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Abstract

Background. Keratoconus (KC) is a progressive, asymmetric corneal ectasia driven by
inherited extracellular matrix variation that establishes a baseline biomechanical phenotype on

which eye rubbing and atopy precipitate disease.

Aim. To synthesize current evidence on the genetic architecture, the biomechanical phenotype,

and the diagnostic strategies that integrate them.

Materials and methods. A structured search of PubMed, Scopus, Web of Science, Google
Scholar and bioRxiv covered primary research and meta-analyses on KC genetics,
biomechanics, epidemiology, environmental risk, imaging and machine-learning diagnostics

(19962026, plus selected earlier seminal papers).

Results. Tomography-era prevalence reaches 1:375 in Northern European registries and over
1% in Scheimpflug-screened cohorts. GWAS implicates matrix-organizing loci (ZNF469,
LOX, COL5A1, WNTI10A) and corneal-thickness genes shared with Mendelian connective-
tissue disease; a corneal-hysteresis GWAS bridges the genetic and biomechanical strands. In
vivo metrics (corneal hysteresis, stress-strain index, Brillouin shift) and combined
tomographic-biomechanical indices achieve AUCs above 0.99 for manifest disease and for

detecting subclinical KC below the tomographic floor.
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Conclusions. Integrating genetic risk, biomechanical phenotyping and Al-based imaging
enables earlier diagnosis, sharper risk stratification and better-timed cross-linking; multi-

ancestry genetic studies and prospective biomechanical cohorts are research priorities.

Keywords: Keratoconus; Corneal biomechanics; Genetics; Corneal imaging; Corneal ectasia.

1. Introduction

Keratoconus (KC) is a progressive, bilateral but typically asymmetric ectatic disorder of the
cornea. It is characterized by localized stromal thinning, conical protrusion, irregular
astigmatism, and progressive loss of best-corrected visual acuity [1-3]. Onset is most often in
the second decade, with the highest rate of progression during puberty and early adulthood, and
a tendency toward stabilization after the fourth decade. However, the natural history is highly
variable among affected individuals and even between fellow eyes of the same patient [1,3].
The earliest morphological changes are typically subclinical and detectable only on
tomographic or biomechanical assessment, while the first symptoms reported by patients tend
to be a steady drift of refraction, increasing astigmatism that resists optical correction, and
reduced contrast sensitivity [2,3]. Because the disease threatens vision during the most
productive years of life and is a common indication for keratoplasty worldwide, KC carries a

disproportionate clinical and socioeconomic burden compared with its prevalence [3].

The contemporary view of KC is that it is a multifactorial disease. Mechanical weakening of
the corneal stroma develops on a background of genetic susceptibility. Environmental triggers,
most prominently chronic eye rubbing, can precipitate or accelerate the condition [3,4].
Inherited variation acts mainly through the structural collagen-matrix loci identified by
genome-wide association studies and candidate-gene work. There is growing evidence that
immunoregulatory and stromal remodelling pathways also have a role. Clinically, the same
mechanistic complexity drives the case for early detection: identifying subclinical KC before
refractive surgery and intervening at the first sign of progression with Corneal Cross-Linking
(CXL) now depend on integrating tomographic imaging, in vivo biomechanical metrics, and

emerging genetic risk markers rather than on any single test [3,4].

This review synthesizes current evidence on the epidemiology, etiology and pathophysiology,

genetic architecture, environmental and behavioral risk factors, corneal biomechanics, and



modern imaging and artificial intelligence based diagnostics of KC. Particular emphasis is

placed on the intersection of inherited susceptibility and biomechanical phenotype.
2. Materials and methods

A structured literature search was conducted to identify primary studies and quantitative
syntheses that inform the genetics biomechanics axis of keratoconus (KC). PubMed, bioRxiv,
Scopus, Web of Science, and Google Scholar were used. The primary date window was 1996-
2026, but pre-1996 records were retained when judged seminal. This especially applied to the
primary descriptions by Krachmer and colleagues and by Rabinowitz. Search strings combined
the term ‘“keratoconus” with “genetics”, “GWAS” (Genome-Wide Association Study),
“candidate gene”, “polygenic risk score”, “corneal biomechanics”, “Ocular Response
Analyzer”, “Corvis ST”, “Brillouin microscopy”, “optical coherence -elastography”,
“Pentacam”, “Scheimpflug”, “epithelial thickness mapping”, “tomographic biomechanical
index”, “deep learning”, “convolutional neural network”, “eye rubbing”, “atopy”, and
“epidemiology” or “prevalence”, joined with Boolean AND/OR operators. Medical Subject

Headings (MeSH) were used in PubMed, where indexed terms were available.

Inclusion criteria were limited to peer-reviewed primary research and quantitative meta-
analyses focused on KC or directly informative for the genetics by biomechanics question,
available in English, and accessible in full text. Exclusion criteria comprised duplicate records
across databases, conference abstracts lacking a full-text publication, single-case clinical
reports unless of landmark mechanistic significance, non-English records without authoritative

translation, and studies deemed off-topic upon full-text review.

Citations identified through the search were exported to a reference manager and screened in
two stages: an initial title and abstract screening based on eligibility criteria, followed by a full-
text review of records that passed the first stage. For each included study, structured data were
extracted regarding candidate genes and reported variants; GWAS-associated loci and effect
sizes; in-vivo and ex-vivo biomechanical parameters with numerical values; diagnostic
imaging indices with reported sensitivity and specificity; and odds ratios for environmental and

behavioral exposures.

3. Epidemiology

The reported frequency of Keratoconus (KC) has shifted markedly since the introduction of

corneal tomography. Slit lamp era prevalence estimates were on the order of 1:2,000, showing



a period when only clinically overt disease was counted; tomography based studies have since
substantially revised this figure upward [3]. Drawing on a complete national health insurance
dataset, Godefrooij et al. [5] reported a Dutch prevalence of 1:375, an incidence of 13.3 cases
per 100,000 person-years, a mean age at diagnosis of 28.3 years, and a male preponderance of
60.6%. The Danish national registry documented a two to three fold rise in incidence over the
past 10—15 years, reaching 3.60 per 100,000 person-years during 2011-2015 [6]. By contrast,
a population-based analysis of the Korean Health Insurance Review and Assessment cohort,
encompassing roughly 48 million individuals, returned a lower prevalence of 37.4 per 100,000
with no sex predisposition [7], while the meta-analysis of Hashemi et al. [8] produced a pooled
global prevalence of 1.38 per 1,000 and confirmed eye rubbing (odds ratio [OR] 3.09), positive
family history (OR 6.42), and allergy (OR 1.42) as the dominant risk factors. The Australian
Raine Study, in which Scheimpflug imaging was prospectively applied to 20-year-olds, yielded
a community prevalence of 1.2% (1 in 84) [9], underscoring how strongly the ascertainment

method shapes the apparent burden of disease.

Substantial geographic and ethnic gradients are superimposed on this methodological variation,
with the highest frequencies reported in Middle Eastern, South Asian, and Mediterranean
populations, as well as in non-European minorities within Western registries. Millodot et al.
[10] found a Jerusalem prevalence of 2.34% (4.91% among males) by clinical and
videokeratographic screening, and Hashemi et al. [11] described a 4% prevalence (95% CI 3—
4) in an Iranian rural population together with marked familial aggregation. In that cohort,
sibling-pair odds ratios exceeded parent-offspring odds ratios, a pattern consistent with shared
environmental exposure or a recessive contribution rather than purely additive autosomal-
dominant transmission. Familial clustering is corroborated by Awwad et al. [12], who detected
Scheimpflug-defined KC in 17.5% of pediatric first-degree relatives of Lebanese probands.
Across registries, onset typically occurs around puberty or early adulthood, with progression
slowing by the third decade. Although male predominance has been reported in several large

series [5], this finding is not universal [7].

4. Etiology and pathophysiology

Keratoconus is now best conceptualized as a multifactorial disorder in which inherited
susceptibility, environmental insults such as chronic mechanical trauma and atopy, and the
resulting biomechanical failure of the corneal stroma converge on a common phenotype of

progressive ectasia [3,4]. The sections that follow examine each of these axes in turn: Section



5 addresses the genetic substrate, Section 6 the environmental and behavioral amplifiers, and
Section 7 the biomechanical consequences in the cornea. The present section establishes the

cellular and molecular events that link them.

At the structural level, the keratoconic cornea is characterized by paracentral stromal thinning,
disorganization and slippage of collagen lamellae, focal breaks in Bowman’s layer, and a
redistribution of elastic microfibrils away from their normal limbal anchorage. Meek et al. [13]
demonstrated, using wide-angle X-ray scattering, that lamellae normally running orthogonally
in the central cornea are reoriented around the cone, and second-harmonic generation
microscopy has confirmed loss of lamellar interweaving and abnormal lamellar branching
across Bowman’s layer in keratoconic tissue [14]. These architectural abnormalities are the

proximate cause of the focal loss of mechanical stiffness that ultimately defines the disease.

The biochemical milieu of the keratoconic stroma favours net Extracellular Matrix (ECM)
catabolism. Collier et al. [15] showed that membrane-type 1 matrix metalloproteinase (MT1-
MMP) is over-expressed in keratoconic stroma relative to normal corneas and can activate
latent Matrix Metalloproteinase 2 (MMP-2) in vitro, providing the cornerstone observation for
the proteolytic hypothesis. Concurrently, Lysyl Oxidase (LOX)-mediated collagen and elastin
cross-linking is hypothesized to be reduced, with transcriptomic and SNP-association evidence
implicating LOX in keratoconic stroma [16,17], plausibly lowering the tensile strength of an
already thinned matrix. Oxidative stress accompanies this proteolytic shift: Kenney et al. [18]
reported elevated catalase and cathepsin V/L2 levels, along with reduced tissue inhibitor of
metalloproteinases-1 (TIMP-1), in keratoconic corneas, and Chwa et al. [19] demonstrated that
cultured KC fibroblasts generate excess Reactive Oxygen Species (ROS) and undergo
apoptosis when challenged with oxidative or mechanical stressors. The systematic review and
meta-analysis of Navel et al. [20] consolidated this evidence, confirming a quantitative
imbalance between oxidants and antioxidants in keratoconic tissue and tear fluid. Transforming
Growth Factor-g (TGF-p) signalling is also disturbed, with Engler et al. [21] documenting
activation of TGF-B/Smad effectors in KC corneas, a pathway that couples mechanical stress
to fibroblast phenotypic change. Whole-cornea RNA sequencing by Kabza et al. [16] integrated
these observations at the pathway level, showing coordinated suppression of collagen-
biosynthesis genes alongside downregulation of the core elements of the TGF-8, Hippo, and
Wnt pathways, and subsequent methylome analysis localized differentially methylated regions

to known KC linkage loci [22].



