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[bookmark: _Toc357992674]CORNEAL MELTING AFTER CROSSLINKING: A SYSTEMATIC LITERATURE REVIEW


ABSTRACT
The crosslinking (CXL) has established itself as a fundamental treatment for stabilizing keratoconus; however, serious complications such as corneal melting represent significant challenges to its safety. Therefore, this systematic review aimed to elucidate the occurrence of post-CXL corneal melting and relate it to relevant technical and clinical parameters. To this end, this research followed the PRISMA guidelines and was conducted between January and March 2025, searching the PubMed, Scopus, Web of Science, SciELO, BVS, and Google Scholar databases. Fifteen studies were selected after rigorous screening based on predefined inclusion and exclusion criteria. The extracted data included CXL protocols, previous pachymetry values, time of melting occurrence, and clinical management. After analyzing this study, it was revealed that corneas with pachymetry below 400 µm presented a significantly increased risk of melting, particularly when subjected to accelerated (FAST) or adapted (sub-400) protocols; furthermore, the Dresden protocol demonstrated greater safety, while technical variants with hypoosmolar riboflavin showed a high potential for complications. Moreover, the time interval for the onset of melting showed a bimodal distribution: most cases occurred in the first few weeks post-procedure, but reports documented late occurrence, with cases appearing between 5 and 12 years after CXL. Therefore, it was identified that additional factors, such as systemic comorbidities (diabetes) and individual inflammatory response, modulated the risk and chronology of the complication. Therefore, it is concluded that post-CXL corneal melting, although rare, has an increased occurrence in thin corneas subjected to modified protocols, requiring prolonged clinical monitoring. Furthermore, careful candidate selection based on preoperative pachymetry and appropriate protocol is fundamental to minimizing this devastating complication, making the development of evidence-based clinical guidelines imperative to optimize the risk-benefit ratio of the procedure.
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1. INTRODUCTION
[bookmark: _Toc517819910]
The keratoconus is a progressive corneal ectasia that compromises the regularity and thickness of the cornea, resulting in deterioration of visual acuity. CXL has emerged as one of the main therapeutic approaches to stabilize the progression of keratoconus, especially by increasing the biomechanical rigidity of the cornea through the induction of additional covalent bonds between collagen fibrils (Labiris et al., 2011). However, despite its consolidated efficacy in the literature and the low overall rate of complications, serious, albeit rare, adverse events have been reported, such as corneal melting, which consists of progressive stromal degradation with a potential risk of perforation, standing out as a devastating complication that challenges clinical practice and the pathophysiological understanding of CXL (Tillmann et al., 2022).
The phenomenon of corneal melting after CXL appears to be associated with a complex interaction between biochemical, structural, and technical factors. Among the proposed mechanisms are the exacerbation of local inflammatory processes and oxidative stress exacerbated by exposure to ultraviolet-A (UVA) radiation during the procedure (Mohamed-Noriega et al., 2016). Furthermore, these alterations can trigger an imbalance between matrix metalloproteinases (MMPs) and their tissue inhibitors, culminating in enzymatic degradation of the stroma (Wu et al., 2021). In addition, pre-existing corneal thickness has been considered a determining factor for the risk of tissue necrosis, since very thin corneas may suffer greater photochemical and oxidative damage, especially in non-standardized CXL protocols (Kocak et al., 2015). Thus, new technological advances in recent years have contributed to a better understanding of this phenomenon, given that histopathological analyses and in vivo confocal microscopy studies have shown irregular degradation of the anterior stroma and marked apoptosis of keratocytes in the affected areas, suggesting that persistent oxidative damage can maintain a self-sustaining cycle of tissue necrosis (Kilian et al., 2024).
Based on these assumptions, this systematic review aims to analyze the available scientific evidence on corneal melting after crosslinking, characterizing it with relevant clinical and technical parameters, especially seeking to establish the relationship between pachymetry values ​​prior to the procedure and the risk of stromal necrosis, in addition to identifying the incidence of this complication in the different existing protocols, and also analyzing the average interval between the performance of CXL and the appearance of melting, in order to recognize the period of greatest postoperative vulnerability (Moramarco et al., 2024).
Therefore, the relevance of this investigation is based on the need to improve the criteria for indication and follow-up of crosslinking, since, despite its widespread use and recognized effectiveness, gaps still persist regarding safety in corneas of smaller thickness or those subjected to alternative protocols (Mohamed-Noriega et al., 2016). Furthermore, characterizing the predisposing factors for corneal melting may provide support for the development of safer clinical guidelines, contribute to the reduction of serious complications and, consequently, improve the visual prognosis of patients with keratoconus undergoing CXL. Thus, this research is fully justified, both by the scarcity of consolidated data on the subject and by the potential clinical and scientific impact of its results (Naranjo & Manche, 2024).

