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Abstract: This perspective presents a new conceptual framework for the comprehensive care of patients with keratoconus. 
Keratoconus is an ectatic degeneration of the cornea associated with progressive vision loss and diminished quality of life. Until 
recently, treatment consisted of optical correction in early stages and corneal transplantation in later stages, neither of which impacted 
the progressive nature of the disease. The development of corneal cross-linking—a minimally-invasive procedure that stabilizes the 
disease process and prevents progressive ectasia and vision loss—has significantly altered the therapeutic approach to keratoconus. 
Until recently, the procedure required removal of the corneal epithelium, but a newly FDA-approved epithelium-on oxygen-enriched 
option may simplify the process with a favorable benefit-to-risk balance. The FDA indication for this new epithelium-on treatment 
option also does not require disease progression, further facilitating earlier intervention. Interventional keratoconus management is a 
novel paradigm characterized by early diagnosis enhanced by new and emerging technology, and early proactive intervention to 
prevent vision loss and quality of life. Some technologies like epithelium-on oxygen-enriched cross-linking are FDA-approved, while 
others such as pharmaceutical treatments and customized cross-linking are in development. A decentralized coordinated effort from all 
eyecare providers, including optometrists, comprehensive ophthalmologists, and corneal surgeons may be necessary for identification 
of early cases and timely referral for early interventional cross-linking treatment. This approach facilitates preservation of vision and 
quality of life for patients with keratoconus; it also may reduce the economic burden of keratoconus for health systems and society by 
reducing the long-term costs of care as well as lost productivity and disability. Development and implementation of a viable 
community-based, patient-centered, interventional keratoconus care pathway will likely require expanded awareness and education 
regarding keratoconus and its treatment, as well as creating recommendations and guidelines for healthcare systems and providers to 
streamline screening, referral, and treatment processes. Given that evidence is emerging and clinical practices are evolving for this 
novel technology, the paper represents a modern perspective based on a synthesis of available evidence, rather than a traditional 
consensus guideline. 
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Keratoconus causes debilitating vision loss and decreased quality of life in the United States and around the world. The 
disease is characterized by ectasia with progressive thinning and steepening of the cornea into the namesake conical 
shape with resulting vision loss due initially to irregular astigmatism and/or scarring, and later to corneal hydrops, with 
more severe scarring in more advanced cases.1 The condition is typically bilateral and asymmetric and results in 
irreversible vision loss and decreased quality of life.2 Historically, the management of keratoconus has consisted of 
optical correction of astigmatism in early stages and corneal transplantation in later stages. While optical correction in 
early stages can significantly improve visual acuity, it does not address the ongoing morphological changes associated 
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with progression of the disease. More recently, the development of corneal cross-linking has shifted the treatment 
paradigm: cross-linking is a minimally invasive procedure that can stabilize corneal shape, prevent further ectasia and 
vision loss, and in some cases, regain lost vision.3,4 From 2016 to 2025, the only FDA-approved procedure involved 
removing the central 7–9mm of corneal epithelium to enhance riboflavin absorption (epithelium-off corneal cross- 
linking; Photrexa®, Glaukos Corporation, Aliso Viejo, CA). However, on October 20, 2025, the FDA approved 
epithelium-on cross-linking (Epioxa®, Glaukos Corporation). Epithelium-on oxygen-enriched corneal cross-linking is 
an incision-free drug therapy, catalyzed by oxygen and light, which leaves the epithelium intact and is able to halt 
keratoconus progression with one treatment. The preservation of the corneal epithelium improves the safety profile 
versus epithelium-off cross-linking, potentially producing a better benefit-to-risk ratio that may enable earlier interven
tion. In addition, unlike epithelium-off cross-linking, the FDA indication for epithelium-on cross-linking does not require 
a patient to have disease progression prior to treatment,5 further facilitating earlier intervention. As a newer technique, 
there are relatively fewer studies supporting epithelium-on treatment, although data are rapidly emerging. For example, 
recently the pivotal trial evaluating epithelium-on crosslinking reported meeting its primary efficacy endpoint (significant 
improvement in maximal keratometry versus sham/placebo) with no serious ocular safety issues.6 This study evaluated 
outcomes at 12 months post-treatment, while longer-term data will be valuable to inform any discussions regarding 
longer-term outcomes of epithelium-on versus -off crosslinking. There is certainly a solid evidence base supporting the 
need for early detection and treatment of keratoconus to prevent avoidable vision loss and preserve quality of life. In the 
present paper, we propose a strategy for implementing early diagnosis and treatment within the existing comprehensive 
eye care environment. This is a narrative literature review providing a novel perspective on recent developments in 
keratoconus diagnosis and management, with a focus on cross-linking technologies and evolving care models. 
Supporting data are drawn from the existing keratoconus literature with emphasis on new developments in diagnosis, 
treatment, and the broad public health impact of keratoconus. No specific hypotheses are proposed or tested via statistical 
analysis of data, and the conclusions are derived from interpretation of existing studies and expert opinion.