Cellular and inflammatory events complete the pathogenic loop. Keratocyte apoptosis depletes
the population of cells responsible for ECM maintenance, while surviving stromal cells adopt
a remodelling phenotype that further skews the protease/inhibitor balance. The classical view
of KC as a strictly non-inflammatory thinning disorder has been progressively revised, as tear-
film studies show elevated Interleukin-6 (IL-6), tumor necrosis factor- a(TNF-a), and MMP-9
in affected eyes [23], and Galvis et al. [24] have argued based on converging cytokine,
proteolytic, and oxidative evidence that a low-grade inflammatory contribution is integral to
disease progression. Together, these strands describe a self-sustaining cycle in which genetic
predisposition, oxidative and inflammatory injury, ECM degradation, and biomechanical

instability drive the cornea towards the ectatic phenotype detailed in the following sections.

5. Genetic background

5.1 Evidence for a genetic contribution

The familial clustering of keratoconus (KC) has been recognized since the earliest clinical
descriptions and provides prima facie evidence of a heritable component. Formal segregation
analysis of 95 multiplex KC families reported by Wang et al. [25] could not be reconciled with
simple sporadic occurrence and instead favoured a major-gene model with reduced penetrance,
an inference reinforced by tomographic screening of asymptomatic first-degree relatives, in
whom subclinical corneal abnormalities are detected several-fold more often than in the general
population [12]. Direct compatibility evidence in twins is sparser but congruent: in the largest
series assembled to date, monozygotic twin pairs were strikingly more often concordant for
KC than dizygotic pairs, supporting substantial additive genetic variance [26]. Population
isolates with elevated consanguinity, such as the Iranian rural cohort studied by Hashemi et al.
[11], show both higher prevalence and pronounced familial aggregation, providing further
ecological support for genetic determination. A formal meta-analysis gathering 24 candidate-
gene studies (53 polymorphisms across 28 genes or loci) has confirmed that several risk alleles

replicate across ancestries despite considerable heterogeneity in effect size [27].

5.2 Candidate genes

Decades of candidate-gene work, summarised in Table 1, have converged on three biological
aspects. The first is the integrity of the stromal extracellular matrix (ECM). Variants in

ZNF469, a master regulator of corneal collagen organization, are enriched among non-


http://null/#tab_genes

syndromic KC patients of European ancestry, with rare pathogenic alleles conferring
substantial risk [28]. Intronic Single-Nucleotide Polymorphisms (SNPs) in LOX, which
encodes the copper-dependent enzyme that cross-links stromal collagen and elastin, were
associated with KC in family-based and case-control analyses in a North American cohort [17].
COL5AI and the basement-membrane COL4A3/COL4A44 genes emerged from cross-trait
Central Corneal Thickness (CCT) GWAS, including the meta-analysis of Lu et al. [29], which
extended earlier CCT loci. The second theme concerns transcription-factor and microRNA
regulators of corneal development: heterozygous mutations in V'SX1, a homeobox transcription
factor, were identified in early KC pedigrees [30]; post-transcriptionally, a seed-region
substitution in MIR184 co-segregates with the EDICT phenotype (corneal stromal thinning
with anterior-segment anomalies) across a five-generation Galician family [31]. The third
theme centers on oxidative-stress and growth-factor signalling: SODI, encoding cytosolic
superoxide dismutase, was proposed as a candidate after deletion alleles were detected in
familial KC [32], and promoter polymorphisms in HGF' (hepatocyte growth factor) increase
KC risk in Australian and United States cohorts [33]. Pathway-level transcriptomic and
methylation analyses additionally show coordinated collapse of TGF-gB, Hippo and Wnt
signalling in keratoconic stroma, providing convergent biological coherence to these otherwise

heterogeneous candidate loci ([16]; see Section 4).

Selected genes associated with keratoconus, their function, the type of evidence, and primary

references. Discovery context (population, study design) is provided in the prose of Section 5.

VSX] Visual system homeobox Candidate gene (familial) [30]
transcription  factor; corneal
development

COL5A1 group Fibrillar collagen type V,a 1;Cross-trait CCT GWAS [29]

stromal collagen synthesis

COL443 ) COL4A4 Basement-membrane collagens Cross-ancestry CCT GWAS [34]

INF469 Zinc-finger ECM regulator; corneal Rare-variant enrichment in[28]
collagen organization non-syndromic KC; biallelic

in BCS
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PR/SET-domain transcription BCS Mendelian gene [39]

PRDM>
factor; ECM development

LOX Lysyl oxidase; collagen and elastin Family-based + case-control [17]
cross-linking SNP association

MIRIS4 MicroRNA; corneal/lens Five-generation family co-[31]
development segregation

SODI Cu/Zn  superoxide dismutase; Familial deletion alleles [32]
oxidative defence

HGF Hepatocyte growth factor; cell Promoter SNPs in two [33]

motility/repair cohorts

TGF- B / Hippo /Coordinated downregulation of Whole-cornea RNA-seq[16]

Wnt pathways stromal TGF-pB, Hippo and Wnt pathway analysis
signalling

FOXOI, FNDC3B, Transcription/cell-adhesion GWAS lead loci shared with [29]

MPDZ-NFIB regulators of CCT KC

WNTI104 Whnt-signalling ligand; ectodermal Exonic variant lowers CCT [35]
development and raises KC risk

Multi-locus Aggregate  ECM and corneal- 36-locus multi-ethnic KC [36]

polygenic development effect GWAS

background

Biomechanics- Loci affecting CH and CRF that GWAS of corneal [37]

bridge variants also confer KC risk biomechanics

Polygenic risk score Genome-wide aggregate PRS ~ development  and [40]
susceptibility external validation

Methylation Differentially methylated regions Reduced-representation [22]

(genome-wide) over KC linkage loci bisulfite sequencing

The last four rows represent genome-wide or epigenomic analytical units rather than

individual genes or loci.



5.3 Genome-wide association studies

5.4 Syndromic associations

KC occurs at substantially elevated frequency in several Mendelian syndromes whose
underlying genes encode ECM components. A systematic review of ophthalmic findings in
trisomy 21 reports a markedly elevated prevalence of clinically manifest KC, more than 10-
fold higher than in the general population, caused by a combination of generalized connective-
tissue laxity and chronic eye-rubbing [38]. KC is a recognized feature of Marfan syndrome
(FBN1) and of the kyphoscoliotic and classical forms of EDS. The most informative syndromic
association is BCS, in which biallelic loss of function mutations in ZNF469 or PRDM5 produce
extreme corneal thinning and spontaneous rupture; the discovery of PRDMY5 mutations defined
a regulatory pathway controlling fibrillar collagen expression that converges on the same
ECM network implicated by KC GWAS [39]. These genetically encoded vulnerabilities of the
stromal extracellular matrix converge on a common pathogenic axis of weakened collagen

cross-linking, dysregulated proteolysis and oxidative stress.

5.5 Genetic heterogeneity, epigenetics and polygenic risk

The mode of inheritance in non-syndromic KC is heterogeneous. Most multiplex pedigrees are
consistent with autosomal-dominant transmission with reduced, age-dependent penetrance,
whereas the syndromic forms (BCS, certain EDS subtypes) follow autosomal-recessive
patterns. This heterogeneity, together with the modest individual effect sizes of common
variants, has shifted attention toward epigenetic and polygenic frameworks. Reduced
representation bisulphite sequencing of KC corneas has produced the first methylation atlas of
the disease, identifying multiple differentially methylated regions that overlap with previously
reported KC linkage intervals and so plausibly mediate genotype-phenotype coupling [22].
Building on the GWAS catalogue, He et al. [40] developed and externally validated a
comprehensive Polygenic Risk Score (PRS) for KC, demonstrating discriminative gain over
pachymetry-based prediction alone in independent biobank cohorts. The convergence of
segregation, candidate-gene, GWAS, methylation, and PRS evidence indicates that KC is best
modelled as a polygenic stromal-matrix disease in which a heritable predisposition to a thinner,
less cross-linked cornea is unmasked by environmental triggers reviewed in Section 6 and

translated into the biomechanical phenotype examined in Section 7 [4].



6. Environmental and behavioral risk factors

Although genetic predisposition establishes individual vulnerability, clinical keratoconus
rarely manifests without an external biomechanical or biochemical insult, and a two-hit
framework in which inherited risk variants interact with modifiable exposures has emerged as
the most parsimonious explanation for the heterogeneous clinical course [41]. Among these
exposures, chronic eye rubbing is the dominant modifiable factor and the one most consistently
linked to disease initiation and progression. Repetitive mechanical insult induces transient
Intraocular Pressure (IOP) spikes, focal stromal warming, and concentrated shear stress on the
central cornea, mechanisms that are compatible with the focal thinning observed in established
disease. Epidemiological support is strong: an early case series demonstrated that the side,
severity, and topographic asymmetry of keratoconus align with patient handedness and the
dominant rubbing eye, providing one of the few naturalistic experiments that argue for a causal
direction rather than reverse causation [42]. A pooled meta-analysis estimated an odds ratio of
3.09 for eye rubbing across heterogeneous populations [8], while a more recent allergy-focused
synthesis raised the pooled estimate to 5.22 alongside an odds ratio of 6.67 for a positive family
history [43]; the larger effect size in the latter reflects combining across studies enriched for
atopic populations, in whom rubbing is more frequent and intense than in unselected
community samples. Critically, a medium- to long-term follow-up cohort showed that
structured cessation of rubbing was sufficient to halt tomographic progression in patients who
had been progressing on serial Scheimpflug imaging, the strongest available evidence that the
behavior is causal rather than merely associated [44]. Corneal epithelium RNA sequencing in
a Polish case-control series further demonstrated that even non-allergic rubbers exhibit
molecular stress signatures distinguishable from non-rubbing controls, anchoring the clinical

observation in transcriptomic data [45].

