues with the
goal of refining the CXL technique, including personalized
treatments, improved riboflavin formulations, and oxygen
supplementation with the potential to improve efficacy and
safety, shorten the procedure, and result in less post-
operative pain and fewer complications related to epithelium
removal.
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