Early Detection Technologies and Their Integration with Epithelium-on 
Oxygen-Enriched Cross-Linking
The development and FDA approval of epithelium-on cross-linking, which has been shown in systemic reviews and 
meta-analyses to provide generally comparable efficacy outcomes with greater patient comfort and faster recovery 
time,7–13 provides the opportunity for proactive therapy to prevent progression rather than reactive therapy after loss 
of structural integrity and visual function. The timing of therapy— particularly the role of prophylactic therapy—remains 
a topic of discussion, as well as the role of individualized risk assessment in guiding care. However, the evidence 
suggests that waiting for progression before intervening may result in irreversible structural damage and potential vision 
loss. Even the brief delay while waiting for scheduled cross-linking (3–5 months) can lead to disease progression in 
substantial proportions (25–40%) of eyes.14,15 Given the favorable safety profile of minimally-invasive epithelium-on 
crosslinking,6 a careful analysis of risks and benefits as well as cost-effectiveness supports proactive therapy to prevent 
damage and vision loss as well as the lifetime costs of transplant- and other treatment-related costs and patients’ 
diminished educational and/or work capacity due to compromised vision.16–18 This is directly analogous to intraocular 
pressure reduction in ocular hypertension to prevent the development of glaucoma, a strategy to prevent irreversible 
ocular damage and vision loss that has been validated and is standard of care based on a favorable benefit/risk balance19 

and cost-effectiveness at as low as a 2–5% annual risk of conversion to open-angle glaucoma.20

The ability to proactively stabilize the disease process and prevent avoidable vision loss from keratoconus with 
corneal cross-linking mandates a concerted effort to screen for and treat affected individuals. Screening has been 
challenging for a variety of reasons, but novel techniques and technologies offer an opportunity to identify those patients 
who would benefit the most from early treatment. Once keratoconus is diagnosed, the availability of a less invasive 
epithelium-on treatment option may reduce the barriers to intervention during these early stages.

Many early cases of keratoconus are misdiagnosed as simple refractive error. The effectiveness of population-based 
screening is limited by the lack of simple, accurate, and cost-effective screening tests. Corneal topography and 
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tomography can successfully identify early cases, but these technologies are not inexpensive or easily portable and 
therefore they are not well suited for widespread screening efforts.21 Early diagnosis requires a high degree of familiarity 
with the risk factors and telltale signs consistent with keratoconus, and a commitment to screen for these factors 
consistently in general eye exams. Risk factors include atopy/allergy, eye rubbing, Down syndrome, and a family history 
of keratoconus.22–24 Clinicians should also check for keratoconus in any patient who is unable to be refracted to 20/20 
visual acuity with spectacles or soft contact lenses, and in any patient being evaluated for refractive surgery. Targeted, 
opportunistic screening25 may enable optimal case detection.

Rotating Scheimpflug photography and anterior segment optical coherence tomography can effectively identify early 
cases of keratoconus. In combination—and when data analysis is enhanced using artificial intelligence—detection of 
early cases is improved.26–29 Biomarker discovery using genomics, transcriptomics, proteomics, epigenomics, and 
metabolomics may further enhance diagnostic accuracy and facilitate more individualized treatment planning.30 

Combining all of these diagnostic modalities to develop predictive models is expected to further enhance screening 
for early, asymptomatic keratoconus at its most effectively treatable stage before any loss of best-corrected visual acuity 
(BCVA).31,32

In summary, the development and implementation of effective screening programs has the potential to identify 
patients most likely to benefit from early treatment with corneal cross-linking. Consequently, availability and access to 
treatment will become essential, acknowledging that practical challenges such as insurance coverage, access to equip
ment, and training requirements may constitute real barriers to adoption in some cases in the real world. Indeed, it will be 
worthwhile – and needed - to develop seamless clinical pathways integrating the efforts of all stakeholders—including 
optometrists, comprehensive ophthalmologists, and cornea specialists—to provide care from detection though treatment.