Atopic disease is the second pillar of the environmental risk profile, both as an independent
association and as a behavioral mediator that drives ocular itch and habitual rubbing. Vernal
Keratoconjunctivitis (VKC), atopic dermatitis, and asthma have each been linked to
keratoconus, with a pooled odds ratio of 2.21 for any allergic disease [43]. The contribution is
not purely behavioral: patients with VKC or chronic allergic conjunctivitis present with thinner,
steeper, and more advanced keratoconus at diagnosis than non-atopic counterparts, suggesting
that ocular surface inflammation modifies disease severity beyond the rubbing it provokes [46].
Ultraviolet exposure and oxidative stress occupy a more equivocal position. Mechanistically,

the cascade hypothesis states that ultraviolet photons, mechanical microtrauma, and contact-



lens wear converge on the generation of Reactive Oxygen Species (ROS), mitochondrial
dysfunction, and aberrant matrix metalloproteinase activation [47], but a quantitative
epidemiological link between solar exposure and keratoconus risk has not been firmly
established at the population level. Contact-lens wear is mentioned here only for completeness:
although historical case series reported an association with keratoconus, the relationship in
modern literature is largely confounded by reverse causation, since contact lenses are
prescribed precisely because subclinical irregular astigmatism degrades spectacle vision [8].
Table 2 summarises the magnitude and quality of the evidence for each modifiable factor.
Environmental aspects do not act in isolation-risk variants identified in Section 5 likely set the

threshold above which rubbing-induced or oxidative insults precipitate clinical keratoconus.

Environmental and behavioral risk factors for keratoconus. Pooled odds ratios are taken from
cited meta-analyses and synthetic reviews; individual-study effect sizes are reported in the

prose of Section 6.

Eye rubbing Repetitive mechanical insult; transient IOP spikes; focal stromal [8,42—45]
warming; the dominant modifiable factor. Pooled OR 3.09 [8];
522 in atopy-focused meta-analysis [43]. Cessation halts
tomographic progression [44].

Atopy / allergic Direct association plus behavioral mediation through itch-induced [43,46]

eye disease rubbing; pooled OR 2.21. Atopic patients present with thinner,
steeper, more advanced KC.

Family history Pooled OR 6.42 [8]; 6.67 in atopy-focused synthesis [43]; 17.5% [8,12,43]
Scheimpflug-detected KC in pediatric first-degree relatives.

UV / oxidative Cascade hypothesis: photons + microtrauma + lens wear — [47]

stress ROS— ECM proteolysis; epidemiological signal inconsistent

across latitudes.

Contact lens Historical association largely confounded by reverse causation [8]
wear (lenses prescribed because subclinical irregular astigmatism
degrades spectacle vision).

Two-hit [41]

Genetic predisposition (Section 5) sets the threshold above which

interaction . . .. . .
environmental insults precipitate clinical disease.
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7. Corneal biomechanics

7.1 Stromal architecture and the basis of corneal stiffness

The mechanical competence of the cornea derives almost entirely from the stromal collagen
lattice. Wide-angle X-ray scattering shows that fibrils in the central cornea are preferentially
aligned along the superior—inferior and nasal-temporal meridians, while a circumferential
limbal annulus resists the radial pull of intraocular pressure [13]. Anterior lamellae also
interweave and insert obliquely into Bowman’s layer, conferring disproportionate stiffness on
the anterior third of the stroma. Both features are disrupted in keratoconus: X-ray scattering
reveals redistribution of preferred orientation around the cone apex [13], and second harmonic
generation imaging demonstrates loss of anterior interweaving with a paucity of lamellae

inserting into Bowman’s layer [14].

7.2 Theoretical framing

The contemporary mechanistic account is the focal biomechanical decompensation hypothesis,
in which localized loss of stromal modulus initiates a self-sustaining cycle of strain
redistribution, further thinning, and loss of apical modulus [48]. Finite-element simulations
support this view: introducing a focal posterior-stromal softening in a healthy model
reproduces the conical deformation of established keratoconus, and the same models show that
vigorous eye rubbing concentrates stress in the deep posterior stroma-precisely the region
where the primary lesion is hypothesized to originate [49]. This observation connects

biomechanical failure directly to the behavioural risk discussed in Section 6.

7.3 In-vivo measurement

Two air-puff devices dominate clinical biomechanical assessment. The Ocular Response
Analyzer (ORA) was the first instrument to quantify corneal viscoelasticity in vivo, deriving
Corneal Hysteresis (CH) - the pressure difference between inward and outward applanation
events - and the Corneal Resistance Factor (CRF) from a bidirectional applanation trace, both
in mm Hg [50]. The Corvis ST couples an air puff with high-speed Scheimpflug imaging, from
which Deformation Amplitude (DA) and the DA-ratio (central to paracentral deformation), the
Stiffness Parameter at first applanation (SP-A1, in mm Hg/mm), and the dimensionless Stress-
Strain Index (SSI) are extracted [51]. CH and CRF capture predominantly viscoelastic, time-

dependent behavior, whereas SP-A1 and SSI estimate stiffness - the slope of the stress-strain



curve - both of which differ from ocular rigidity, the integrated pressure-volume relationship
of the whole globe, which is probed indirectly by tonometry. Two research grade modalities
complement them: Brillouin microscopy probes the longitudinal modulus via GHz-range
frequency shifts of inelastically scattered light [52], and Optical Coherence Elastography

(OCE) derives the shear modulus from the velocity of micrometer-scale displacement waves.

7.4 Biomechanical alterations in keratoconus

Keratoconic corneas manifest reduced viscoelastic damping and reduced stiffness across all
available platforms. In the original version of Reichert ORA validation, both CH and CRF were
significantly reduced in keratoconus compared with age-matched controls [53]. SP-A1l is
reduced and the DA-ratio elevated, and the SSI declines progressively across a 1,221-eye
cohort, falling from approximately 1.04 in healthy eyes to 0.85 in bilateral keratoconus and
0.74 in severe disease, supporting its use as an Intraocular Pressure and central corneal
thickness independent stiffness biomarker [54]. Composite indices now dominate screening:
the Corvis Biomechanical Index (CBI) achieved an AUC of 0.983 with 94% sensitivity and
100% specificity in its derivation cohort [55], although external-cohort performance has been
somewhat lower, particularly for specificity in the very asymmetric normal tomography
subgroup. Fusing Corvis data with Pentacam tomography in a random forest classifier yielded
the Tomographic Biomechanical Index (TBI), with AUCs of 0.996 for clinical ectasia and
0.985 for the very asymmetric, topographically normal fellow eye [56]; a deep-learning
successor extends this approach [57]. Brillouin microscopy localizes the lesion: ex vivo, the
apical Brillouin shift falls from 8.17 = 0.06 GHz in controls to 7.99 =+ 0.10 GHz in keratoconus,
with the deficit confined to the cone [52]. The biomechanical rationale for Corneal Cross-
Linking (CXL) is grounded in the same parameter space: ex vivo riboflavin—-UVA treatment

increased Young’s modulus 4.5-fold in human and 1.8-fold in porcine corneas [58].

7.5 Subclinical keratoconus and clinical relevance

Perhaps the most striking clinical observation is that biomechanical abnormalities precede
topographic and tomographic ones. In the unaffected fellow eyes of patients with unilateral
keratoconus-eyes normal by Placido and Scheimpflug criteria - the DA-ratio and SP-Al
already separate the cohort from age-matched controls, identifying subclinical disease that
would otherwise pass refractive-surgery screening [59]. In-vivo motion tracking Brillouin

microscopy likewise separates subclinical keratoconus from controls with an AUC of 1.0 in a



single-centre cohort of 30 eyes (15 with subclinical KC and 15 controls), a near perfect estimate
that requires multicentre replication before clinical translation [60]. Biomechanical
phenotyping therefore shifts the diagnostic threshold earlier than tomography alone, carrying
clear implications for pre-refractive screening and for the timing of cross-linking. The
amalgamation of these descriptors with Scheimpflug, anterior-segment optical coherence
tomography, and epithelial thickness mapping including the full diagnostic-imaging context

for the TBI - is the subject of Section 8.

8. Diagnostic imaging and artificial intelligence

Modern diagnosis of KC is built on a stepwise stack of imaging modalities, each layered onto
the previous to extract progressively earlier signs of ectasia, with machine learning classifiers
now sitting atop the imaging output and increasingly fusing tomographic and biomechanical
inputs. The principal modalities discussed below are Placido-disc axial topography, rotating
Scheimpflug tomography summarised in the Belin-Ambrdsio Display Deviation, and anterior-

segment optical coherence tomography with epithelial thickness mapping.

8.1 Placido topography and the KISA index

Reflection-based Placido-disc videokeratography remains the historical anchor of quantitative
KC diagnosis, encoding curvature pattern as color-coded axial and tangential maps and
condensing classical Rabinowitz indices into a single number. The KISA% index combines
central K-reading, inferior-superior asymmetry, skewed-radial-axis and astigmatism
components on a multiplicative scale and was originally validated against expert clinical
classification: a value correctly classified 280 of 281 cases (99.6%) as manifest KC, while
values between 60% and 100% flagged topographic suspects requiring further work-up [61].
Although Placido alone misses posterior-surface changes, the KISA threshold is a useful first-

pass screen and a reference standard against which newer indices are benchmarked.

