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e TOPIC: This review evaluates the effectiveness and
safety of combining cPRK with CXL versus CXL alone in
improving visual outcomes for patients with progressive
keratoconus.

* DESIGN: Systematic review and meta-analysis.

e CLINICAL RELEVANCE: Keratoconus leads to vision loss
and affects quality of life. While CXL is the current stan-
dard for halting progression, it does not correct the vi-
sual impairment. This review explores whether adding
cPRK to CXL offers better visual outcomes while main-
taining the same safety, potentially refining treatment ap-
proaches.

e METHODS: A systematic search of MEDLINE,
PubMed, Cochrane Library and EMBASE was conducted
through September 2024, following PRISMA guidelines.
The initial study design aimed to include randomized
controlled trials (RCTs) as well as comparative non-
randomized prospective or retrospective studies evalu-
ating CXL+cPRK versus CXL alone, with a minimum
follow-up of six months. However, only nonrandomized
studies were retrieved. As a result, all included studies
were assessed for the risk of bias using the ROBINS-
I tool. The primary outcomes were uncorrected dis-
tance visual acuity (UDVA) and corrected distance vi-
sual acuity (CDVA). Secondary outcomes included re-
fraction, corneal structure, and higher-order aberrations
(HOA). Meta-analysis was performed using standardized
mean differences (SMD) with 95% confidence intervals
(CI), and heterogeneity was assessed using a random-
effects model where necessary. Sensitivity analysis was
conducted using a leave-one-out approach to assess the

robustness of the results. This study is registered in the
PROSPERO database (CRD42024594757).
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* RESULTS: Eight nonrandomized studies involving 731
eyes from 706 patients were analyzed. Compared to CXL
alone, the combination of CXL+cPRK significantly im-
proved postoperative UDVA (SMD = —0.39, 95% CI:
—0.69 to —0.08, P = .01) and CDVA (SMD = —0.57,
95% CI: —0.96 to —0.18, P = .004), while also reduc-
ing refractive cylinder error. Additionally, CXL+cPRK
led to reductions in coma, total HOA, coma-like aberra-
tions, mean keratometry (KM), and central corneal thick-
ness (CCT). No significant differences were observed be-
tween the groups in endothelial cell count (ECC). The
rate of postoperative ectasia progression was comparable
between both groups. All included studies exhibited at
least one ROBINS-I domain at high risk of bias, particu-
larly related to confounding. The heterogeneity observed
in this analysis was primarily attributed to differences in
surgical techniques, patient selection criteria, and study
designs across the included studies.

* CONCLUSIONS: Customized PRK combined with CXL
provides superior postoperative visual acuity (UDVA,
CDVA) and visual quality compared to CXL alone while
maintaining the same corneal stability in the management
of progressive keratoconus. Only nonrandomized studies
could be retrieved for the purpose of the study. (Am]
Ophthalmol 2025;274: 9-23. © 2025 Elsevier Inc. All
rights are reserved, including those for text and data min-
ing, Al training, and similar technologies.)

ORNEAL ECTASIA IS A PROGRESSIVE DEGENERATIVE
ocular disorder characterized by thinning, protru-
sion, and structural alterations in the central, para-
central, and peripheral areas of the cornea, such as kera-
toconus, iatrogenic corneal ectasia, and pellucid marginal
degeneration. This continuous thinning and deformation
significantly modify the refractive power of the cornea, re-
sulting in distorted vision and substantially impaired qual-
ity of life.! Among them, keratoconus is the most common
corneal ectasia, with an estimated prevalence of 1:375 in
the general population.’
In recent decades, new treatment methods have evolved
and changed our perspective on corneal ectasia manage-
ment. Corneal collagen cross-linking (CXL) was intro-
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duced in the late 1990s as a therapeutic approach to induce
covalent cross-linking between collagen molecules, fibers,
and microfibrils to strengthen the biochemical properties
of the cornea, being effective and cost-effective in halting
disease progression in most mild or moderate cases of kera-
toconus with a single treatment.’”> However, it does not ad-
equately address the problem of irregular astigmatism, leav-
ing many patients dependent on rigid contact lenses to at-
tain satisfactory visual quality. On the other hand, progress
on excimer laser technology has allowed us to treat some
extent of irregular astigmatism by selectively targeting the
most prominent higher-order aberrations present on a given
pathological cornea, providing enhanced visual outcomes
by regularizing its morphology.”” In this context, recent
studies have explored the option of treating progressive
keratoconus by adding such customized excimer ablations
(customized photorefractive keratectomy- cPRK) just prior
to a same-day CXL, demonstrating promising outcomes in
providing patients with both enhanced visual acuity im-
provement and same corneal stability compared to CXL
alone.®%!° The potential advantages of this simultaneous
approach treatment include minimized time-off work, ac-
celerated visual rehabilitation, preservation of crosslinked
corneal tissue, and unaltered tissue ablation rates.!! Nev-
ertheless, the primary risk associated with combining PRK
with CXL for keratoconus is the potential for corneal stro-
mal tissue removal during PRK, which may compromise the
corneal biomechanical stability and counteract the stabi-
lizing effect of CXL.!” While promising at the individual
study level, the collective effects of these treatments on
visual acuity and corneal stability are inconsistently doc-
umented owing to variations in outcomes and methodolo-
gies across existing studies comparing the effectiveness of
CXL alone versus its combination with cPRK. Therefore,
definitive conclusions remain elusive.

This meta-analysis aims to clarify the efficiency of the
combination of CXL and cPRK compared to CXL alone,
thereby offering a clearer direction for clinical practice and
patient management in the treatment of corneal ectasias.

METHODS

This research adhered to the guidelines set forth by the Pre-
ferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) consensus statement and followed
the methodological standards prescribed in the Cochrane
Handbook for Systematic Reviews of Interventions.'”!’

Additionally, the study has been registered in the PROS-
PERO database (CRD42024594757).