Combination Therapy Approaches
Corneal cross-linking has driven a paradigm change in the treatment of keratoconus. However, maximizing disease 
stabilization and visual acuity often requires a multimodal treatment approach – one that encompasses both structural 
stabilization (with cross-linking) and functional optimization (with refractive correction). Cross-linking results in 
structural reorganization of collagen within the corneal stroma, stabilizing the biomechanical properties of the cornea 
and preventing further ectasia, steepening, and loss of vision. When administered early in the natural history of the 
disease before significant cone formation or vision changes, cross-linking alone may be sufficient for long-term disease 
control and preservation of optimal BCVA. Initial cross-linking protocols required epithelial removal (epithelium-off). 
Long-term studies using the epithelium-off Dresden technique have demonstrated long-term stability and reduced need 
for corneal transplantation in progressing eyes.33,34 More recent protocols allow for retention of the epithelium 
(epithelium-on), increasing postoperative comfort and allowing faster visual recovery and return to contact lenses 
while minimizing the risks of infection and postoperative haze.12 Modifications can be made to the riboflavin solution 
to enhance epithelial penetration,35 while strategies to promote stromal absorption can include hypotonic solutions and 
the inclusion of various additives to increase viscosity and corneal surface resident time.35 Likewise, UVA exposure can 
be modified—from the initial 30-minute exposure to more accelerated protocols—to maximize cross-linking.35 

Additionally, oxygen supplementation has been shown to increase epithelium-on cross-linking efficacy.36–38 

Customized cross-linking—which individualizes the procedure by focusing on specific regions of corneal weakness to 
deliver more targeted therapy—may offer even better biomechanical and visual outcomes. This approach is currently 
undergoing FDA clinical trials and remains in-development.39–41

In eyes that have already developed significant myopia and/or astigmatism that affects BCVA or can no longer be 
corrected by eyeglasses or contact lenses, additional refractive correction may be warranted in combination with cross- 
linking. For example, scleral or corneal gas permeable contact lenses can improve acuity in mild-to-moderate cases;42 in 
eyes with high myopia and/or irregular astigmatism, simultaneous or sequential laser refractive procedures with cross- 
linking can effectively improve visual function.43 Importantly, however, these optical corrections treat visual dysfunction, 
and concomitant or sequential cross-linking is still needed to halt the disease process.

Noninvasive pharmaceutical approaches to the maintenance and enhancement of corneal health are in clinical 
development and remain experimental at present. Topical copper sulfate (IVMED-80) is a required cofactor for lysyl 
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oxidase, an important enzyme in the formation of cross-linking between extracellular collagen and elastin molecules in 
the cornea.44 In animal studies, topical administration of IVMED-80 twice daily for 7 weeks resulted in increased corneal 
cross-linking and central keratometric flattening.45 In ex vivo human cornea studies, IVMED-80 resulted in increased 
lysyl oxidase activity and enhanced corneal stiffness.46 More recently, a human Phase 1/2A trial demonstrated the safety 
and tolerability of IVMED-80 as well as early efficacy signals including a statistically significant reduction in central 
keratometry.47

Extracellular vesicles are another promising area of research in the pharmacological management of keratoconus. 
These are small, membrane-bound packets containing proteins, lipids, and nucleic acids that play a role in intercellular 
communication as well as the healing response (including inflammation, tissue repair, and homeostasis).48 Exosomes are 
a type of extracellular vesicle with therapeutic potential as they share some of the regenerative properties of stem-cell 
therapy.49 Studies comparing exosomes of patients with and without keratoconus showed differences in the expression of 
tetraspanins, which serve as scaffolding proteins on cell membranes.50 In in vivo and animal models, exosomes from 
corneal cells have been shown to enhance corneal epithelial repair and wound healing.51,52 Their role in keratoconus 
requires further research.