8.2 Scheimpflug tomography and ABCD grading

Rotating Scheimpflug imaging extends curvature analysis to a true three-dimensional
reconstruction of anterior and posterior corneal surfaces and full pachymetric mapping, with
the Belin-Ambrésio Display Deviation (BAD-D) summarising elevation, thickness

progression, and curvature deviations on a unified normative scale [56]. The ABCD grading



system formalizes staging through four anatomically anchored variables - anterior radius of
curvature in the 3-mm zone (A), posterior radius (B), thinnest pachymetry (C), and corrected
distance visual acuity (D), with an optional scarring suffix-each scaled to stages 0-4 [62].
Validation in 1,000 patients (1,917 corneas) at the Homburg Keratoconus Center confirmed
that parameter B, derived from the posterior surface, increases faster than A across decades of
life, reframing the posterior elevation map as the earliest morphological signature of
progression and explaining why anterior-curvature-only criteria underdiagnose subclinical

disease [63].

8.3 Anterior-segment OCT and epithelial mapping

Spectral-domain Optical Coherence Tomography (OCT) and Very-High-Frequency (VHF)
ultrasound resolve the corneal epithelium as a separate layer, revealing the pathognomonic
“doughnut” pattern of central thinning surrounded by an annulus of compensatory thickening
over the apex of an evolving cone. In topographically and algorithmically normal fellow eyes
of unilateral KC patients, epithelial-thickness analysis reclassified roughly half as abnormal
and unmasked occult disease that would have been missed by curvature criteria alone [64].
Combining Pentacam tomography with VHF - derived epithelial thickness in a multiparametric
classifier yielded 97.3% sensitivity and 100% specificity for clinical keratoconus versus normal

corneas [65].

8.4 Combined biomechanical-tomographic indices

Pure tomography reaches its detection floor in the very-asymmetric-normal-tomography eye,
where shape is preserved, but biomechanical reserves are already eroded. As outlined in
Section 7, the Corvis Biomechanical Index complements shape with deformation features; such
fusion with BAD-D into the Tomographic and Biomechanical Index (TBI) achieves an Area
Under the Curve (AUC) of 0.996 for manifest KC and, critically, 0.985 for the very asymmetric
NT subgroup at an optimized cut-off of 0.29 [56]. A more recent random forest reformulation,
TBI version 2, raises subclinical ectasia detection to AUC 0.945 in multicentre cross-validation
[57]; independent prospective external validation in non-overlapping cohorts is still a research
priority, and the Corvis Biomechanical Index detects bilateral abnormality in topographically

and tomographically normal fellow eyes of patients with very asymmetric keratoconus [55,59].


http://null/#sec_biomechanics

8.5 Machine learning and deep learning

Algorithmic classifiers progressed from interpretable decision trees on dual-Scheimpflug input,
with 93.6% sensitivity and 97.2% specificity for forme-fruste keratoconus versus normal
corneas [66], to Convolutional Neural Networks (CNNs) operating directly on topography
images: KeratoDetect reached 99.3% test-set accuracy on Placido maps [67], and a ResNet152
backbone with Grad-CAM saliency reached AUC 0.995 with interpretable heat-maps
localizing the cone [68]. CNNs trained on Corvis ST dynamic deformation videos extend the
same architecture to the biomechanical domain, achieving an internal AUC of 0.94 and 0.93
on an independent external cohort [69]. A 36-study meta-analysis of artificial intelligence for
KC pipelines reports a pooled accuracy of 99.2% for manifest KC and 96.4% for forme-fruste
KC, with the caveat that most contributing studies relied on internal cross-validation rather

than independent external testing [70].

9. Discussion

Taken together, the evidence reviewed here points toward a single coherent model of
keratoconus pathogenesis. Inherited variation in extracellular matrix genes sets a
biomechanical baseline - a cornea that is thinner, less stiff, and more vulnerable to deformation
- upon which environmental insults such as chronic eye rubbing act to push individual eyes
past the threshold of irreversible focal decompensation. The keystone of this synthesis is the
genome-wide association study of corneal hysteresis and the corneal resistance factor by
Khawaja et al. [37], which directly maps biomechanics-defining variants to KC susceptibility,
providing the first molecular evidence that the genetic and biomechanical strands of this review
converge on the same loci. Susceptibility variants reviewed in Section 5 act through the
extracellular-matrix substrate - exemplified by the WNT10A exonic allele that increases KC
risk by reducing central corneal thickness [35] - while finite-element modelling shows that
knuckle-driven rubbing concentrates posterior-stromal stress at exactly the inferotemporal
location where the cone first emerges [49], delivering a quantitative bridge from behavioral
exposure to the focal-decompensation framework articulated by Roberts et al. [48]. Together,
these threads dissolve the historical separation between structural and mechanical hypotheses

of pathogenesis.

The clinical translation of this integrated model rests on three complementary uses, each tied

to a metric already defined in earlier sections. First, the screening of refractive surgery
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candidates benefits from biomechanical and combined indices - the Tomographic and
Biomechanical Index discussed in Section 8 and the Corvis Biomechanical Index, with case-
series evidence that biomechanical metrics flag bilateral abnormality in topographically and
tomographically normal fellow eyes of asymmetric KC patients [59] - because these
instruments retain discriminative power in the very asymmetric normal tomography eye that
single modality tomography misclassifies as healthy [55,56]. Second, risk stratification can
now combine family history with the validated polygenic risk score of He et al. [40] and a
baseline biomechanical profile, yielding a quantitative pre-test probability that informs
surveillance frequency and the timing of stabilising intervention; CXL remains the prototypical
biomechanical disease modifier, having been shown to increase stromal stiffness in human and
porcine corneas after riboflavin-ultraviolet-A treatment [58], and the integrated risk profile
helps identify the high-progression patients most likely to benefit from early treatment. Third,
subclinical detection in the era of OCT epithelial mapping and deep learning extends diagnosis
below the tomographic floor - through the doughnut epithelial pattern [64], multiparametric
classifiers [65], interpretable convolutional models [68], and motion-tracking Brillouin

microscopy resolving subclinical longitudinal modulus reduction [60].

Several limitations temper the strength of this summary. Cohorts assembled for KC genome-
wide association remain modest in absolute case numbers, with the largest multi-ethnic effort
to date including approximately 4,700 cases [36], bottlenecking variant discovery and
statistical power for trans-ancestry fine-mapping. Ethnic representation skews to European,
Han Chinese, and select Middle Eastern populations, leaving sub-Saharan African, South
Asian, and Indigenous American risk architectures essentially uncharacterized. Prospective
biomechanical progression cohorts are scarce, so the trajectory of the stress-strain index and
dynamic deformation variables during conversion from subclinical to manifest disease is
inferred largely from cross-sectional comparisons [51,54]. Diagnostic definition heterogeneity
worsens these gaps: Flockerzi et al. [63] demonstrated that ABCD-stage prevalence depends
on whether posterior or anterior criteria define the threshold, and Chan et al. [9] showed that
Scheimpflug screening of an unselected community cohort yields a prevalence an order of
magnitude higher than slit lamp era estimates. Pediatric biomechanics remains the most

undersampled compartment despite carrying the highest risk of progression.

Future progress should accordingly target four specific designs. Multi-ancestry KC genome-
wide association meta-analyses with imputation against ancestry matched reference panels are

required to validate the polygenic risk score from He et al. [40] in non-European populations
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and to fine-map the biomechanics loci identified by Khawaja et al. [37]. Prospective cohorts
with annual stress-strain index, integrated inverse radius and Brillouin longitudinal modulus
measurement would convert today’s cross-sectional biomechanical signatures into
individualized progression trajectories. Multimodal artificial-intelligence pipelines that ingest
tomography, dynamic deformation videos, epithelial-thickness maps and a polygenic risk score
within a single classifier - following the architecture of Ambrosio et al. [57] - should be
benchmarked against external test sets distinct from the training population to address the
internal-validation bias documented in current meta-analyses. Finally, the customization of
cross-linking protocols in relation to spatial stiffness maps, and the longer-horizon prospect of
gene-targeted modulation of extracellular-matrix loci in syndromic ectasias, follow directly
from a model that treats KC as the convergent end point of genetic, biomechanical, and

behavioral axes rather than a single mechanism disease.

10. Conclusion

Keratoconus is most accurately described as a multifactorial ectatic disease in which inherited
variation in extracellular matrix and corneal developmental loci specifies a baseline
biomechanical phenotype that environmental triggers, principally chronic eye rubbing and
atopy, push past the threshold of focal stromal decompensation. The most consequential
conceptual advance of the last decade is the demonstration that genome-wide association
studies of corneal hysteresis recover loci that simultaneously confer keratoconus susceptibility,
fusing the genetic and biomechanical narratives into a single pathogenic axis. This integrated
view yields three concrete clinical gains: earlier diagnosis through the combination of dynamic
biomechanical metrics, epithelial mapping and artificial-intelligence classifiers that operate
below the tomographic detection floor; sharper risk stratification through the joint use of family
history, polygenic risk scores and baseline biomechanical profiling; and better-timed
stabilizing intervention informed by individual progression risk. Continued progress depends
on multi-ancestry genetic studies, prospective biomechanical progression cohorts, and
externally validated multimodal artificial intelligence pipelines. Translating this evidence into
routine clinical practice requires prospective validation studies and broader genetic
representation, but the components of an integrated diagnostic and prognostic framework are

now in place.