[bookmark: _Toc357992704][bookmark: _Toc181469140][bookmark: _Toc517819924]2. MATERIALS AND METHODS

This study conducted a systematic literature review focusing on the identification, analysis, and synthesis of available scientific evidence on the occurrence of corneal melting after CXL. Its general objective was to analyze the available scientific evidence on the occurrence of this complication, and its specific objectives were to analyze the relationship between pre-procedure pachymetry values and the incidence of melting; to characterize the occurrence of melting in different CXL protocols (Dresden, sub-400, fast, and hypoosmolar riboflavin); and to investigate the period of manifestation of post-CXL corneal melting in order to determine the period of greatest risk.

2.1. Type of Study and Methodological Basis

This investigation presented a qualitative and quantitative systematic review design, based on the principles of the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) method, in which the methodological model adopted allowed for the synthesis of published findings on corneal melting, reducing selection biases and ensuring scientific reproducibility. Furthermore, observational studies, experimental studies, and clinical reports were included, since these formats constituted the main sources of data on post-CXL complications.

2.2. Search Strategy

The bibliographic search was conducted between January and March 2025 in international research databases, including PubMed, Scopus, Web of Science, Bireme, ScienceDirect, SciELO, and Google Scholar, using combinations of controlled and uncontrolled descriptors: “ corneal "melting ", " collagen" The search terms were “ crosslinking ”, “ keratoconus ”, “ postoperative complications ”, and “ systematic review ”. The terms were combined using Boolean operators (“AND” and “OR”) to encompass the largest possible number of relevant studies. The temporal selection covered publications between 2009 and 2025, a period corresponding to the consolidation and evolution of CXL techniques from the original Dresden protocol to accelerated and hypoosmolar variants. Searches were also restricted to articles available in English, Portuguese, and Spanish, the predominant languages in ophthalmological scientific literature.

2.3. Inclusion and Exclusion Criteria

Studies that addressed clinical cases, case series, or systematic reviews describing corneal melting after corneal laser grafting (CXL) were included; studies that presented quantitative or descriptive data on characterization, time of occurrence, or protocol used; and that reported corneal pachymetry parameters before the procedure. Conversely, duplicate articles, narrative reviews, studies with undefined methodology, brief communications, or publications without full text access were excluded. These criteria were established based on the need for rigor in defining the clinical and technical variables related to melting to avoid diagnostic confusion with infections or sterile ulcers.

2.4. Selection and Extraction of Studies

The initial screening identified 94 publications related to the topic, and after reading the titles and abstracts, 37 studies met the preliminary eligibility criteria. Subsequently, after full reading and application of the exclusion criteria, 15 studies remained for final analysis. For this, the screening and selection process followed a systematic methodology based on double consensus and independent review by two reviewers, while disagreements were resolved by a third reviewer. The data extracted from each article included: authors, year, country of publication, sample studied, CXL protocol employed, previous pachymetry values, mean time to melting onset, recorded incidence, and clinical management. This standardization ensured the comparability of results and allowed for the construction of a comprehensive synthesis, as observed in recent systematic reviews on post-CXL complications.

2.5. Data Organization and Analysis

The collected data were organized into digital spreadsheets and analyzed descriptively and comparatively. To achieve this, the data were categorized according to the specific objectives of this research. Numerical values were presented as averages or ranges, allowing for an approximate assessment. To ensure methodological accuracy, an extraction model was used, highlighting the importance of standardized comparative analyses in ophthalmological reviews. 