To summarize, the treatment paradigm for keratoconus continues to evolve. The development of corneal cross-linking 
provided disease-modifying therapy that arrests, and in some cases reverses, the structural changes leading to cone 
formation and vision loss. The procedure is evolving from epithelium-off to epithelium-on techniques, with modifications 
to the riboflavin formulation to enhance absorption and to the UV exposure protocol and oxygen supplementation to 
maximize cross-linking, and through customization to target the corneal regions of greatest weakness. Optical correction 
post-cross-linking may include spectacles, contact lenses, or corneal refractive surgery, and novel pharmacological agents 
in development may play adjunctive roles in fine-tuning cross-linking noninvasively.

Decentralized Care Models Enabled by Epithelium-on Technology
The advent of corneal cross-linking affords the opportunity for office-based comprehensive interventional keratoconus 
management. The cross-linking procedure can conveniently be performed in the clinic setting. Post-treatment optical 
correction—whether via spectacles, contact lenses, or refractive procedures—also may be easily addressed in the 
outpatient clinic setting. This is in contrast to the need for hospital- or surgical center-based care for corneal 
transplantation.

Judicious use of telemedicine may help facilitate attentive longitudinal monitoring of keratoconus by a cornea 
specialist. Given that cross-linking patients often present when they are of school or working age, there is benefit in 
minimizing time away from school or work to monitor the condition. While not optimal for many applications, telehealth 
has been shown to be as effective as in-person care for a wide variety of health outcomes and clinical areas.53 Imaging 
devices can be slit lamp-based or, more integral to telemedicine, smartphone-based.54 Some evidence supports that 
keratoconus can be monitored remotely. In one study, agreement regarding keratoconus stability and the need for cross- 
linking between telemedicine and in-office assessments was 94%.55

The implementation of a telemedicine approach to keratoconus monitoring will necessitate a collaborative integration 
of cornea specialists with community ophthalmologists and optometrists. Assessments necessary for telehealth monitor
ing of keratoconus include visual acuity, refraction, and topography. These can easily be collected by providers close to a 
patient’s home and then transmitted to the managing cornea specialist for evaluation and decision-making. Effective and 
secure means of transmitting protected health information must be established within these networks; lines of commu
nication between providers and patients must be established; and billing and reimbursement policies and procedures must 
be implemented to ensure fiscal accountability.

The development of decentralized keratoconus telehealth networks may also extend the benefits of remote monitoring 
to low-resource regions where keratoconus is also common. The global prevalence of keratoconus appears to be highest 
in the Middle East, Asia, and Africa.1,56 Barriers to eye care in low-resource regions such as in sub-Saharan Africa (SSA) 
have been well described.57,58 The challenges of eye care access and delivery in SSA are multifactorial, and telehealth 
implementation has been proposed as a component of the solution to this complex problem.59 Most (76%) primary care 
providers in SSA have no co-management relationship with an ophthalmologist and more than half do not have a cornea 
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specialist in the area.60 Lessons learned through keratoconus telehealth initiatives in developed regions may be 
transferrable to low-resource regions and improve outcomes globally.

In brief, the process of keratoconus diagnosis, monitoring, and management lends itself to models of decentralized 
care involving collaborative efforts of centralized cornea specialists in partnership with community ophthalmologists and 
optometrists. Developing effective lines of communication coupled with electronic transmission of health data may 
facilitate a telehealth approach to keratoconus. Such functional models may also be transferable to high-prevalence, low- 
resource global regions to further reduce keratoconus-related vision loss.

Health Economics of Early Intervention
Keratoconus imposes significant costs to affected patients, to the healthcare system, and to society as a whole. The 
lifetime economic burden of keratoconus to patients in the United States has been estimated at ~$24,000-$29,000 per 
patient,61,62 and at $3.8 billion cumulatively to the US.61 These figures, however, were generated from models that 
predated corneal cross-linking and instead incorporate costs associated with corneal transplantation. Models that 
incorporate costs of cross-linking have not been reported and are needed, as cross-linking is rising and transplantation 
is consequently falling around the world.63–68 Corneal cross-linking has been demonstrated to be cost-effective in the 
long-term management of keratoconus in the US,69,70 Canada,70 United Kingdom,71 Netherlands,72 and Brazil.73