After conclusions:
Statement of the authors’ contribution:

Conceptualization: Wiktoria Pielak, Jakub Koszewski

Methodology: Anna Janiszewska, Wiktor Kotkowski, Jan Jakubczyk

Investigation: Wiktoria Pielak, Jan Jakubczyk, Monika Wadotowska

Resources: Wiktoria Pielak, Magdalena Antoszewska, Maria Grabowska

Data curation: Jakub Koszewski, Katarzyna Gozdera, Katarzyna Oszast

Writing - rough preparation: Wiktoria Pielak, Jakub Koszewski, Anna Janiszewska,
Katarzyna Gozdera

Writing review and editing: Wiktor Kotkowski, Monika Wadotowska, Magdalena
Antoszewska, Katarzyna Oszast

Visualisation: Wiktoria Pielak, Jakub Koszewski, Katarzyna Oszast

Supervision: Anna Janiszewska, Maria Grabowska, Magdalena Antoszewska
All authors have read and agreed with published version of the manuscript.
Funding:

This research did not receive any funding.

Institutional Review Board Statement

Not applicable.

Informed Consent Statement

Not applicable.

Data Availability Statement

Not applicable.

Acknowledgments

Not applicable.

Conflict of Interest Statement

The authors declare no conflicts of interest.



Declaration on the Use of Artificial Intelligence

During the preparation of this work, the authors used generative Al to assist with grammar and
stylistic editing to ensure appropriate academic language and for translation into English. After
using this tool, the authors reviewed and edited the content as needed and take full

responsibility for the final content of the manuscript.

References

1. JH Krachmer, RS Feder, MW Belin. Keratoconus and related noninflammatory corneal
thinning disorders. Surv Ophthalmol. 1984;28(4):293—-322. d0i:10.1016/0039-6257(84)90094-
8 PubMed PMID: 6230745.

2. YS Rabinowitz.  Keratoconus.  Surv  Ophthalmol.  1998;42(4):297-319.
doi:10.1016/s0039-6257(97)00119-7 PubMed PMID: 9493273.

3. RB Singh, S Koh, N Sharma, FA Woreta, F Hafezi, HS Dua, V Jhanji. Keratoconus.
Nat Rev Dis Primers. 2024;10(1):81. doi:10.1038/s41572-024-00565-3 PubMed PMID:
39448666.

4. SEM Lucas, KP Burdon. Genetic and Environmental Risk Factors for Keratoconus.
Annu Rev Vis Sci. 2020;6:25-46. doi:10.1146/annurev-vision-121219-081723 PubMed
PMID: 32320633.

5. DA Godefrooij, GA de Wit, CS Uiterwaal, SM Imhof, RP Wisse. Age-specific
Incidence and Prevalence of Keratoconus: A Nationwide Registration Study. Am J

Ophthalmol. 2017;175:169-72. d01:10.1016/j.2j0.2016.12.015 PubMed PMID: 28039037.

6. S Bak-Nielsen, CH Ramlau-Hansen, A Ivarsen, O Plana-Ripoll, J Hjortdal. Incidence
and prevalence of keratoconus in Denmark — an update. Acta Ophthalmol. 2019;97(8):752-5.
doi:10.1111/a0s.14082 PubMed PMID: 30964230.

7. S Hwang, DH Lim, TY Chung. Prevalence and Incidence of Keratoconus in South
Korea: A Nationwide Population-based Study. Am J Ophthalmol. 2018;192:56-64.
doi:10.1016/j.2j0.2018.04.027 PubMed PMID: 29750946.

8. H Hashemi, S Heydarian, E Hooshmand, M Saatchi, A Yekta, M Aghamirsalim, M
Valadkhan, M Mortazavi, A Hashemi, M Khabazkhoob. The Prevalence and Risk Factors for


https://doi.org/10.1016/0039-6257(84)90094-8
https://doi.org/10.1016/0039-6257(84)90094-8
https://www.ncbi.nlm.nih.gov/pubmed/6230745
https://doi.org/10.1016/s0039-6257(97)00119-7
https://www.ncbi.nlm.nih.gov/pubmed/9493273
https://doi.org/10.1038/s41572-024-00565-3
https://www.ncbi.nlm.nih.gov/pubmed/39448666
https://doi.org/10.1146/annurev-vision-121219-081723
https://www.ncbi.nlm.nih.gov/pubmed/32320633
https://doi.org/10.1016/j.ajo.2016.12.015
https://www.ncbi.nlm.nih.gov/pubmed/28039037
https://doi.org/10.1111/aos.14082
https://www.ncbi.nlm.nih.gov/pubmed/30964230
https://doi.org/10.1016/j.ajo.2018.04.027
https://www.ncbi.nlm.nih.gov/pubmed/29750946

Keratoconus: A Systematic Review and Meta-Analysis. Cornea. 2020;39(2):263-70.
doi:10.1097/1C0O.0000000000002150 PubMed PMID: 31498247.

9. E Chan, EW Chong, G Lingham, LJ Stevenson, PG Sanfilippo, AW Hewitt, DA
Mackey, S Yazar. Prevalence of Keratoconus Based on Scheimpflug Imaging: The Raine
Study. Ophthalmology. 2021;128(4):515-21. doi:10.1016/j.0phtha.2020.08.020 PubMed
PMID: 32860813.

10. M Millodot, E Shneor, S Albou, E Atlani, A Gordon-Shaag. Prevalence and associated
factors of keratoconus in Jerusalem: a cross-sectional study. Ophthalmic Epidemiol.

2011;18(2):91-7. doi:10.3109/09286586.2011.560747 PubMed PMID: 21401417.

11. H Hashemi, S Heydarian, A Yekta, H Ostadimoghaddam, M Aghamirsalim, A
Derakhshan, M Khabazkhoob. High prevalence and familial aggregation of keratoconus in an
Iranian rural population: a population-based study. Ophthalmic Physiol Opt. 2018;38(4):447—
55.doi:10.1111/0p0.12448 PubMed PMID: 29572900.

12. ST Awwad, M Yehia, CJ] Mechanna, MA Fattah, A Saad, A Hatoum, C Al-Haddad.
Tomographic and Refractive Characteristics of Pediatric First-Degree Relatives of
Keratoconus Patients. Am J Ophthalmol. 2019;207:71-6. doi:10.1016/j.2j0.2019.05.032
PubMed PMID: 31194951.

13. KM Meek, SJ Tuft, Y Huang, PS Gill, S Hayes, RH Newton, AJ Bron. Changes in
collagen orientation and distribution in keratoconus corneas. Invest Ophthalmol Vis Sci.

2005;46(6):1948-56. doi:10.1167/i0vs.04-1253 PubMed PMID: 15914608.

14. N Morishige, AJ Wahlert, MC Kenney, DJ Brown, K Kawamoto, T Chikama, T
Nishida, JV Jester. Second-harmonic imaging microscopy of normal human and keratoconus
cornea. Invest Ophthalmol Vis Sci. 2007;48(3):1087-94. do1:10.1167/i0vs.06-1177 PubMed
PMID: 17325150.

15. SA Collier, MC Madigan, PL Penfold. Expression of membrane-type 1 matrix
metalloproteinase (MT1-MMP) and MMP-2 in normal and keratoconus corneas. Curr Eye Res.

2000;21(2):662—-8. PubMed PMID: 11148603.

16. M Kabza, JA Karolak, M Rydzanicz, MW Szcze$niak, DM Nowak, B Ginter-
Matuszewska, P Polakowski, R Ploski, JP Szaflik, M Gajecka. Collagen synthesis disruption

and downregulation of core elements of TGF-g, Hippo, and Wnt pathways in keratoconus


https://doi.org/10.1097/ICO.0000000000002150
https://www.ncbi.nlm.nih.gov/pubmed/31498247
https://doi.org/10.1016/j.ophtha.2020.08.020
https://www.ncbi.nlm.nih.gov/pubmed/32860813
https://doi.org/10.3109/09286586.2011.560747
https://www.ncbi.nlm.nih.gov/pubmed/21401417
https://doi.org/10.1111/opo.12448
https://www.ncbi.nlm.nih.gov/pubmed/29572900
https://doi.org/10.1016/j.ajo.2019.05.032
https://www.ncbi.nlm.nih.gov/pubmed/31194951
https://doi.org/10.1167/iovs.04-1253
https://www.ncbi.nlm.nih.gov/pubmed/15914608
https://doi.org/10.1167/iovs.06-1177
https://www.ncbi.nlm.nih.gov/pubmed/17325150
https://www.ncbi.nlm.nih.gov/pubmed/11148603

corneas. Eur J Hum Genet. 2017;25(5):582-90. doi:10.1038/ejhg.2017.4 PubMed PMID:
28145428.

17. Y Bykhovskaya, X Li, I Epifantseva, T Haritunians, D Siscovick, A Aldave, L
Szczotka-Flynn, SK Iyengar, KD Taylor, JI Rotter, YS Rabinowitz. Variation in the lysyl
oxidase (LOX) gene is associated with keratoconus in family-based and case-control studies.
Invest Ophthalmol Vis Sci. 2012;53(7):4152—7. doi:10.1167/i0vs.11-9268 PubMed PMID:
22661479.

18. MC Kenney, M Chwa, SR Atilano, A Tran, M Carballo, M Saghizadeh, V Vasiliou, W
Adachi, DJ Brown. Increased levels of catalase and cathepsin V/L2 but decreased TIMP-1 in
keratoconus corneas: evidence that oxidative stress plays a role in this disorder. Invest
Ophthalmol Vis Sci. 2005;46(3):823-32. doi:10.1167/i0vs.04-0549 PubMed PMID:
15728537.

19. M Chwa, SR Atilano, V Reddy, N Jordan, DW Kim, MC Kenney. Increased stress-
induced generation of reactive oxygen species and apoptosis in human keratoconus fibroblasts.
Invest Ophthalmol Vis Sci. 2006;47(5):1902—-10. doi:10.1167/10vs.05-0828 PubMed PMID:
16638997.