» LITERATURE SEARCH: Two reviewers (HZ and MCC)
independently conducted a systematic literature search
in the MEDLINE, PubMed, Cochrane Library and EM-
BASE databases, covering the period up to Septem-
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ber 2024, without language restrictions. The search uti-
lized the following keywords: "Keratoconus," "Corneal
Cross-Linking," "Collagen Cross-Linking," "Riboflavin-
UVA Cross-Linking," "Cross-Linking, Corneal," "Epi-
Off CXL," "CXL, Epithelium-On," " CXL, Epithelium-
Off." "Photorefractive Keratectomy," "Keratectomy, Pho-
torefractive," and "Custom Ablation Treatment." These
keywords were searched for in the title, abstract, and
MESH/EMTREE terms. Additional details regarding the
search terms are provided in the supplementary material.
Abstracts of relevant titles were reviewed, and full arti-
cles were retrieved if they met the objectives of this re-
view. Studies were included if they met predefined inclu-
sion criteria. Furthermore, reference lists of the included
papers were screened, related meta-analyses and systematic
reviews, and trial registries (such as clinicaltrials.gov and
the Cochrane Controlled Register of Trials) were manually
searched to identify any additional relevant studies.

e STUDY SELECTION, INCLUSION, AND EXCLUSION CRI-
TERIA: All publications were independently screened by
two authors (JLAB and MCC), and any disagreements were
resolved through discussion. Reports were assessed based on
the following predefined criteria: (a) Patients: progressive
keratoconus; (b) Interventions: CXL alone or CXL com-
bined with PRK. Studies involving CXL protocols with
clearly reported parameters, including UV dose (e.g., 3 to 30
mW/cm?), exposure time (e.g., 3 to 30 min), and riboflavin
concentration (e.g., 0.1%), were included. Both standard
and accelerated CXL protocols were considered; (c) Type
of excimer ablation: customized PRK (either topography
or wavefront-guided); (d) Surgical sequence: simultaneous
(same-day) approach (excluding sequential approaches);
(e) Study design: clinical studies, including both random-
ized controlled trials (RCTs) and nonrandomized studies
of interventions (NRSI), aimed at generating evidence for
guiding medical decisions. The classification of the studies
was based on their level of scientific evidence according to
the General Guidelines for Methodologies on Research and
Evaluation of Traditional Medicine of the World Health
Organization.'® However, only articles with scientific ev-
idence classified as level Ib or Ila were included. Studies
were required to report original clinical data both pre and
postoperatively, and any duplicate data from previously re-
ported cases were excluded. The control group in all stud-
ies received only CXL, without any combined treatments
such as intrastromal corneal ring segments or any photore-
fractive keratectomy technique. The experimental group
underwent simultaneous (same-day) CXL combined with
prior cPRK. CXL in any of its variants (Dresden versus Ac-
celerated protocols) and cPRK regardless of the technology
used (Topo versus Wavefront-guided ablations) were con-
sidered. Studies involving animal models, ex vivo reports,
and those with follow-up periods of less than 6 months were
excluded to ensure a minimum standard of clinical outcome
assessment.
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e QUALITY ASSESSMENT: To minimize the risk of bias, two
independent authors (JLAB and MCC) separately assessed
the risk of bias using two tools: the Cochrane Risk of
Bias tool for randomized controlled trials (RCTs)!7 and the
ROBINS-I tool for nonrandomized studies of interventions
(NRSI).'® For the cohort studies, the ROBINS-I tool was
used to evaluate seven domains: confounding, selection of
participants, classification of interventions, deviations from
intended interventions, missing data, outcome measure-
ment, and selection of the reported results. Discrepancies
between the two authors were resolved through discussion
or by involving a third reviewer. Studies with different lev-
els of bias were all included in the analysis, provided they
met the inclusion criteria and contained the required data.
The potential influence of these studies on the overall re-
sults was assessed through sensitivity analyses, as described
in the Statistical Analysis section.

¢ DATA EXTRACTION AND CLINICAL OUTCOME: Two in-
dependent reviewers (JLAB and MCC) reached a consen-
sus on the data extraction process from the included studies,
following previously established protocols. Any disagree-
ments were resolved through discussion to ensure the accu-
racy and completeness of the extracted data. Data included
the first author’s name, publication year, trial location, study
design, number of eyes, CXL and cPRK protocols used, out-
come measures, and follow-up duration. We evaluated the
changes in various parameters from the preoperative pe-
riod to the longest follow-up to assess treatment effects. The
changes in visual acuity including uncorrected distance vi-
sual acuity (UDVA) and corrected distance visual acuity
(CDVA) were designated as the primary outcome to as-
sess direct improvements in visual function. Secondary out-
comes included the changes in refraction, and higher-order
aberrations (HOAs) to evaluate changes in visual quality.
The changes in central corneal thickness (CCT), mean ker-
atometry (KM), and endothelial cell counting (ECC) were
measured to assess structural changes in the cornea and the
stability of disease progression post-treatment. We also as-
sessed the rate of postoperative ectasia progression by com-
paring the number of long-term progression cases between
both groups.

e STATISTICAL ANALYSIS: Intergroup outcomes were re-
ported as differences between the CXL+cPRK group and
the control group. A meta-analysis was performed to syn-
thesize the intergroup outcomes of the studies included in
this systematic review using Review Manager 5.0. During
the analysis, standardized mean differences (SMD) were
calculated to analyze continuous parameters if different data
measurement methods were used among the studies. Stan-
dardized mean differences are a measure of the size of the in-
tervention effect in each study with respect to the variabil-
ity within the study, which allows the analysis of the results
on a uniform scale. The absolute values were interpreted to-
gether with the P-values and 95% confidence intervals (CI)
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presented in forest plots. Statistical significance was set at P
< .050. To account for potential baseline differences in pre-
operative characteristics, we conducted a comparative anal-
ysis of preoperative and postoperative general outcomes to
assess the trends and potential impact of these differences
on the overall results. The heterogeneity of the included
studies was analyzed using the Cochrane Q-statistics chi-
square (Chi?) and I-square (I?) tests, which were graded as
low (<25%), moderate (25%-50%), and high (>50%)."
If there was any significant heterogeneity between studies
(I? test > 50% or Chi? test with a P < .100), a random-
effects model was used to pool the data; otherwise, a fixed-
effects model was used.”’ In addition, a sensitivity analysis
was conducted by applying different models to evaluate the
reliability of studies,”’ and we performed a leave-one-out
sensitivity analysis by systematically removing each study
to evaluate its influence on the overall effect size and het-
erogeneity (I2). The Robvis tool (NIHR, Bristol, UK) was
used to create the risk of bias assessment figures.”

e ETHICAL APPROVAL: This study is a review and meta-
analysis. Given its nature, the Shamir Medical Center Re-
search Ethics Committee has confirmed that ethical ap-
proval is not required. The study was conducted in accor-
dance with the principles outlined in the Declaration of

Helsinki.