2.6. Quality Assessment and Risk of Bias

The methodological quality of the included studies was assessed using the Joanna Briggs Institute (JBI) tool, adapted for systematic reviews of case reports and observational studies. Parameters considered included clarity of diagnostic criteria for melting, detailed description of the CXL protocol, presence of postoperative follow-up, and completeness of data. Studies that did not meet at least 70% of the quality criteria were excluded. Therefore, the risk of bias analysis considered aspects of selection, measurement, and reporting. This assessment is crucial for properly interpreting the findings, since many melting cases were reported in small series, limiting the generalizability of the results.

2.7. Methodological Limitations

During this research, it was recognized that the main limitation of this review lay in the methodological heterogeneity among the included studies, especially regarding the variability of CXL protocols and the diagnostic criteria for melting . Furthermore, the scarcity of randomized clinical trials reduced the possibility of robust quantitative meta-analysis; however, this limitation was mitigated by the adoption of rigorous inclusion criteria and the critical analysis of the evidence.

3. RESULTS

The systematic search identified 94 publications related to the occurrence of corneal melting after the crosslinking procedure, covering investigations on its etiology, risk factors, and clinical management. The publications were located in several databases, including PubMed (32), Scopus (18), Web of Science (16), SciELO (6), Virtual Health Library (8), Google Scholar (10), and CAPES Journals (4).
The predefined inclusion and exclusion criteria allowed the analysis to be restricted to studies published between 2009 and 2025 that presented complete clinical or descriptive data on cases of post-CXL corneal melting . This initial screening eliminated articles that exclusively addressed the efficacy of CXL without reporting complications, as well as narrative reviews, studies with undefined methodology, or publications without access to the full text. After rigorous application of the methodological criteria and quality assessment, 15 studies were selected for full-text analysis, distributed among the databases as follows: PubMed (5), Scopus (3), Web of Science (2), SciELO (1), BVS (2), Google Scholar (1), and CAPES Journals (1). These studies represented different geographical and methodological contexts, including research conducted in Europe, the Americas, Asia, and the Middle East, in addition to relevant contributions from Brazilian groups. As shown in Table 1 below:
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Table 1. Presentation of the scientific publications included in the systematic review, with authors, year, source, type of study, location, relationship to the objectives, methodological approach and main findings on corneal melting after crosslinking .

	Author
	Year
	Source
	Publication Type
	Study Location
	Relationship to the Research Objectives
	Methodological Approach
	Main Discoveries

	Bennani et al.
	2025
	Indian Journal of Ophthalmology
	Case report
	Morocco
	It was compared the Dresden and accelerated protocols.
	Clinical case report
	"They described corneal necrosis after an accelerated epithelium-off protocol in a young patient, and the event occurred a few days after CXL, with no detectable infection. Concluding that more intense energy may increase the risk of melting in young individuals."

	Moramarco et al.
	2024
	PubMed
	Case report + review
	Italy
	The definition of the post-CXL mean interval and associated factors were discussed.
	Case report and systematic review
	"They described a case of a pediatric patient who presented with severe corneal melting after accelerated epithelium-off CXL, with the interval between the procedure and the event being only a few days; furthermore, the review showed that accelerated protocols increased tissue vulnerability."

	Naranjo & Manche
	2024
	PMC
	Narrative review
	International
	It was related to all the objectives of this research (pachymetry, protocol and average time).
	Narrative literature review
	"They reviewed studies on CXL complications, including corneal melting, and identified a higher incidence in thin corneas and accelerated protocols, without quantitative values, in addition to highlighting the increased risk in pachymetry <400 µm and suggesting that the critical risk period is in the first few weeks."

	Kilian et al.
	2024
	Nature
	Retrospective case series
	Austria
	It was related to post- melting evolution and associated therapies.
	Retrospective study with 18 patients
	"The study evaluated 20 eyes treated with cross-linked corneal grafts after melting, with a mean follow-up of 29.2 ± 15.8 months, showing a reduction in melting recurrence . However, this study did not quantify primary incidence, but it did elucidate late outcomes and the risk of recurrence."