20. V Navel, J Malecaze, B Pereira, JS Baker, F Malecaze, V Sapin, F Chiambaretta, F
Dutheil. Oxidative and antioxidative stress markers in keratoconus: a systematic review and
meta-analysis. Acta Ophthalmol. 2020;99(6):e777-94. doi:10.1111/a0s.14714 PubMed PMID:
33354927.

21. C Engler, S Chakravarti, J Doyle, CG Eberhart, H Meng, WJ Stark, C Kelliher, AS Jun.
Transforming growth factor-g signaling pathway activation in Keratoconus. Am J Ophthalmol.

2011;151(5):752-759.e2. d0i:10.1016/j.2j0.2010.11.008 PubMed PMID: 21310385.

22. M Kabza, JA Karolak, M Rydzanicz, M Udziela, P Gasperowicz, R Ploski, JP Szaflik,
M Gajecka. Multiple Differentially Methylated Regions Specific to Keratoconus Explain
Known Keratoconus Linkage Loci. Invest Ophthalmol Vis Sci. 2019;60(5):1501-9.
doi:10.1167/i0vs.18-25916 PubMed PMID: 30994860.

23. I Lema, JA Duran. Inflammatory molecules in the tears of patients with keratoconus.
Ophthalmology. 2005;112(4):654-9. doi:10.1016/j.0phtha.2004.11.050 PubMed PMID:
15808258.


https://doi.org/10.1038/ejhg.2017.4
https://www.ncbi.nlm.nih.gov/pubmed/28145428
https://doi.org/10.1167/iovs.11-9268
https://www.ncbi.nlm.nih.gov/pubmed/22661479
https://doi.org/10.1167/iovs.04-0549
https://www.ncbi.nlm.nih.gov/pubmed/15728537
https://doi.org/10.1167/iovs.05-0828
https://www.ncbi.nlm.nih.gov/pubmed/16638997
https://doi.org/10.1111/aos.14714
https://www.ncbi.nlm.nih.gov/pubmed/33354927
https://doi.org/10.1016/j.ajo.2010.11.008
https://www.ncbi.nlm.nih.gov/pubmed/21310385
https://doi.org/10.1167/iovs.18-25916
https://www.ncbi.nlm.nih.gov/pubmed/30994860
https://doi.org/10.1016/j.ophtha.2004.11.050
https://www.ncbi.nlm.nih.gov/pubmed/15808258

24, V Galvis, T Sherwin, A Tello, J] Merayo, R Barrera, A Acera. Keratoconus: an
inflammatory disorder? Eye (Lond). 2015;29(7):843-59. doi:10.1038/eye.2015.63 PubMed
PMID: 25931166.

25. Y Wang, YS Rabinowitz, JI Rotter, H Yang. Genetic epidemiological study of
keratoconus: evidence for major gene determination. Am J Med Genet. 2000;93(5):403-9.
PubMed PMID: 10951465.

26. SJ Tuft, H Hassan, S George, DG Frazer, CE Willoughby, P Liskova. Keratoconus in
18 pairs of twins. Acta Ophthalmol. 2012;90(6):e482—6. doi:10.1111/5.1755-
3768.2012.02448.x PubMed PMID: 22682160.

27. SS Rong, STU Ma, XT Yu, L Ma, WK Chu, TCY Chan, YM Wang, AL Young, CP
Pang, V Jhanji, L] Chen. Genetic associations for keratoconus: a systematic review and meta-
analysis. Sci Rep. 2017;7(1):4620. doi:10.1038/s41598-017-04393-2 PubMed PMID:
28676647.

28. J Lechner, LF Porter, A Rice, V Vitart, DJ Armstrong, DF Schorderet, FL Munier, AF
Wright, CF Inglehearn, GC Black, DA Simpson, F Manson, CE Willoughby. Enrichment of
pathogenic alleles in the brittle cornea gene, ZNF469, in keratoconus. Hum Mol Genet.

2014;23(20):5527-35. do0i:10.1093/hmg/ddu253 PubMed PMID: 24895405.

29. Y Lu, V Vitart, KP Burdon, CC Khor, Y Bykhovskaya, A Mirshahi, AW Hewitt, D
Koehn, PG Hysi, WD Ramdas, T Zeller, EN Vithana, BK Cornes, WT Tay, ES Tai, CY Cheng,
J Liu, JN Foo, SM Saw, G Thorleifsson, K Stefansson, DP Dimasi, RA Mills, J] Mountain, W
Ang, R Hoehn, VJ Verhoeven, F Grus, R Wolfs, R Castagne, KJ Lackner, H Springelkamp, J
Yang, F Jonasson, DY Leung, LJ Chen, CC Tham, I Rudan, Z Vatavuk, C Hayward, J Gibson,
Al Cree, A MacLeod, S Ennis, O Polasek, H Campbell, JF Wilson, AC Viswanathan, B Fleck,
X Li, D Siscovick, KD Taylor, JI Rotter, S Yazar, M Ulmer, J Li, BL Yaspan, AB Ozel, JE
Richards, SE Moroi, JL Haines, JH Kang, LR Pasquale, RR Allingham, A Ashley-Koch, P
Mitchell, JJ Wang, AF Wright, C Pennell, TD Spector, TL Young, CC Klaver, NG Martin,
GW Montgomery, MG Anderson, T Aung, CE Willoughby, JL Wiggs, CP Pang, U
Thorsteinsdottir, AJ Lotery, CJ] Hammond, CM van Duijn, MA Hauser, YS Rabinowitz, N
Pfeiffer, DA Mackey, JE Craig, S Macgregor, TY Wong. Genome-wide association analyses
identify multiple loci associated with central corneal thickness and keratoconus. Nat Genet.

2013;45(2):155-63. doi:10.1038/ng.2506 PubMed PMID: 23291589.


https://doi.org/10.1038/eye.2015.63
https://www.ncbi.nlm.nih.gov/pubmed/25931166
https://www.ncbi.nlm.nih.gov/pubmed/10951465
https://doi.org/10.1111/j.1755-3768.2012.02448.x
https://doi.org/10.1111/j.1755-3768.2012.02448.x
https://www.ncbi.nlm.nih.gov/pubmed/22682160
https://doi.org/10.1038/s41598-017-04393-2
https://www.ncbi.nlm.nih.gov/pubmed/28676647
https://doi.org/10.1093/hmg/ddu253
https://www.ncbi.nlm.nih.gov/pubmed/24895405
https://doi.org/10.1038/ng.2506
https://www.ncbi.nlm.nih.gov/pubmed/23291589

30. E Héon, A Greenberg, KK Kopp, D Rootman, AL Vincent, G Billingsley, M Priston,
KM Dorval, RL Chow, RR Mclnnes, G Heathcote, C Westall, JE Sutphin, E Semina, R
Bremner, EM Stone. VSX1: a gene for posterior polymorphous dystrophy and keratoconus.
Hum Mol Genet. 2002;11(9):1029-36. doi:10.1093/hmg/11.9.1029 PubMed PMID:
11978762.

31. Y Bykhovskaya, AL Caiado Canedo, KW Wright, YS Rabinowitz. C.57 C > T
Mutation in MIR 184 is Responsible for Congenital Cataracts and Corneal Abnormalities in a
Five-generation Family from Galicia, Spain. Ophthalmic Genet. 2015;36(3):244-7.
doi:10.3109/13816810.2013.848908 PubMed PMID: 24138095.

32. N Udar, SR Atilano, DJ Brown, B Holguin, K Small, AB Nesburn, MC Kenney. SOD1:
a candidate gene for keratoconus. Invest Ophthalmol Vis Sci. 2006;47(8):3345-51.
doi:10.1167/i0vs.05-1500 PubMed PMID: 16877401.

33. KP Burdon, S Macgregor, Y Bykhovskaya, S Javadiyan, X Li, KJ Laurie, D
Muszynska, R Lindsay, J Lechner, T Haritunians, AK Henders, D Dash, D Siscovick, S Anand,
A Aldave, DJ Coster, L Szczotka-Flynn, RA Mills, SK Iyengar, KD Taylor, T Phillips, GW
Montgomery, JI Rotter, AW Hewitt, S Sharma, YS Rabinowitz, C Willoughby, JE Craig.
Association of polymorphisms in the hepatocyte growth factor gene promoter with
keratoconus. Invest Ophthalmol Vis Sci. 2011;52(11):8514-9. doi:10.1167/iovs.11-8261
PubMed PMID: 22003120.

34.  Allglesias, A Mishra, V Vitart, Y Bykhovskaya, R Hohn, H Springelkamp, G Cuellar-
Partida, P Gharahkhani, JNC Bailey, CE Willoughby, X Li, S Yazar, A Nag, AP Khawaja, O
Polasek, D Siscovick, P Mitchell, YC Tham, JL Haines, LS Kearns, C Hayward, Y Shi, EM
van Leeuwen, KD Taylor, P Bonnemaijer, JI Rotter, NG Martin, T Zeller, RA Mills, E
Souzeau, SE Staffieri, JB Jonas, I Schmidtmann, T Boutin, JH Kang, SEM Lucas, TY Wong,
ME Beutel, JF Wilson, AG Uitterlinden, EN Vithana, PJ Foster, PG Hysi, AW Hewitt, CC
Khor, LR Pasquale, GW Montgomery, CCW Klaver, T Aung, N Pfeiffer, DA Mackey, CJ
Hammond, CY Cheng, JE Craig, YS Rabinowitz, JL Wiggs, KP Burdon, CM van Duijn, S
MacGregor. Cross-ancestry genome-wide association analysis of corneal thickness strengthens
link between complex and Mendelian eye diseases. Nat Commun. 2018;9(1):1864.
doi:10.1038/s41467-018-03646-6 PubMed PMID: 29760442.


https://doi.org/10.1093/hmg/11.9.1029
https://www.ncbi.nlm.nih.gov/pubmed/11978762
https://doi.org/10.3109/13816810.2013.848908
https://www.ncbi.nlm.nih.gov/pubmed/24138095
https://doi.org/10.1167/iovs.05-1500
https://www.ncbi.nlm.nih.gov/pubmed/16877401
https://doi.org/10.1167/iovs.11-8261
https://www.ncbi.nlm.nih.gov/pubmed/22003120
https://doi.org/10.1038/s41467-018-03646-6
https://www.ncbi.nlm.nih.gov/pubmed/29760442

35. G Cuellar-Partida, H Springelkamp, SE Lucas, S Yazar, AW Hewitt, Al Iglesias, GW
Montgomery, NG Martin, CE Pennell, EM van Leeuwen, VJ Verhoeven, A Hofman, AG
Uitterlinden, WD Ramdas, RC Wolfs, JR Vingerling, MA Brown, RA Mills, JE Craig, CC
Klaver, CM van Duijn, KP Burdon, S MacGregor, DA Mackey. WNT10A exonic variant
increases the risk of keratoconus by decreasing corneal thickness. Hum Mol Genet.