RESULTS

e STUDY CHARACTERISTICS: The study selection process
for this systematic review is presented in a flowchart in
Figure 1. Our initial study design aimed to include both ran-
domized controlled trials and comparative nonrandomized
prospective or retrospective studies. However, the search re-
sults yielded only nonrandomized studies. As a result, we ex-
clusively used the ROBINS-I tool to assess the risk of bias
in the included studies. The included studies were prospec-
tive NRSI published between 2013 and 2024, except for
one that was retrospective. Similarly, Kontadakis et al.”’
used a previous cohort and Gore et al.'” used a histori-
cal control. A total of 8 studies were reviewed. Among
them, 4 studies used the Dresden protocol for CXL in the
control group, while 4 studies used accelerated CXL. Re-
garding the cPRK technique, 7 studies applied topography-
guided PRK, and 1 study used wavefront-guided PRK. All
studies compared the CXL+cPRK procedure with CXL
alone. Progressive keratoconus was defined when any of
the following criteria were met: a) an increase of 1.00D
or more in the keratometry plus curve; b) an increase of
1.00D or more in the manifest cylinder; ¢) an increase
of 0.50D or more in refractive spherical equivalent; d) an
increase in cone apex keratometry of 0.75D, >1.00D or
1.50D; e) a 0.75D alteration in refractive spherical equiv-
alent; f) a > 5% decrease in central corneal thickness or a
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Identification of studies via databases and registers

Records identified from™
PubMed (n= 183)
Web of Science (n = 114)
Cochrane(n=2)
Embase (n =14)
Registers (n= 211)

Identification

'

Records soeened

{(n=183)

Reports sought for retrieval
{(n=18)

Screening

v

Reports assessed for eligibility
(n=18)

Studies included inreview
{(n=28)

Reports of included studies
{(n=28)

Included

Records removed before
screening
Duplicste records removed
(n=120)
Records marked as ineligible
by sutomation took (n =0)
Records removed for other
reasons (n=0)

Records excluded*™
{n = 185)

Reports not retrieved
(n=0)

Reports excluded:
Not have CXL group (n= 10)

FIGURE 1. Flow diagram illustrating the process of study selection in accordance with Preferred Reporting Items for Systematic

Reviews and Meta-Analysis guidelines.

decrease in corneal thickness of >2% or > 10 pm. This
systematic review included 731 eyes of 706 patients. Pa-
tient follow-up, expressed in months, ranged from 6 months
to 44. Table 1 shows the characteristics of the 8 included
studies.

* GENERAL OUTCOMES: Table 2 shows the mean and
standard deviation of each of the parameters included in
the study for both the CXL+cPRK group and the CXL
group preoperatively and postoperatively. The difference in
means and standard deviation and the existence of statisti-
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cally significant differences are also shown. Preoperatively,
significant differences were found in CDVA, cylinder val-
ues, and CCT where the CXL group showed better vision,
lower cylinder values and thinner baseline corneal thick-
ness. Postoperatively, the CXL+cPRK group demonstrated
significant improvements in multiple parameters, includ-
ing UDVA, cylinder, spherical equivalent, KM, coma, total
HOA, and coma-like aberrations, with lower values, indi-
cating significantly better outcomes compared to the CXL
group. However, the CXL group exhibited a notably lower
sphere.
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TABLE 1. Characteristics of the 8 Studies Included in the Review.

Study Design Eyes included (Ex-  Experimental Group Procedure Control Group Cxl Parameters Follow-Up (Months)
perimental/Control Procedure
Group)
Alessio et al.>* Prospective 17/17 Topographic PRK (iVIS ~ CXL Dresden UV dose: 3 24 months
nonrandomized Suite platform Ligi mW/cm?, Exposure:
clinical trial Tecnologie 30 min, Riboflavin:
Medicali) + CXL Dresden 0.1%, Epi-Off
Awwad et al.?® Prospective 49/37 Topographic PRK CXL UV dose: 10 12 months
nonrandomized (SCHWIND Amaris laser Accelerated mW/cm?, Exposure:
study 114 ORK-CAM 9 mins, Riboflavin:
software) + CXL 0.1%, Epi-Off.
accelerated
Dai et al.?® Prospective 30/15 Topographic PRK CXL UV dose: 30 44 months
nonrandomized (Wavelight EX500) + CXL  Accelerated = mW/cm?, Exposure:
study accelerated 4 mins, Riboflavin:
0.1%, Epi-Off.
Gore etal.”? Nonrandomized 47/47 Wavefront-guided CXL UV dose: 30 24 months
case series study transepithelial PRK Accelerated mW/cm?, Exposure:
with historical (Schwind Amaris 750S 8 mins, (pulsed
control laser) +CXL accelerated mode, effective 4
mins) Riboflavin:
0.1%, Epi-Off.
Iselin et al.™ Retrospective 28/28 Topography-guided CXL Dresden UV dose: 3 24 months
PRK+CXL Dresden mW/cm?, Exposure:
30 mins, Riboflavin:
0.1%, Epi-Off.
Kontadakis et al.?® Nonrandomized 30/30 Topography-guided PRK  CXL Dresden UV dose: 3 39 months
interventional case (Pulzar Z1; CustomVi, mW/cm?, Exposure:
series study Peth, WA) +CXL Dresden 30 mins, Riboflavin:
(previous cohort) 0.1%, Epi-Off.
Padmanabhan Prospective 26/40 Topography-guided CXL Dresden UV dose: 3 6 months
etal?’ nonrandomized customized ablation. mW/cm?, Exposure:
study Trasnepitelial T-CAT. Laser 30 mins, Riboflavin:
Allegretto Excimer 8400 Hz 0.1%, Epi-Off.
EyeQ, Wavelight,
Erlagen+CXL Dresden
Singal et al.® Prospective 122/204 Topography-guided PRK CXL UV dose: 9 12 months
nonrandomized (Allegretto Wave Eye-Q Accelerated mW/cm?, Exposure:
study 1010-2400 kHz laser 10 mins, Riboflavin:

(Alcon) + CXL accelerated

0.1%, Epi-Off.

e VISUAL OUTCOMES: As shown in Figure 2A, this meta-
analysis includes seven studies on UDVA outcomes. The
CXL+cPRK group demonstrated statistically significant
improvement in UDVA compared to the CXL alone group
(SMD = —0.39, 95% CI: —0.69 to —0.08, P = .01).
Three studies reported statistically significant benefits for
CXL+cPRK,!%2* while no study favored CXL alone.
Four studies showed no significant differences.®!%2%20 Sig-
nificant heterogeneity was observed (12 = 69%, P = .004),
indicating high variation among the studies. For CDVA
(Figure 2B), eight studies were included. The CXL+cPRK
group showed a statistically significant improvement over
CXL alone (SMD = —0.57, 95% CI: —0.96 to —0.18,
P = .004). Significant benefits for CXL+cPRK were re-
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i 75 9
2,23,25,

ported by four studies,’ T with no studies showing a
preference for CXL alone. Other studies found no signifi-
cant differences.®!%?42¢ There was also considerable het-
erogeneity (12 = 83%, P < .00001), indicating high vari-
ability among the studies.

e REFRACTIVE OUTCOMES: As shown in Figure 3, this
meta-analysis evaluated the outcomes of CXL+cPRK ver-
sus CXL alone in Sphere, Cylinder, and Spherical Equiva-
lent. For Sphere (Figure 3A), four studies found no statisti-
cally significant improvement with CXL+cPRK over CXL
(SMD = —0.35, 95% CI: —1.02 to 0.31, P = .29). Signif-
icant benefits for CXL+cPRK were reported by two stud-
ies,'>** while one study favored CXL alone,'” with high
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TABLE 2. Preoperative and Postoperative General Outcomes(VA in logMAR).