	Kodavoor et al.
	2024
	PMC
	Observational study
	India
	It was observed pachymetry and average post-CXL time.
	Retrospective study of 12 patients
	"They evaluated 12 cases of thinning and melting after CXL, with pachymetry ranging from 212–351 µm, and the time between CXL and melting was 5 to 12 years, concluding that very thin corneas maintained a late risk of stromal degradation."

	Tillmann et al.
	2022
	ScienceDirect
	Case report
	Germany
	It was related to the central axis of occurrence and temporal analysis post-CXL.
	Report of two clinical cases
	"They described two cases of acute corneal melting and perforation after standard CXL, with events occurring days after treatment, suggesting that the risk is higher in the early postoperative period; however, although population prevalence was not calculated, it reinforced the need for early surveillance."

	Wu et al.
	2021
	Frontiers in Pharmacology
	Theoretical review
	International
	The objective was to understand pathophysiological mechanisms.
	Biomolecular review
	"They presented a review on the role of metalloproteinases and oxidative stress in post-CXL corneal melting, in addition to demonstrating that accelerated protocols amplified stromal collagen degradation, as well as elucidating the biochemical basis of the association between protocol and risk. "

	Chiu et al.
	2017
	Canadian Journal of Ophthalmology
	Case report
	Canada
	The objective was to understand and determine the risk interval.
	Clinical case report
	"An adult patient experienced melting after an accelerated protocol, with an event occurring months after CXL, showing that the risk may persist beyond the initial period, but the study did not present numerical prevalence data."

	Mohamed-Noriega et al.
	2016
	Semantic Scholar
	Case report
	Mexico
	It was related to the axis on pachymetry and risk time.
	Case report
	“They reported a diabetic patient with keratoconus and a thin cornea (212–351 µm) who presented with melting weeks after CXL, and also highlighted that systemic diseases and corneas sub-400 increased vulnerability, with an event occurring within the first month, reinforcing the initial risk.”

	Kocak et al.
	2015
	ScienceDirect
	Case report
	Türkiye
	The objective was to observe pachymetry and safety.
	Case report
	"They reported melting in very thin corneas after CXL; furthermore, the study associated the complication with low pachymetry and reinforced the importance of personalized protocols. However, it did not present an overall incidence, but confirmed a correlation between thickness and risk."

	Said et al.
	2014
	American Journal of Ophthalmology
	Case report
	USA
	It was investigated whether the melting was infectious or sterile .
	Case report
	"They reported sterile melting after CXL epithelium-off, a case that highlighted the importance of differentiating between infection and stromal necrolysis, as both present similar clinical pictures; furthermore, the study suggested rigorous microbiological surveillance."

	Labiris et al.
	2011
	PubMed
	Case report
	Greece
	It was assessed pachymetry prior to CXL.
	Clinical case report
	"They reported a case of melting in a patient with keratoconus and a very thin cornea, but did not provide prevalence or average time, but directly associated low pachymetry with the risk of post-CXL complications."

	Almodin et al.
	2010
	Semantic Scholar
	Case report
	Brazil
	It was related to the relationship between pachymetry and melting risk .
	Case report
	"They described melting in a patient undergoing a riboflavin/UVA protocol, through research that highlighted that thinner corneas showed a greater propensity for stromal necrosis, however there was no quantitative data, but the finding reinforced the minimum limit of 400 µm as a safety parameter."

	Gadelha et al.
	2010
	UFPE
	Postgraduate thesis
	Brazil
	It was observed and analyzed the Dresden and Fast protocols.
	Theoretical literature review
	"They analyzed the main CXL protocols and cited melting as a rare complication, highlighting the importance of UV energy control and minimum corneal thickness, reinforcing the Dresden protocol as the safety standard and the Fast protocol as a potential risk factor."

	Angunawela et al.
	2009
	ResearchGate
	Case report
	United Kingdom
	It has melting related .
	Case report
	"They described sterile peripheral infiltrates evolving to melting after CXL in keratoconus; therefore, the study suggested a peripheral inflammatory reaction as a predisposing factor. However, there were no quantitative prevalence data, but it did show a stromal inflammatory mechanism."


Source: Author (2025).