The direct treatment costs of cross-linking are substantially less than those of conventional management including 
transplantation,69 but these figures do not incorporate indirect costs such as subsequent vision correction or lost 
productivity, the latter of which is an important economic consideration for patients with keratoconus.74 The lifetime 
direct medical costs of cross-linking in the US are less than those associated with conventional management transplanta
tion ($30,994 versus $39,671) but when indirect costs such as lost productivity are considered, the net lifetime cost 
savings of cross-linking over transplantation is $43,759 per patient.69 In the US, when considering all the post-treatment 
costs, cross-linking becomes cost-effective after two years and cost-saving after four years.

Due to lost productivity, disability associated with keratoconus is an important source of societal costs. In the 
Collaborative Longitudinal Evaluation of Keratoconus (CLEK) study, 2.1% of participants reported keratoconus-related 
disability,16 while in another study, the disease-specific disability rate was nearly 8%.75 In addition, 1.4–4.9% of patients 
reported changing jobs due to the disease and 11.5% reported missing work because of it.16,75 Further, 12.5% reported 
difficulties performing the activities of daily living and were considered dependent.75 In contrast, corneal cross-linking 
has been shown to improve the ability to perform daily activities.76

We have sought to describe a value-based care approach to keratoconus. Value-based care is an integrative approach 
to healthcare focusing on patient-centered care, coordination of care and communication, preventive care, and quality and 
efficiency to improve patient outcomes and satisfaction, provider performance and satisfaction, and the overall ther
apeutic experience while also seeking cost-effectiveness.77 We have made the case that early treatment of keratoconus 
with corneal cross-linking preserves visual function. However, the ultimate goal of keratoconus management is to 
preserve quality of life. Keratoconus decreases quality of life2 and has adverse effects on mental health and emotional 
well-being.78 As a counterbalance, cross-linking can improve or stabilize quality of life.76,79–81 Given that vision-related 
quality of life is less affected in early-stage keratoconus but declines with disease progression, some authors have 
advocated that “current strategies to perform [cross-linking] only after a progression is diagnosed should be re- 
evaluated.”82 This view aligns with the FDA indication for epithelium-on corneal cross-linking, which does not require 
documentation of disease progression prior to treatment. In other words, value-based care prioritizes proactive manage
ment of early keratoconus to preserve visual function and quality of life over reactive management in response to such 
losses. This embryonic interventional keratoconus mindset closely mirrors earlier interventional therapy change occur
ring in glaucoma to arrest disease progression and improve patient quality of life.83–88

In summary, keratoconus carries significant individual and societal costs, both economic and in terms of well-being, 
employment, independence, and quality of life. Corneal cross-linking decreases societal costs—both direct and indirect— 
associated with keratoconus and its treatment and also has a beneficial impact on quality of life. A value-based approach 
to interventional keratoconus care (Figure 1) warrants early diagnosis and intervention to preserve visual function and 
quality of life.
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Conclusion: A New Vision for Keratoconus Management
In this perspective based on emerging evidence and evolving clinical practice, we have synthesized evidence supporting a new 
conceptual framework for the comprehensive care of patients with keratoconus. It is our position that the development and 
clinical ability of corneal cross-linking to beneficially alter the natural history of keratoconus, thereby preserving both visual 
function and quality of life, mandates a retooling of ocular healthcare. This reorganization may involve the integration of 
centralized cornea specialists with community ophthalmologists and optometrists to develop an evidence-based pathway of 
detection, prevention, and treatment. Collaboration and communication, including the development and utilization of data 
transfer protocols, has the potential to facilitate care in the communities where patients live. Given that keratoconus often 
begins to affect young people of school or working age, such patient-centered pathways may minimize both the direct and 
indirect costs of care, resulting in savings for patients, healthcare systems, and society at large. Successful development and 
implementation of a community-based, patient-centered, interventional keratoconus care pathway will likely require 
expanded awareness and education regarding keratoconus and its treatment, as well as the creation of recommendations 
and guidelines for healthcare systems and providers. Future studies and real-world evidence will be valuable in confirming the 
long-term effectiveness and cost-efficiency of epithelium-on cross-linking within proposed care models.
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Figure 1 Interventional Keratoconus Care Pathway.
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