Preoperative Mean Differences P-Value
PRK-CLX Group CLX Group
Mean SD Mean SD
UDVA 0.70 0.37 0.66 0.38 0.04 .074
CDVA 0.27 0.17 0.21 0.16 0.06 .048*
SPH —1.01 2.51 —1.32 0.63 0.30 132
CYL —3.60 2.23 -3.13 2.25 0.48 .043*
SE —2.59 2.64 —2.67 2.42 0.09 .367
CCT 485.71 33.60 472.55 37.25 13.17 .042*
KM 46.51 4.82 46.63 3.08 0.12 .608
ECC 2803.33 167.00 2814.00 200.33 10.67 413
SPH AB —0.40 0.46 —0.42 0.49 0.02 .648
COMA 127 0.76 1.37 0.90 0.10 223
TOTAL HOA 2.90 1.03 3.23 1.33 0.34 .066
COMA-LIKE 2.76 1.15 2.69 0.97 0.06 447
POSTOPERATIVE Mean Differences P-Value
PRK-CLX Group CLX Group
Mean SD Mean SD
UDVA 0.44 0.28 0.56 0.36 0.12 .024*
CDVA 0.12 0.13 0.16 0.12 0.03 .089
SPH —1.52 1.98 —1.08 2.10 0.44 .016*
CYL —2.47 1.69 —-3.78 1.98 1.31 <.001**
SE —2.48 2.29 —2.86 2.52 0.39 .01*
CCT 453.42 37.51 469.48 49.97 16.06 .056
KM 45.15 3.58 46.06 3.27 0.92 .004*
ECC 2750.33 174.67 2729.33 176.33 21.00 .644
SPH AB -0.25 0.39 —0.31 0.46 0.06 498
COMA 0.85 0.84 1.69 1.07 0.84 <.001**
TOTAL HOA 1.50 0.82 2.42 1.07 0.92 <.001*
COMA-LIKE 1.53 0.93 2.53 0.97 1.00 <.001**
Note: Statistical significance is indicated as.
*P < .05,
*P < .01, and

***P < 001.UDVA = Uncorrected Distance Visual Acuity; CDVA = Corrected Distance Visual Acuity; SPH = Spherical Equivalent; CYL = Cylin-
der; SE = Spherical Equivalent; CCT = Central Corneal Thickness; KM = Mean Keratometry; ECC = Endothelial Cell Count; SPH AB = Spherical
Aberration; TOTAL HOA = Total Higher Order Aberrations; COMA-LIKE = Coma-like Aberrations.

heterogeneity (12 = 82%, P = .0008). Sensitivity analy-
sis revealed that removing the study by Gore et al. sig-
nificantly lowered the 12 for the sphere outcome, suggest-
ing that this study was a major contributor to heterogene-
ity.!? In Cylinder outcomes across five studies (Figure 3B),
CXL+cPRK showed a statistically significant improve-
ment over CXL alone (SMD = —0.78, 95% CI: —1.09
to —0.48, P < .00001), supported by four studies,®!%1%:?

with high heterogeneity (1> = 53%, P = .08). For Spher-
ical Equivalent (Figure 3C), eight studies indicated no
significant difference between groups (SMD = —0.24,
95% CI: —0.54 to 0.05, P = .10). However, most of
the studies demonstrated no significant difference between
the two groups,®!%1223:2%:26 while two studies favored
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CXL+cPRK,’*?7 showing high heterogeneity (12 = 70%,
P =.002).

e CORNEAL OUTCOMES: As shown in Figure 4, this meta-
analysis evaluated the outcomes of CXL+cPRK versus CXL
alone in Central Corneal Thickness, Mean Keratometry,
and Endothelial Cell Count. For CCT (Figure 4A), five
studies demonstrated a statistically significant reduction
in the CXL+cPRK group compared to the CXL alone
group (SMD = —0.78, 95% CI: —0.95 to —0.60, P <
.0001). While three studies reported CXL+cPRK might re-
sult in lower CCT,%?%%% no study suggested a similar ef-
fect for CXL alone with moderate heterogeneity (12 = 40%,
P = .15).”%% In KM outcomes (Figure 4B) across six
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A

UDVA

PRK-CXL CXL Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Alesio etal 2013 -0.44 0.28 17 -0.07 0.29 17 9.6% -1.27 [-2.01,-0.52]
Awwad et al 2024 -015 0.25 52 -0.09 035 43 16.1% -0.20 [-0.60, 0.21] e
Daietal 2024 0 033 30 -0.14 033 15 11.5% 0.42[-0.21,1.04] T
Gore etal 2018 -0.2 041 47 0.03 033 47 15.9% -0.61 [-1.03,-0.20) e
Iselin etal 2020 -0.34 032 28 -019 038 28 13.4% -0.42 [-0.95,0.11] -
Kontadakis etal 2016 -0.56 0.42 30 -017 06 30 13.5% -0.74 [-11.27,-0.22) —
Singal etal 2020 -01 032 122 -006 031 204 20.0% -0.13[-0.35,0.10 -
Total (95% CI) 326 384 100.0% -0.39 [-0.69, -0.08] E:2
Heterogeneity: Tau?=0.11; Chi*=19.16, df= 6 (P = 0.004); F= 69% 1 1 +