This table summarized research on Corneal melting after crosslinking, highlighting the main findings in this field. For this purpose, findings such as those of Tillmann et al. (2022), who reported two cases of acute corneal melting with perforation after standard CXL, where the complication manifested a few days after the procedure, reinforcing the need for rigorous monitoring in the immediate postoperative period; in this vein, Bennani et al. (2025) described a case of corneal necrosis after accelerated CXL, also with early onset, suggesting that protocols with higher ultraviolet energy intensity may increase the risk of melting, especially in younger patients. Furthermore, Moramarco et al. (2024), in their case report and systematic review, showed that melting occurred predominantly in the first few days after accelerated corneal laser grafting (CXL), corroborating the existence of a period of greater tissue vulnerability in the first few weeks. Similarly, Naranjo and Manche (2024), in a narrative review, highlighted that corneas with pachymetry below 400 µm are at increased risk, although they did not quantify the specific prevalence. Furthermore, studies such as those by Kodavoor et al. (2024) and Mohamed-Noriega et al. (2016) clearly associated low pre-existing corneal thickness (ranging from 212 to 351 µm) with the development of melting, occurring within the first month post-procedure, while Almodin et al. (2010) and Labiris et al. (2011) also reported cases in thin corneas, reinforcing the 400 µm threshold as a relevant safety parameter. Regarding the different protocols, Gadelha et al. (2010) pointed to the Dresden CXL as the gold standard for safety, while accelerated variants and those with hypoosmolar riboflavin were identified as potential risk factors by Wu et al. (2021), who elucidated the biochemical mechanisms of exacerbated stromal degradation in these contexts. Furthermore, Kilian et al. (2024), although not focusing on the primary incidence of melting, observed late outcomes in patients undergoing corneal grafts after this complication, indicating the severity and potential chronicity of the condition. Chiu et al. (2017), after reporting a case of melting months after CXL, suggested that the risk may persist beyond the initial period. In parallel, Kocak et al. (2015) and Said et al. (2014) emphasized the importance of differential diagnosis between sterile and infectious melting, highlighting the multifactorial nature of the complication. Angunawela et al. (2009) described sterile peripheral infiltrates as possible precursors to melting, broadening the pathophysiological understanding. Thus, the reviewed studies agree that post -CXL corneal melting is a rare but serious event, with a prevalence that is difficult to quantify precisely due to the sporadic nature of the reports; however, the association with reduced pachymetry and accelerated protocols is consistent, and the period of greatest risk is concentrated in the first weeks after the procedure.
4. DISCUSSION

This research compared results on corneal melting after crosslinking, analyzing available scientific evidence on its occurrence, as well as the relationship between different CXL protocols, pachymetry, CXL, time intervals of manifestation, and corneal melting . Therefore, in this discussion, organized into three main categories, relevant studies on the analysis of the relationship between pachymetry values prior to CXL and the development of corneal melting were compared; as well as characterizing the occurrence of corneal melting in the Dresden, sub-400, Fast, and hypoosmolar riboflavin protocols applied to CXL, and also discussing the period of manifestation of corneal melting post-CXL through qualitative analysis of the time intervals reported in the literature, according to the studies shown in Table 1 .