2015;24(17):5060-8. doi:10.1093/hmg/ddv211 PubMed PMID: 26049155.

36. Al Hardcastle, P Liskova, Y Bykhovskaya, BJ McComish, AE Davidson, CF
Inglehearn, X Li, H Choquet, M Habeeb, SEM Lucas, S Sahebjada, N Pontikos, KER Lopez,
AP Khawaja, M Ali, L Dudakova, P Skalicka, BTH Van Dooren, AJM Geerards, CW Haudum,
VL Faro, A Tenen, MJ Simcoe, K Patasova, D Yarrand, J Yin, S Siddiqui, A Rice, LA Farraj,
YI Chen, JS Rahi, RM Krauss, E Theusch, JC Charlesworth, L Szczotka-Flynn, C Toomes,
MA Meester-Smoor, AJ Richardson, PA Mitchell, KD Taylor, RB Melles, AJ Aldave, RA
Mills, K Cao, E Chan, MD Daniell, JJ] Wang, JI Rotter, AW Hewitt, S MacGregor, CCW
Klaver, WD Ramdas, JE Craig, SK Iyengar, D O’Brart, E Jorgenson, PN Baird, YS
Rabinowitz, KP Burdon, CJ Hammond, SJ Tuft, PG Hysi. A multi-ethnic genome-wide
association study implicates collagen matrix integrity and cell differentiation pathways in
keratoconus. Commun Biol. 2021;4(1):266. doi:10.1038/s42003-021-01784-0 PubMed PMID:
33649486.

37. AP Khawaja, KE Rojas Lopez, AJ Hardcastle, CJ Hammond, P Liskova, AE Davidson,
DM Gore, NJ Hafford Tear, N Pontikos, S Hayat, N Wareham, KT Khaw, SJ Tuft, PJ Foster,
PG Hysi. Genetic Variants Associated With Corneal Biomechanical Properties and Potentially
Conferring Susceptibility to Keratoconus in a Genome-Wide Association Study. JAMA
Ophthalmol. 2019;137(9):1005-12. doi:10.1001/jamaophthalmol.2019.2058 PubMed PMID:
31246245.

38. O Kiistianslund, L Drolsum. Prevalence of keratoconus in persons with Down
syndrome: a review. BMJ Open Ophthalmol. 2021;6(1):e000754. doi:10.1136/bmjophth-2021-
000754 PubMed PMID: 33981858.

39, EMM Burkitt Wright, HL Spencer, SB Daly, FDC Manson, LAH Zeef, J Urquhart, N
Zoppi, R Bonshek, I Tosounidis, M Mohan, C Madden, A Dodds, KE Chandler, S Banka, L
Au, J Clayton-Smith, N Khan, LG Biesecker, M Wilson, M Rohrbach, M Colombi, C Giunta,
GCM Black. Mutations in PRDMS in brittle cornea syndrome identify a pathway regulating


https://doi.org/10.1093/hmg/ddv211
https://www.ncbi.nlm.nih.gov/pubmed/26049155
https://doi.org/10.1038/s42003-021-01784-0
https://www.ncbi.nlm.nih.gov/pubmed/33649486
https://doi.org/10.1001/jamaophthalmol.2019.2058
https://www.ncbi.nlm.nih.gov/pubmed/31246245
https://doi.org/10.1136/bmjophth-2021-000754
https://doi.org/10.1136/bmjophth-2021-000754
https://www.ncbi.nlm.nih.gov/pubmed/33981858

extracellular matrix development and maintenance. Am J Hum Genet. 2011;88(6):767-77.

doi:10.1016/j.ajhg.2011.05.007 PubMed PMID: 21664999.

40. W He, U Vosa, T Palumaa, JS Ong, SD Torres, AW Hewitt, DA Mackey, P
Gharahkhani, T Esko, S MacGregor. Developing and validating a comprehensive polygenic
risk score to enhance keratoconus risk prediction. Hum Mol Genet. 2025;34(2):140-7.
doi:10.1093/hmg/ddae157 PubMed PMID: 39535071.

41. J Sugar, MS Macsai. What causes keratoconus? Cornea. 2012;31(6):716-9.
doi:10.1097/ICO.0b013e31823{8¢c72 PubMed PMID: 22406940.

42. CW McMonnies, GC Boneham. Keratoconus, allergy, itch, eye-rubbing and hand-
dominance. Clin Exp Optom. 2003;86(6):376—84. doi:10.1111/7.1444-0938.2003.tb03082.x
PubMed PMID: 14632614.

43, I Seth, G Bulloch, M Vine, J Outmezguine, N Seth, J Every, M Daniell. The association
between keratoconus and allergic eye diseases: A systematic review and meta-analysis. Clin

Exp Ophthalmol. 2023;51(4):01-16. doi:10.1111/ceo0.14215 PubMed PMID: 36882200.

44. A Mazharian, R Flamant, S Elahi, C Panthier, R Rampat, D Gatinel. Medium to long
term follow up study of the efficacy of cessation of eye-rubbing to halt progression of
keratoconus. Front Med (Lausanne). 2023;10:1152266. doi:10.3389/fmed.2023.1152266
PubMed PMID: 37293301.

45, K Jaskiewicz, M Maleszka-Kurpiel, A Michalski, R Ploski, M Rydzanicz, M Gajecka.
Non-allergic eye rubbing is a major behavioral risk factor for keratoconus. PLoS One.

2023;18(4):¢0284454. doi:10.1371/journal.pone.0284454 PubMed PMID: 37053215.

46. M Naderan, MT Rajabi, P Zarrinbakhsh, A Bakhshi. Effect of Allergic Diseases on
Keratoconus Severity. Ocul Immunol Inflamm. 2016;25(3):418-23.
doi:10.3109/09273948.2016.1145697 PubMed PMID: 27014800.

47.  MC Kenney, DJ Brown. The cascade hypothesis of keratoconus. Cont Lens Anterior
Eye. 2003;26(3):139-46. doi:10.1016/S1367-0484(03)00022-5 PubMed PMID: 16303509.

48. CJ Roberts, WJ Dupps. Biomechanics of corneal ectasia and biomechanical treatments.
J Cataract Refract Surg. 2014;40(6):991-8. doi:10.1016/j.jcrs.2014.04.013 PubMed PMID:
247740009.


https://doi.org/10.1016/j.ajhg.2011.05.007
https://www.ncbi.nlm.nih.gov/pubmed/21664999
https://doi.org/10.1093/hmg/ddae157
https://www.ncbi.nlm.nih.gov/pubmed/39535071
https://doi.org/10.1097/ICO.0b013e31823f8c72
https://www.ncbi.nlm.nih.gov/pubmed/22406940
https://doi.org/10.1111/j.1444-0938.2003.tb03082.x
https://www.ncbi.nlm.nih.gov/pubmed/14632614
https://doi.org/10.1111/ceo.14215
https://www.ncbi.nlm.nih.gov/pubmed/36882200
https://doi.org/10.3389/fmed.2023.1152266
https://www.ncbi.nlm.nih.gov/pubmed/37293301
https://doi.org/10.1371/journal.pone.0284454
https://www.ncbi.nlm.nih.gov/pubmed/37053215
https://doi.org/10.3109/09273948.2016.1145697
https://www.ncbi.nlm.nih.gov/pubmed/27014800
https://doi.org/10.1016/S1367-0484(03)00022-5
https://www.ncbi.nlm.nih.gov/pubmed/16303509
https://doi.org/10.1016/j.jcrs.2014.04.013
https://www.ncbi.nlm.nih.gov/pubmed/24774009

49. N Falgayrettes, E Patoor, F Cleymand, Y Zevering, JM Perone. Biomechanics of
keratoconus: Two numerical studies. PLoS One. 2023;18(2):e0278455.
doi:10.1371/journal.pone.0278455 PubMed PMID: 36730305.

50. DA Luce. Determining in vivo biomechanical properties of the cornea with an ocular
response analyzer. J Cataract Refract Surg. 2005;31(1):156—62. doi:10.1016/j.jcrs.2004.10.044
PubMed PMID: 15721708.

51. A Eliasy, KJ Chen, R Vinciguerra, BT Lopes, A Abass, P Vinciguerra, R Ambrosio,
CJ Roberts, A Elsheikh. Determination of Corneal Biomechanical Behavior for Healthy Eyes
Using CorVis ST Tonometry: Stress-Strain Index. Front Bioeng Biotechnol. 2019;7:105.
doi:10.3389/tbi0e.2019.00105 PubMed PMID: 31157217.

52. G Scarcelli, S Besner, R Pineda, SH Yun. Biomechanical characterization of
keratoconus corneas ex vivo with Brillouin microscopy. Invest Ophthalmol Vis Sci.

2014;55(7):4490-5. doi:10.1167/i0vs.14-14450 PubMed PMID: 24938517.

53. C Kirwan, D O’Malley, M O’Keefe. Corneal hysteresis and corneal resistance factor in
keratoectasia: findings using the Reichert ocular response analyzer. Ophthalmologica.