Testfor overall effect: Z=2.47 (P = 0.01)
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PRK-CLX CLX Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Alesio etal 2013 -0.03 0.07 17 -0.02 0.09 17 10.7% -0.12[-0.79, 0.55] =
Awwad et al 2024 -0.25 016 52 -0.07 047 43 13.2% -1.08 [-1.52,-0.65] o
Daietal 2024 -01 017 30 -0.02 014 18 11.2% -0.49[1.12,0.14] — T
Gore etal 2018 -013 018 47 -0.05 014 47 13.5% -0.49 [-0.90,-0.08] ==
Iselin etal 2020 -013 047 28 -014 015 28 12.3% 0.06 [-0.46, 0.59) -1
Kontadakis et al 2016 -017 014 30 -0.08 015 30 12.4% -0.54 [-1.06,-0.03] —
Padmanabhan etal 2014  -0.26 0.21 26 011 02 40 11.7% -1.79[-2.38,-1.21] e
Singal etal 2020 -012 015 122 -01 015 204 150% -0.13 [-0.36, 0.09] -
Total (95% Cly 352 424 100.0% -0.57 [-0.96, -0.18] @
Heterogeneity: Tau®= 0.25; Chi*= 40.76, df= 7 (P < 0.00001); F= 83% —t —t

Test for overall effect: Z= 2.85 (P = 0.004)
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FIGURE 2. Forest plots showing the meta-analysis comparing the change in the visual acuity of corneal collagen cross-linking (CXL)
combined with customized Photorefractive keratectomy (cPRK) and CXL alone at final follow-up. A. Uncorrected distance visual
acuity outcomes. B. Corrected distance visual acuity outcomes. Note: A negative change in logMAR units indicates an improvement
in visual acuity. IV = inverse variance; Tau? = tau-square statistic; df = degrees of freedom; I> = I-square heterogeneity statistic;

Z = Z-statistic. CI = confidence interval;

studies, CXL+cPRK showed significant improvement over
CXL alone (SMD = —0.29, 95% CI: —0.49 to —0.08,
P = .006). One study favored CXL+4cPRK,” and no
study favored CXL alone, without significant heterogene-
ity (I2 = 0%, P = .81). For ECC (Figure 4C), three stud-
ies indicated no significant difference between the two
groups (SMD = 0.15, 95% CI: —0.31 to 0.61, P = .53).
Only one study favored CXL alone,’* while two studies re-
ported no significant differences showing high heterogene-
ity (I = 71%, P = .03).5:%3

e ABERROMETRIC OUTCOMES: As shown in Figure 5, this
meta-analysis evaluated the outcomes of CXL+cPRK ver-
sus CXL alone in RMS Spherical Aberration, RMS Coma,
RMS Total Higher Order Aberrations, and RMS Coma-
Like. For RMS Spherical Aberration (Figure 5A), four
studies found no statistically significant improvement with
CXL+cPRK over CXL (SMD = 1.03, 95% CI: —0.65 to
2.71, P = .23). One study favored CXL+cPRK,*” with high
heterogeneity (12 = 97%, P < .00001). In RMS Coma out-
comes (Figure 5B) across five studies, a statistically sig-
nificant difference was found in the CXL+cPRK group
compared to the CXL alone group (SMD = —0.68, 95%
CI: —0.95 to —0.40, P < .00001). Three studies favored
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CXL+cPRK,*!%% and no study supported CXL alone, but
high heterogeneity was observed (I> = 56%, P = .06).
For RMS Total Higher Order Aberrations (Figure 5C),
six studies showed a statistically significant improvement
with CXL+cPRK over CXL (SMD = —0.86, 95% CI:
—1.18 to —0.55, P < .00001), supported by five stud-
ies,!:12:2426 with high heterogeneity (12 = 53%, P = .06).
For RMS Coma-Like (Figure 5D), two studies demonstrated
a statistically significant benefit of CXL+cPRK over CXL
(SMD = —1.23,95% CI: —1.69 to —0.78, P < .00001),'%-24
without significant heterogeneity (1> = 0%, P = .36).

e ASSESSMENT OF QUALITY AND BIAS OF INCLUDED
STUDIES: The Risk-of-VISualisation  (robvis)  tool
(Figure 6) was used to analyze the quality and risk of
bias of the included studies. The risk of bias assessment
revealed that all studies exhibited at least one domain
at high risk of bias, particularly related to confounding.
These studies are nonrandomized interventional studies,
except for Iselin et al.,'’ which is retrospective. In these
studies, the allocation process to one group or another was
based on baseline characteristics, primarily the minimum
pachymetry (corneal thickness) for combined procedures,
which had to be at least 400 microns. In Gore et al.,!?
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PRK-CXL CXL Std. Mean Difference Std. Mean Difference
Study or Subgroup  Mean  SD Total Mean SD Total Weight IV, Random, 95% CI I, Random, 95% CI
Alesio etal 2013 -0.84 11 17 019 086 17 22.6% -1.02 [-1.74,-0.30] —
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Gore etal 2018 1.37 314 47 009 274 47  27.6% 0.43[0.02,0.84] Bl
Iselin etal 2020 -0.02 1.98 28 1.28 199 28 256% -0.65[1.18,-0.11] ——
Total (95% Cl) 122 107 100.0% -0.35[-1.02,0.31]

Heterogeneity: Tau*= 0.37; Chi*= 16.85, df= 3 (P = 0.0008); F=82%
Test for overall effect: Z=1.05 (P = 0.29)
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CYLINDER
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Singal et al 2020 -1.47 207 122 -001 195 204 328% -0.73 [-0.96,-0.50] -
Total (95% CI) 244 311 100.0% -0.78 [-1.09, -0.48] R
Heterogeneity: Tau®= 0.06; Chi*= 8.46, df= 4 (P = 0.08); = 53% 52 51 5 1’ 'é

Test for overall effect: Z= 5.01 (P < 0.00001)

C
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SPHERICA EQUIVALENT

PRK-CXL CXL Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight I, Random, 95% CI I, Random, 95% CI
Alesioetal 2013 -1.75 1.03 17 -0.45 115 17 8.7% -1.16 [-1.90,-0.43)
Avwwad etal 2024 0.2 1.55 52 -0.06 1.38 43 14.0% 017 [-0.23,0.58] =T
Daietal 2024 -0.14 3.23 30 089 353 15 10.2% -0.30 [-0.93,0.32) A
Goreetal 2018 1.1 234 47 032 234 47 14.0% 0.33[-0.08,0.74] T
Iselin etal 2020 -1.42 227 28 -0.87 1.84 28 11.8% -0.26 [-0.79, 0.26) 1
Kontadakis et al 2016 -219 35 30 -036 36 30 12.0% -0.51 [-1.02, 0.01] —t—
Padmanabhan et al 2014 -217 268 26 -0.44 216 40 121% -0.72[1.23,-0.21) —
Singal etal 2020 -1.34 354 122 -1.24 374 204 17.2% -0.03 [-0.25,0.20] =
Total (95% CI) 352 424 100.0% -0.24 [-0.54, 0.05] ‘
Heterogeneity: Tau®= 0.12; Chi*= 23.27, df= 7 (P = 0.002); F= 70% -2 -1 D 15 é

Test for overall effect Z=1.65 (P =0.10)
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FIGURE 3. Forest plots showing the meta-analysis comparing the change in refraction of corneal collagen cross-linking (CXL)
combined with customized Photorefractive keratectomy (cPRK) and CXL alone at final follow-up. A. Sphere outcomes. B. Cylinder
outcomes. C. Spherical equivalent outcomes. IV = inverse variance; Tau? = tau-square statistic; df = degrees of freedom; I?> = I-
square heterogeneity statistic; Z = Z-statistic. CI = confidence interval;

if the selection criteria were met, patients could choose
either combined treatment in both eyes or CXL only in
the nonstudy eye (with a historical control being used). In
Alessio et al.,”* the worse eye was assigned to receive the
combined treatment.