4.1. The relationship between pachymetry values prior to CXL and the development of corneal melting 

After analyzing the research in this review, it was possible to establish a relationship between preoperative corneal pachymetry and the risk of developing corneal melting after the CXL procedure, given that Naranjo and Manche (2024) reinforced that corneas with a thickness less than 400 µm present greater vulnerability, a finding that aligns with the original Dresden protocol, established as a safety reference. In parallel, research such as that of Kodavoor et al. (2024) and Mohamed-Noriega et al. (2016) documented cases of melting in patients with pachymetry ranging between 212 and 351 µm, confirming that previous corneal thinning constitutes a prominent risk factor; while Almodin et al. (2010) and Labiris et al. (2011) also reported similar occurrences, highlighting the importance of respecting a minimum thickness threshold. Furthermore, Bennani et al. (2025) observed that even accelerated protocols, when applied to borderline corneas, can precipitate stromal necrosis events, suggesting that the intensity of ultraviolet energy employed is not an isolated factor, but acts in synergy with low thickness, a view also corroborated by Moramarco et al. (2024), who identified early melting in thin corneas subjected to accelerated CXL; in addition to Wu et al. (2021) who elucidated the underlying pathophysiological mechanisms, demonstrating that oxidative stress and enzymatic imbalance are exacerbated in thinner corneas, facilitating collagen degradation, a biochemical understanding that provides the rational basis for the clinical observations reiterated in the literature. However, it is also pertinent to point out that pachymetry is not the only determinant, since Tillmann et al. (2022) reported cases of melting in scenarios that did not necessarily involve extremely low thicknesses, indicating the influence of additional variables, such as surgical technique and individual inflammatory response. Similarly, Kocak et al. (2015) emphasized that, although pachymetry is a critical parameter, the evaluation should be complemented by other aspects, such as corneal topography and epithelial status, that is, an essential view for a more precise risk stratification; in contrast, Said et al. (2014) warned of the need to differentiate sterile melting from that associated with infections, a distinction that can influence both the perception of risk factors and therapeutic conduct, given that this diagnostic complexity highlighted that the pachymetry- melting correlation is neither direct nor exclusive; therefore, Angunawela et al. (2009) described the occurrence of sterile peripheral infiltrates as a possible precursor stage to melting, suggesting that the local inflammatory response, regardless of thickness, can initiate the stromal lysis process. Therefore, pachymetry prior to CXL remains a cornerstone in assessing the risk of corneal melting, as converging evidence indicates that values below 400 µm, especially when associated with modified protocols, significantly increase the likelihood of this devastating complication . Thus, the integrated interpretation of corneal thickness with the chosen protocol and the patient's comorbidities allows for better selection of CXL candidates, aiming to minimize the incidence of melting and maximize the safety of the procedure.

4.2 	Characterization of corneal melting in response to different CXL protocols: Dresden, Sub-400, Fast, and Hyposmolar Riboflavin

Through comparative analysis of different CXL protocols, relevant disparities were revealed in the safety profile and incidence of corneal melting, considering that, according to Gadelha et al. (2010), the Dresden protocol, considered the gold standard, demonstrated a robust safety profile when judiciously applied to corneas with adequate pachymetry, a finding that established a fundamental benchmark for the safety of the procedure; in parallel, accelerated (FAST) protocols emerged as an alternative to reduce surgical time, however, Bennani et al. (2025) and Moramarco et al. (2024) reported that cases of early melting were associated with this technical variant, and also postulated that the higher intensity of ultraviolet radiation per unit of time may potentiate oxidative stress and compromise cell viability, predisposing to stromal necrosis; Furthermore, technical modifications targeting thin corneas, particularly the sub-400 protocol, have been particularly relevant, as Kodavoor et al. (2024) documented cases of late melting in patients undergoing this approach, with occurrence intervals ranging from 5 to 12 years post-procedure, suggesting that the risk persists in the long term even in adapted protocols; however, Naranjo and Manche (2024) emphasized in their study that, although modified protocols broaden the indications for CXL, the risk-benefit ratio should be carefully evaluated, particularly in corneas with borderline thickness, a perspective corroborated by Wu et al. (2021), who elucidated the biochemical mechanisms by which the energy distribution in accelerated protocols may be less homogeneous, potentiating cytotoxicity; On the other hand, the use of hypoosmolar riboflavin represented another promising technical adaptation, given that Mohamed-Noriega et al. (2016) reported its use in thin corneas of diabetic patients, with melting developing in the first postoperative month, highlighting the interaction between modified protocols and systemic comorbidities as a potentiating risk factor; similarly, Tillmann et al. (2022) documented cases of acute melting with perforation even with the conventional protocol, indicating that surgical technical factors, such as the uniformity of riboflavin application and the calibration of the UVA equipment, can significantly influence outcomes, regardless of the protocol chosen; however, Kilian et al. (2024) approached the topic from a different perspective, focusing on the surgical management of melting established through reticulated corneal grafts, although their results do not quantify the primary incidence, they reinforced the severity of this complication and the need for specialized surgical strategies for its resolution, in addition, Chiu et al. (2017) reported an atypical case of melting months after accelerated CXL, challenging the conventional notion that the risk is restricted to the immediate postoperative period, a finding that expands the time window of clinical surveillance necessary for patients undergoing modified protocols. Therefore, the occurrence of corneal melting varies substantially among the different CXL protocols, with an apparent gradient of increasing risk ranging from the standard Dresden protocol to the accelerated variants adapted for thin corneas. Thus, optimization of the technique and careful patient selection remain fundamental pillars for minimizing this devastating complication. Therefore, the development of evidence-based guidelines for the specific application of each protocol, considering the individual characteristics of patients and the available technical resources, represents an imperative for the safe advancement of this important therapeutic modality.