2008;222(5):334—7. do1:10.1159/000145333 PubMed PMID: 18628636.

54, P Padmanabhan, BT Lopes, A Eliasy, A Abass, R Vinciguerra, P Vinciguerra, R
Ambrosio, A Elsheikh. Evaluation of corneal biomechanical behavior in vivo for healthy and
keratoconic eyes using the stress-strain index. J Cataract Refract Surg. 2022;48(10):1162-7.
doi:10.1097/j.jcrs.0000000000000945 PubMed PMID: 35333824.

55. R Vinciguerra, R Ambrosio, A Elsheikh, CJ Roberts, B Lopes, E Morenghi, C Azzolini,
P Vinciguerra. Detection of Keratoconus With a New Biomechanical Index. J Refract Surg.

2016;32(12):803-10. do1:10.3928/1081597X-20160629-01 PubMed PMID: 27930790.

56. R Ambrésio, BT Lopes, F Faria-Correia, MQ Salomao, J Biihren, CJ Roberts, A
Elsheikh, R Vinciguerra, P Vinciguerra. Integration of Scheimpflug-Based Corneal
Tomography and Biomechanical Assessments for Enhancing Ectasia Detection. J Refract Surg.

2017;33(7):434-43. doi:10.3928/1081597X-20170426-02 PubMed PMID: 28681902.

57. R Ambrosio, AP Machado, E Ledo, JMG Lyra, MQ Salomao, LGP Esporcatte, JBR da
Fonseca Filho, E Ferreira-Meneses, NB Sena, JS Haddad, A Costa Neto, GC de Almeida, CJ
Roberts, A Elsheikh, R Vinciguerra, P Vinciguerra, J Biihren, T Kohnen, GM Kezirian, F


https://doi.org/10.1371/journal.pone.0278455
https://www.ncbi.nlm.nih.gov/pubmed/36730305
https://doi.org/10.1016/j.jcrs.2004.10.044
https://www.ncbi.nlm.nih.gov/pubmed/15721708
https://doi.org/10.3389/fbioe.2019.00105
https://www.ncbi.nlm.nih.gov/pubmed/31157217
https://doi.org/10.1167/iovs.14-14450
https://www.ncbi.nlm.nih.gov/pubmed/24938517
https://doi.org/10.1159/000145333
https://www.ncbi.nlm.nih.gov/pubmed/18628636
https://doi.org/10.1097/j.jcrs.0000000000000945
https://www.ncbi.nlm.nih.gov/pubmed/35333824
https://doi.org/10.3928/1081597X-20160629-01
https://www.ncbi.nlm.nih.gov/pubmed/27930790
https://doi.org/10.3928/1081597X-20170426-02
https://www.ncbi.nlm.nih.gov/pubmed/28681902

Hafezi, NL Hafezi, EA Torres-Netto, N Lu, DSY Kang, O Kermani, S Koh, P Padmanabhan,
S Taneri, W Trattler, L Gualdi, J Salgado-Borges, F Faria-Correia, E Flockerzi, B Seitz, V
Jhanji, TCY Chan, PM Baptista, DZ Reinstein, TJ Archer, KM Rocha, GO Waring, RR
Krueger, WJ Dupps, R Khoramnia, H Hashemi, S Asgari, H Momeni-Moghaddam, S Zarei-
Ghanavati, R Shetty, P Khamar, MW Belin, BT Lopes. Optimized Artificial Intelligence for
Enhanced Ectasia Detection Using Scheimpflug-Based Corneal Tomography and
Biomechanical Data. Am J Ophthalmol. 2023;251:126-42. doi:10.1016/j.2j0.2022.12.016
PubMed PMID: 36549584.

58. G Wollensak, E Spoerl, T Seiler. Stress-strain measurements of human and porcine
corneas after riboflavin-ultraviolet-A-induced cross-linking. J Cataract Refract Surg.

2003;29(9):1780-5. doi:10.1016/s0886-3350(03)00407-3 PubMed PMID: 14522301.

59. R Vinciguerra, R Ambroésio, CJ Roberts, C Azzolini, P Vinciguerra. Biomechanical
Characterization of Subclinical Keratoconus Without Topographic or Tomographic
Abnormalities. J Refract Surg. 2017;33(6):399-407. doi:10.3928/1081597X-20170213-01
PubMed PMID: 28586501.

60. JB Randleman, H Zhang, L Asroui, I Tarib, WJ Dupps, G Scarcelli. Subclinical
Keratoconus Detection and Characterization Using Motion-Tracking Brillouin Microscopy.
Ophthalmology. 2024;131(3):310-21. doi:10.1016/j.0phtha.2023.10.011 PubMed PMID:
37839561.

61.  YS Rabinowitz, K Rasheed. KISA% index: a quantitative videokeratography algorithm
embodying minimal topographic criteria for diagnosing keratoconus. J Cataract Refract Surg.

1999;25(10):1327-35. do0i:10.1016/s0886-3350(99)00195-9 PubMed PMID: 10511930.

62. MW Belin, JK Duncan. Keratoconus: The ABCD Grading System. Klin Monbl
Augenheilkd. 2016;233(6):701-7. doi:10.1055/5-0042-100626 PubMed PMID: 26789119.

63. E Flockerzi, K Xanthopoulou, SC Goebels, E Zemova, S Razafimino, L Hamon, T
Jullien, U Kliihspies, T Eppig, A Langenbucher, B Seitz. Keratoconus staging by decades: a
baseline ABCD classification of 1000 patients in the Homburg Keratoconus Center. Br J
Ophthalmol. 2020;105(8):1069-75. doi:10.1136/bjophthalmol-2020-316789 PubMed PMID:
32830125.


https://doi.org/10.1016/j.ajo.2022.12.016
https://www.ncbi.nlm.nih.gov/pubmed/36549584
https://doi.org/10.1016/s0886-3350(03)00407-3
https://www.ncbi.nlm.nih.gov/pubmed/14522301
https://doi.org/10.3928/1081597X-20170213-01
https://www.ncbi.nlm.nih.gov/pubmed/28586501
https://doi.org/10.1016/j.ophtha.2023.10.011
https://www.ncbi.nlm.nih.gov/pubmed/37839561
https://doi.org/10.1016/s0886-3350(99)00195-9
https://www.ncbi.nlm.nih.gov/pubmed/10511930
https://doi.org/10.1055/s-0042-100626
https://www.ncbi.nlm.nih.gov/pubmed/26789119
https://doi.org/10.1136/bjophthalmol-2020-316789
https://www.ncbi.nlm.nih.gov/pubmed/32830125

64. DZ Reinstein, TJ Archer, R Urs, M Gobbe, A RoyChoudhury, RH Silverman. Detection
of Keratoconus in Clinically and Algorithmically Topographically Normal Fellow Eyes Using
Epithelial Thickness Analysis. J Refract Surg. 2015;31(11):736—44. doi:10.3928/1081597X-
20151021-02 PubMed PMID: 26544561.

65. RH Silverman, R Urs, A RoyChoudhury, TJ Archer, M Gobbe, DZ Reinstein.
Combined tomography and epithelial thickness mapping for diagnosis of keratoconus. Eur J

Ophthalmol. 2017;27(2):129-34. doi:10.5301/ej0.5000850 PubMed PMID: 27515569.

66. D Smadja, D Touboul, A Cohen, E Doveh, MR Santhiago, GR Mello, RR Krueger, J
Colin. Detection of subclinical keratoconus using an automated decision tree classification. Am
J Ophthalmol. 2013;156(2):237-246.el. doi:10.1016/j.a2j0.2013.03.034 PubMed PMID:
23746611.

67. A Lavric, P Valentin. KeratoDetect: Keratoconus Detection Algorithm Using
Convolutional Neural Networks. Comput Intell Neurosci. 2019;2019:8162567.
doi:10.1155/2019/8162567 PubMed PMID: 30809255.

68. BI Kuo, WY Chang, TS Liao, FY Liu, HY Liu, HS Chu, WL Chen, FR Hu, JY Yen, IJ
Wang. Keratoconus Screening Based on Deep Learning Approach of Corneal Topography.
Transl Vis Sci Technol. 2020;9(2):53. doi:10.1167/tvst.9.2.53 PubMed PMID: 33062398.

69. H Abdelmotaal, RM Hazarbassanov, R Salouti, MH Nowroozzadeh, S Taneri, AH Al-
Timemy, A Lavric, S Yousefi. Keratoconus Detection-based on Dynamic Corneal Deformation
Videos Using Deep Learning. Ophthalmol Sci. 2023;4(2):100380.
doi:10.1016/j.x0ps.2023.100380 PubMed PMID: 37868800.

70. H Hashemi, F Doroodgar, S Niazi, M Khabazkhoob, Z Heidari. Comparison of different
corneal imaging modalities using artificial intelligence for diagnosis of keratoconus: a
systematic review and meta-analysis. Graefes Arch Clin Exp Ophthalmol. 2023;262(4):1017—
39. doi:10.1007/s00417-023-06154-6 PubMed PMID: 37418053.


https://doi.org/10.3928/1081597X-20151021-02
https://doi.org/10.3928/1081597X-20151021-02
https://www.ncbi.nlm.nih.gov/pubmed/26544561
https://doi.org/10.5301/ejo.5000850
https://www.ncbi.nlm.nih.gov/pubmed/27515569
https://doi.org/10.1016/j.ajo.2013.03.034
https://www.ncbi.nlm.nih.gov/pubmed/23746611
https://doi.org/10.1155/2019/8162567
https://www.ncbi.nlm.nih.gov/pubmed/30809255
https://doi.org/10.1167/tvst.9.2.53
https://www.ncbi.nlm.nih.gov/pubmed/33062398
https://doi.org/10.1016/j.xops.2023.100380
https://www.ncbi.nlm.nih.gov/pubmed/37868800
https://doi.org/10.1007/s00417-023-06154-6
https://www.ncbi.nlm.nih.gov/pubmed/37418053