Opverall, the risk of bias in the included studies was high,
primarily due to the nonrandomization of patients, the lack
of concealment of the randomization sequence, and the ab-
sence of blinding. Surgeons, investigators, and personnel re-
sponsible for collecting measurements were either aware of
the group assignments or it was not specified whether they
were aware. In most studies, the absence of randomization
did not lead to significant differences in baseline character-
istics between groups. However, in Gore et al.'” and Alessio
et al.,%* the lack of randomization resulted in relevant dif-
ferences, particularly related to patient choice of treatment
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and allocation based on disease severity, which may have
introduced bias.

e POSTOPERATIVE ECTASIA PROGRESSION: Among the
eight included studies, three reported ectasia progression
following CXL alone and CXL+cPRK, using different eval-
uation criteria. Gore et al.'? found ectasia progression in
3/39 (7.7%) eyes in the CXL group and 3/37 (8.1%) in the
CXL+cPRK group, with a mean follow-up of 24 months.
Only 1 eye in each group showed progression in more than
one keratometric index. Similarly, Kontadakis et al.”’ re-
ported progression in 2/30 (6.7%) eyes in both groups,
with a mean follow-up of 39 months. However, all affected
corneas were flatter than before surgery, and there were no
significant postoperative topographic differences between
the two groups. Singal et al.® observed that at a 1-year
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PRK-CXL CXL Std. Mean Difference Std. Mean Difference
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Alesioetal 2013 -292 27.41 17 -11.9 29.66 17 B6.6% -0.59[-1.28,0.10] r

Awwad et al 2024 -48.7 58.37 52 -234 7833 43 187% -0.37 [-0.78, 0.04) o

Daietal 2024 -216 2373 30 393 2369 15 71% -1.06 [-1.72,-0.40] —_—
Kontadakis et al 2016 -46 31.78 30 -20 47.27 30 11.5% -0.64 [1.16,-0.12] il

Singal etal 2020 -38.9 39 122 0.2 4365 204 56.1% -0.93[1.16,-0.69) =

Total (95% CI) 251 309 100.0% -0.78 [-0.95, -0.60] ¢
Heterogeneity: Chi*=6.72, di= 4 (P = 0.15); F= 40% t t t

Test for overall effect: Z= 8.64 (P < 0.00001)
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PRK-CXL CXL Std. Mean Difference Std. Mean Difference
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PRK-CXL CXL Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight I, Random, 95% CI IV, Random, 95% CI
Alesioetal 2013 -121 117.02 17 -248 1524 17 225% 0.91 [0.20,1.62) .
Kontadakis et al 2016 -1 211.08 30 18 227.29 58 33.7% -0.08 [-0.53, 0.36] —a—
Singal etal 2020 -37 18515 122 -24 18822 204 438% -0.07 [-0.29, 0.16]
Total (95% CI) 169 279 100.0% 0.15[-0.31, 0.61]
Heterogeneity: Tau®= 0.11; Chi*=6.84, df= 2 (P=0.03); F=71% t =1 5 14 é

Test for overall effect: Z= 0.63 (P = 0.53)
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FIGURE 4. Forest plots showing the meta-analysis comparing the change in corneal structure of corneal collagen cross-linking
(CXL) combined with customized Photorefractive keratectomy (cPRK) and CXL alone at final follow-up. A. Central corneal thick-
ness outcomes. B. Mean keratometry outcomes. C. Endothelial cell count outcomes. IV = inverse variance; Tau? = tau-square
statistic; df = degrees of freedom; 1> = I-square heterogeneity statistic; Z = Z-statistic. CI = confidence interval;

follow-up, 42/204 (21%) eyes in the CXL group showed an
increase in Kmax of >1 D, with 16/204 (8%) having an
increase of >2 D, and 7/204 (4%) showing >3 D. In the
CXL+cPRK group, 8/122 (7%) eyes had an increase of >1
D, 5/122 (4%) had >2 D, and 3/122 (2%) showed >3 D,
indicating better corneal stability with the combined treat-
ment. No further treatment was noted in those three stud-
ies. The remaining studies did not report ectasia progres-
sion.

DISCUSSION

The combination of customized photorefractive keratec-
tomy and corneal cross-linking has shown potential not
only to halt disease progression in keratoconus but also
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to improve visual outcomes. Specifically, topography- or
wavefront-guided PRK reduces irregular astigmatism in
mild to moderate keratoconus, which leads to improve-
ments in both UDVA and CDVA. In addition, reductions
in higher-order aberrations, spherical error, and cylindrical
error may further enhance overall visual quality and qual-
ity of life. These potential benefits make the combined ap-
proach of cPRK and CXL increasingly compelling for fur-
ther exploration in clinical practice.