4.3. Analysis of time intervals and the period of manifestation of post-CXL corneal melting

The temporal characterization of the interval between the CXL procedure and the onset of corneal melting reveals a clinical pattern relevant to the establishment of postoperative surveillance protocols. According to the synthesis of the analyzed studies, especially those by Moramarco et al. (2024) and Bennani et al. (2025), which consistently identified that most melting cases occurred within the first days or weeks after CXL, marking a period of acute tissue vulnerability, this suggests that the pathophysiological processes triggering stromal necrosis are immediate or subacute. In parallel, Tillmann et al. (2022) corroborated this timeline by documenting cases of acute melting with perforation occurring a few days after the procedure, reinforcing the hypothesis of an accelerated phototoxic or inflammatory response, since the speed of onset points to a primary failure in corneal homeostasis, possibly related to intense oxidative stress during the irradiation phase. Furthermore, Mohamed-Noriega et al. (2016) reported the appearance of melting within the first month post-CXL in a diabetic patient with a thin cornea, introducing the variable of systemic comorbidities as a potential modulator of the event's chronology, which greatly expands the understanding beyond purely technical factors, incorporating the individual biological terrain into the calculation of temporal risk. However, the existence of cases of late manifestation challenges the notion of an exclusively early risk, since Kodavoor et al. (2024) documented a surprisingly long time window, with cases of melting occurring between 5 and 12 years after CXL, indicating that latent biomechanical or metabolic changes can precipitate stromal degradation even in the long term; in the same vein, Chiu et al. (2017) reported a case of melting that manifested months after the procedure, situated in an intermediate zone that challenges a rigid temporal delimitation, highlighting once again the heterogeneous and potentially unpredictable nature of this complication; In contrast, Naranjo and Manche (2024) consolidated the perception that, notwithstanding atypical cases, the period of greatest risk is concentrated in the first weeks, a consensus that should guide the intensity of clinical follow-up in the immediate postoperative period. Furthermore, the analysis by Wu et al. (2021) provided the pathophysiological basis for this chronology, explaining that the peak activity of metalloproteinases and post-UVA redox imbalance are typically acute phenomena, which would justify the higher incidence of melting in the initial period. However, the persistence of a long-term baseline risk, as suggested by Kodavoor et al. (2024), is also noteworthy, implies the need for indefinite ophthalmological follow-up for patients undergoing CXL, especially those with known risk factors, such as reduced pachymetry or undergoing alternative protocols. Therefore, the average time for the appearance of melting after CXL is variable, with a peak incidence in the first weeks, but with a spectrum extending from days to years, i.e., a bimodal or continuous temporal distribution reflects the multifactorial etiology of this complication. Thus, identifying the interval of greatest risk should consider not only chronology, but also the interaction between the protocol used, individual corneal characteristics, and possible late triggering factors, demanding adaptive and prolonged clinical surveillance to ensure early detection and appropriate management of this serious complication.

5. CONCLUSION

This systematic review consolidated fundamental evidence on corneal melting after crosslinking, thus reaching the core of this research. It concluded that post-CXL corneal melting is a multifactorial complication, the prevention of which depends fundamentally on the careful selection of candidates, with emphasis on the evaluation of preoperative pachymetry, the appropriate choice of protocol, and the maintenance of prolonged clinical surveillance. A window of greater risk is located in the first few weeks, but long-term follow-up is mandatory, especially for patients undergoing alternative protocols or with associated risk factors. Therefore, the reported findings reinforce the need for continuous technical refinement of CXL protocols and the development of evidence-based clinical guidelines that optimize the risk-benefit ratio of this fundamental therapeutic modality for keratoconus.
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