Several key factors justify the safety and rationale for
this combined procedure. First, CXL significantly increases
corneal stiffness, reportedly by more than 300% in Dres-
den protocol,”® which allows for controlled tissue ablation
on the stromal bed. Kontadakis et al. reported no signif-
icant progression of keratoconus in patients who under-
went combined cPRK and CXL after a follow-up of at
least 39 months, supporting the safety of the procedure.
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Heterogeneity: Tau®= 0.08; Chi#= 10.75, df= 5 (P = 0.06); F= 53% f f

Test for overall effect: Z=5.32 (P < 0.00001)

2 a4 0 1 2
Favours PRK-CXL Favours CXL

D RMS COMA-LIKE

PRK-CXL CXL Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
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FIGURE 5. Forest plots showing the meta-analysis comparing the change in higher order aberrations of corneal collagen cross-
linking (CXL) combined with customized Photorefractive keratectomy (cPRK) and CXL alone at final follow-up. A. RMS spherical

aberration outcomes. B. RMS coma outcomes. C. RMS total high
outcomes. IV = inverse variance; Tau? = tau-square statistic; df =
statistic. CI = confidence interval;

er order aberrations outcomes. D. RMS coma-like Aberrations
degrees of freedom; I? = I-square heterogeneity statistic; Z = Z-

Although ectasia progression was observed in 2/30 (6.7%)
eyes per group, all affected corneas became flatter postop-
eratively, with no significant topographic differences be-
tween groups.”’ Second, simultaneous cPRK and CXL offer
potential advantages over the sequential approach, where
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cPRK is typically performed 6 to 12 months after CXL.
These reasons include (1) Long-term effects of CXL: CXL’s
corneal stabilization effects can continue for years, poten-
tially leading to topographic changes even after a sequen-
tial PRK procedure. Performing cPRK and CXL simulta-
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FIGURE 6. Diagram showing an assessment of the quality of individual trials. Bias was evaluated across key domains, including
confounding, participant selection, intervention classification, deviations from intended intervention, missing data, outcome mea-
surement, and selective reporting. The color coding represents low risk (green), unclear risk (yellow), and high risk (red). Most
studies demonstrated a high overall risk of bias, primarily due to nonrandomization, lack of allocation concealment, and absence of

blinding.
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neously allows for a shorter visual rehabilitation time. (2)
Variable ablation rates: the ablation rate in cross-linked
corneas may differ from that in untreated corneas, which
can potentially affect the precision and predictability of the
cPRK outcomes in the sequential approach. (3) Preserva-
tion of CXL benefits: performing cPRK after CXL could
remove tissue that has already been stiffened, possibly re-
ducing the long-term benefits of structural and biomechan-
ics. (4) Reduced risk of post-PRK haze: simultaneous cPRK
and CXL reduce the risk of postoperative haze. This is be-
cause laser ablation during PRK may trigger excessive ker-
atocyte proliferation, leading to postoperative haze. How-
ever, performing CXL simultaneously induces keratocyte
apoptosis, effectively reducing this risk.”’ Kanellopoulos AJ
et al. reported that the simultaneous approach achieved
significantly better outcomes in terms of CDVA, spherical
equivalent (SE) reduction, keratometric flattening, and a
lower grade of corneal haze.”” Given the safety profile and
the potential benefits of combining cPRK and CXL, it is
essential to explore whether this approach can indeed im-
prove visual acuity and overall visual quality in keratoconus
patients.

In our meta-analysis, the combination of cPRK and CXL
significantly improved postoperative UDVA, CDVA, and
reduced cylindrical refractive errors. Additionally, it led
to notable reductions in coma, total higher-order aberra-
tions and coma-like aberrations, while halting the progres-
sion of corneal ectasia, similar to CXL alone. These im-
provements were achieved without compromising corneal
safety, as indicated by no significant differences between
the two groups in ECC. Although the CXL+cPRK group
exhibited a more significant reduction in CCT and KM
compared to the CXL group, three studies confirmed that
cPRK did not lead to greater postoperative ectasia progres-
sion.>!>?? Furthermore, the included studies consistently
showed a tendency for more severely affected eyes to un-
dergo CXL + cPRK, while relatively less affected eyes were
treated with CXL alone (Table 2). This table highlights a
baseline differences, illustrating the "gap" between these
two groups. By analyzing preoperative and postoperative
general outcomes, we observed that severely affected eyes
achieved substantial improvements, often reaching or even
surpassing the postoperative outcomes of less affected eyes
treated with CXL alone—particularly in UDVA, CDVA,
cylinder, and HOA. In other words, CXL + cPRK ap-
pears to bridge this baseline “gap” and may even provide
superior postoperative results. This approach could pro-
vide earlier and more substantial improvements in visual
acuity and quality of vision for the more functionally im-
paired eyes, provided that the minimum corneal thick-
ness necessary to support the ablation is present (typically
>450 pum preoperatively, ensuring a residual stromal bed of
>400 pm), thus optimizing visual rehabilitation for these
patients.

Additionally, we observed that variations in surgical
techniques across the included studies, such as the use
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of standard (Dresden) CXL versus accelerated CXL, or
wavefront-guided cPRK versus topo-guided cPRK, are
likely contributors to the high level of bias. However, high-
quality meta-analyses, including studies by Kobashi et al.
(2020), Shajari et al. (2019), and Wen et al. (2018), con-
sistently report no significant differences between SCXL
and ACXL in improving UDVA and CDVA.**** Specifi-
cally, Wen et al. found UDVA (SMD = —0.18, 95% CI:
—0.37, 0.02, P = .09) and CDVA (SMD = —0.02, 95%
CIL: —0.31, 0.27, P = .98) were similar between groups.”
Shajari et al. and Kobashi et al. reported comparable re-
sults, confirming that neither approach shows a clear ad-
vantage in visual function recovery.’”’! Although SCXL
demonstrated greater corneal flattening (Kmax reduction:
SMD = 0.32; 95% CI: 0.16-0.48), this did not translate
into superior visual acuity improvement.’” Similar trends
were observed in two other studies.’®’! Conversely, ACXL
better preserved CCT and ECD, which may benefit patients
with thinner corneas.’” While SCXL leads to a deeper de-
marcation line, this factor does not necessarily enhance
visual function.’® Thus, the choice between SCXL and
ACXL should be guided by individual patient characteris-
tics rather than presumed visual superiority. Therefore, in
our analysis, we do not consider differences in CXL tech-
niques to be a major influencing factor on visual outcomes.
Furthermore, different researchers selected varying cPRK
approaches—primarily topography-guided cPRK, while a
few opted for wavefront-guided cPRK. Most studies used
topography-guided cPRK, which focuses on reducing irreg-
ularities on the anterior corneal surface, particularly im-
proving coma-like aberrations.®'%?32%20.27 This is a crit-
ical factor influencing the fact that come-like had been sig-
nificantly improved in our study. On the other hand, some
studies opted for wavefront-guided cPRK (either corneal or
ocular wavefront). Ocular wavefront has shown to be able
to reduce the amount of tissue ablation,'? a crucial consid-
eration for patients with progressive keratoconus, especially
those with thinner corneas or at a higher risk of biome-
chanical instability. Given these differences, topography-
guided cPRK is generally preferred for patients with pro-
nounced anterior corneal irregularities, particularly those
with significant coma-like aberrations, as it aims to regu-
larize the anterior corneal surface. Conversely, wavefront-
guided cPRK is more suitable for cases where preserving
corneal tissue is a priority while still addressing higher-
order aberrations, making it a safer option for patients with
more advanced keratoconus. Since long-term data (greater
than five years) on the stability of cPRK combined with
CXL remain limited, the choice between these two tech-
niques should be tailored to the individual patient’s corneal
morphology and residual stromal thickness to ensure both
safety and optimal visual rehabilitation. In short, both tech-
niques have demonstrated significant improvements in vi-
sual outcomes, but the question of which approach is su-
perior remains open. Future research focusing on the long-
term stability of keratoconus progression and the extent

JUNE 2025

Descargado para Lucia Angulo (lu.maru26@gmail.com) en National Library of Health and Social Security de ClinicalKey.es por Elsevier en junio 19,
2025. Para uso personal exclusivamente. No se permiten otros usos sin autorizacion. Copyright ©2025. Elsevier Inc. Todos los derechos reservados.



of visual improvement will be essential in determining
the most effective cPRK approach when combined with
CXL.

This meta-analysis included only nonrandomized stud-
ies, all of which exhibited at least one ROBINS-I domain
at high risk of bias, particularly related to confounding. The
observed heterogeneity was notably high, which can be at-
tributed to several factors. First, there are inherent differ-
ences between CXL alone and CXL combined with ¢PRK
in terms of surgical techniques, contributing to structural
heterogeneity. Due to ethical considerations and specific
surgical indications, randomized controlled trials were not
feasible, resulting in a nonrandomized study design and lack
of blinding. Additionally, the allocation process varied sig-
nificantly among studies. For example, in the study by Gore
etal.,'” treatment choices were influenced by patient prefer-
ence, while in Alessio et al.,’* the combined procedure was
performed on the worse eye, potentially creating baseline
asymmetry.

Furthermore, patient selection criteria differed consid-
erably, such as requiring a minimum corneal pachymetry
of 450 microns or a residual stromal bed of at least
400 microns. These criteria may have introduced selec-
tion bias, favoring patients with less advanced kerato-
conus and thicker corneas. As a result, patient selection—
and more specifically, the selection of eyes for each
procedure—was driven by surgical indications and in-
dividual corneal conditions. This sequential relation-
ship between patient characteristics and surgical inter-
vention means that subgroup analyses are unlikely to
substantially reduce heterogeneity, as the heterogeneity
primarily arises from fundamental differences between
the treatment modalities rather than patient attributes
alone.

To address this issue, we attempted to minimize het-
erogeneity by including studies with similar experimen-
tal designs. Additionally, we employed a random-effects
model to account for variability between studies, allow-
ing for a more generalized interpretation of the results.’’
A leave-one-out sensitivity analysis revealed that remov-
ing the study by Gore et al. significantly lowered the 12 for
the sphere outcome, suggesting that this study was a ma-
jor contributor to heterogeneity.'” Unlike the other three
studies (Alesio et al., Dai et al., Iselin et al.), which used
TG-PRK aimed at reshaping anterior corneal irregularities
and correcting spherical refractive error, Gore et al. utilized
an ocular wavefront-guided transepithelial PRK approach.
Wavefront-guided PRK primarily targets higher-order aber-
rations rather than complete spherical correction, which
could mainly explain the difference in sphere outcome. Ad-
ditionally, Gore et al. employed a larger optical zone (7.18
mm) and a tissue-saving algorithm as well as the difference
in CXL protocol, which may have contributed to the dis-
tinct sphere changes observed in their study. In contrast,
TG-PRK tends to induce spherical power changes through
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central corneal flattening and peripheral steepening, lead-
ing to a different refractive outcome. These methodolog-
ical differences likely explain why Gore et al.’s study ex-
hibited a unique sphere outcome trend compared to the
other studies, contributing to increased heterogeneity in
our meta-analysis. For all other outcomes, I2 showed no no-
table changes upon leave-one-out analysis, affirming the ro-
bustness of our results. Overall, despite these limitations,
our meta-analysis still offers valuable insights into the po-
tential benefits of combining CXL with cPRK. The positive
trends observed suggest that the combined procedure may
provide superior visual outcomes compared to CXL alone.
The robustness of these results, even in the presence of high
heterogeneity, underscores the potential efficacy of this
combined approach for patients with appropriate corneal
thickness.

A recent study compared CXL alone with CXL com-
bined with either customized or noncustomized PRK,
demonstrating significant improvements in UDVA,
CDVA, SE, and Kmax when PRK was performed si-
multaneously.”> However, this study also underscored
a key challenge—the substantial heterogeneity among
included studies, likely driven by variations in surgical
techniques, PRK customization, and study designs. Given
the inherently irregular corneal morphology in kerato-
conus, customized PRK (topography- or wavefront-guided)
is theoretically more effective in optimizing therapeutic
outcomes by addressing patient-specific corneal situ-
ations. However, existing studies frequently combine
different PRK modalities, making it difficult to isolate
the true efficacy of a tailored approach. Moreover, the
impracticality of conducting large-scale RCTs in this field
necessitates reliance on systematic reviews and meta-
analyses, which are inherently subject to variability in
study methodologies and patient populations. To ad-
dress these limitations, our study focused exclusively on
CXL combined with cPRK, employing strictly defined
inclusion criteria to ensure a well-controlled compari-
son between CXL alone and cPRK+ CXL. By reducing
confounding variables and minimizing heterogeneity,
we aimed to provide a more precise assessment of how
customized PRK strategies influence visual and refractive
outcomes while preserving corneal integrity in keratoconus
patients.

In summary, this is the first systematic review and meta-
analysis to provide a comprehensive and quantitative as-
sessment of the efficacy of CXL combined with customized
PRK compared to CXL alone in treating corneal ectatic
diseases. Our study offers strong evidence supporting the
combined procedure’s effectiveness in improving visual
acuity and visual quality for patients with mild to mod-
erate corneal ectasia, while simultaneously arresting dis-
ease progression. The inclusion of two key studies pub-
lished in August and September 2024 further enhances
the reliability and accuracy of our findings by incorporat-
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ing the most recent data available.”>? However, despite
these strengths, the lack of long-term follow-up data (be-
yond five years) limits our ability to fully evaluate the sus-
tained effects of cPRK combined with CXL. While short-
to mid-term results indicate stability, the potential for late-
onset complications, such as corneal thinning, ectasia re-
currence, or progressive refractive changes, remains uncer-
tain. Additionally, the long-term impact on corneal biome-
chanics and visual quality, including the risk of delayed
haze formation or topographic irregularities, requires fur-
ther investigation. Future studies with extended follow-up
periods and standardized assessment protocols are essen-
tial to confirm the durability and safety of this combined
approach.
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