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Abstract: Keratoconus is a disease of the cornea that results in progressive steepening and thinning
of the cornea and subsequent vision loss. It nearly always presents as a bilateral disease, suggesting
that there is an underlying abnormality of the corneas that becomes manifest with time. However,
the mechanisms underlying the development of keratoconus are largely unknown. Associations
reported between keratoconus and systemic diseases are abundant in the literature, and the list of
possible associations is very long. We found that atopy, Down syndrome, and various connective
tissue diseases were the most frequently cited associations in our broad literature search. Additionally,
Diabetes Mellitus has been increasingly studied as a possible protective factor against keratoconus.
In this review, we have summarized the evidence for and against these particular systemic condi-
tions and keratoconus and have discussed some of the implications of keratoconus patients having
these conditions.
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1. Introduction

Keratoconus is a progressive disease that results in what is known as ectasia, which is
a steepening and thinning of the cornea. Patients experience vision loss due to progressive
irregular astigmatism, typically in both eyes, although the condition can be very asymmetric.
The prevalence of keratoconus is estimated to be between 1 in 375 to 1 in 2000 individuals
and typically presents in the second decade of life [1–3]. How and why keratoconus
develops is still largely unknown, but genetic factors and heredity are known to play a
role [4]. Additionally, there have been multiple associations made between keratoconus and
various systemic conditions, and these associations could serve as clues to the pathogenesis
of keratoconus. Some of these systemic associations have been corroborated by multiple
controlled studies, while others are only suggested by small observational studies. In this
review, we aimed to summarize the evidence for the most frequent systemic associations of
keratoconus.

2. Methods

We searched the PubMed (U.S. National Library of Medicine) database using a combi-
nation of the following search terms: (“systemic association” OR co-morbid* OR associat*)
AND (“keratoconus” [Mesh] OR “keratoconus”). This resulted in 1494 results, of which
138 articles were review articles. Table 1 lists the conditions we found reported to be
associated with keratoconus.
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Table 1. Conditions reported to be associated with keratoconus.

Atopic Diseases

Allergic conjunctivitis Eczema
Asthma Hay Fever

Connective Tissue Diseases

Collagen vascular disease Marfan syndrome
Ehlers–Danlos syndrome Mitral valve prolapse

Joint hypermobility Osteogenesis imperfecta

Ocular Diseases

Aniridia Iridoschisis
Ankyloblepharon Lattice dystrophy

Atopic keratoconjunctivitis Leber congenital amaurosis
Avellino corneal dystrophy Leber hereditary optic neuropathy

Axenfeld’s anomaly Measles retinopathy
Bilateral macular coloboma Microcornea

Blue sclerae Ocular hypertension
Brittle corneal syndrome Pellucid marginal degeneration

Cataracts Persistent pupillary membrane
Chandler’s syndrome Posterior lenticonus

Chronic progressive external ophthalmoplegia Posterior polymorphous dystrophy
Congenital cataracts Pseudoexfoliative glaucoma
Corneal amyloidosis Retinitis pigmentosa

Deep filiform corneal dystrophy Retinopathy of prematurity
Ectopia lentis Retrolental fibroplasia

Essential iris atrophy Tapetoretinal degeneration
Fleck corneal dystrophy Terrien’s marginal degeneration
Floppy eyelid syndrome Vernal keratoconjunctivitis

Systemic and Other Disorders

Alagille’s syndrome Mulvihill-Smith syndrome
Albers-Schonberg disease Nail patella syndrome

Anetoderma Neurocutaneous angiomatosis
Angelman syndrome Neurofibromatosis

Apert syndrome Nonsyndromic autosomal recessive
hydrocephalus

Autism spectrum disorders Noonan syndrome
Autographism Obesity

Bardet-Biedl syndrome Obstructive sleep apnea
Congenital hip dysplasia Oculodentodigital syndrome

Congenital communicating hydrocephalus Pseudoxanthoma elasticum
Costello syndrome Raynaud’s syndrome
Crouzon syndrome Rieger’s syndrome

Diabetes Rheumatoid arthritis
Down syndrome Rothmund’s syndrome
EDICT syndrome Rubinstein-Taybi syndrome

False chordae tendinae Scoliosis
Familial Mediterranean Fever Syndactyly

Focal dermal hypoplasia Thyroid disease
GAPO syndrome Tourette syndrome

Goltz-Gorlin syndrome Turner syndrome
Ichthyosis Warburg Micro syndrome

Inflammatory bowel disease Williams-Beuren syndrome
Intellectual disability Xeroderma pigmentosum

Laurence-Moon-Bardet-Biedl syndrome X-linked hypohydrotic ectodermal dysplasia
Little’s disease 22q11.2 deletion syndrome

Martsolf syndrome
Bold font indicates conditions examined in this review.
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We reviewed the titles and abstracts of the review articles and identified the systemic
conditions most frequently associated with keratoconus. Of the identified systemic associa-
tions of keratoconus, atopy and Down syndrome were discussed most frequently. Several
other associations, including Ehlers–Danlos syndrome, Marfan syndrome, Osteogenesis
Imperfecta, and mitral valve prolapse, which all fall under the umbrella of connective
tissue diseases, were also represented frequently in the literature search results. Finally,
the association between keratoconus and diabetes was of particular interest given the
inverse relationship between rates of keratoconus and diabetes reported in several studies,
suggesting a potential protective effect of diabetes. Thus, for the purposes of this review,
we selected atopy, Down syndrome, connective tissue diseases, and diabetes as associations
of interest.

Articles for each of these associations were gathered through specific PubMed search
terms. The search term (“keratoconus”) AND (“allerg*” OR “atop*”) yielded 348 results
for atopic associations with keratoconus. The search term (“keratoconus”) AND (“down
syndrome”) yielded 128 results for associations between Down syndrome and kerato-
conus. The search terms (“keratoconus”) AND (“ehlers-danlos”), (“keratoconus”) AND
(“marfan”), (“keratoconus”) AND (“osteogenesis imperfecta”), and (“keratoconus”) AND
(“mitral valve prolapse”) yielded 31, 25, 17, and 21 results, respectively. Finally, the search
term (“keratoconus”) AND (“diabetes”) yielded 110 results for associations between di-
abetes and keratoconus. The results gathered from these search terms were reviewed to
delineate the nature and strength of each association with keratoconus.

3. Results
3.1. Keratoconus and Atopy
3.1.1. Inflammation and Allergy-Related Markers in Keratoconus

Atopy refers to a predisposition to allergen hypersensitivity mediated by CD4+ Th2
differentiation and overproduction of immunoglobulin E (IgE) [5]. Several diseases fall
within the classification of atopy, notably asthma, atopic dermatitis (eczema), allergic
rhinitis, and ocular allergy (allergic conjunctivitis and vernal keratoconjunctivitis).

There is evidence that allergy-related processes play a role in the pathogenesis of
keratoconus. Keratoconus patients have a significantly higher incidence of elevated serum
IgE (52%) compared to controls (7%) [6]. Several other inflammatory molecules, including
MMP-1, MMP-3, MMP-7, MMP-13, IL-4, IL-5, IL-6, IL-8, TNFa, and TNFb, have been
found to be elevated in tear samples from keratoconus patients [7]. Eye-rubbing behavior,
which is associated with atopic disease, also results in increases in MMP-13, IL-6, and TNFa
in normal subject tears [8]. IL-6 has also been found to be correlated with keratoconus
severity, with increasing IL-6 concentrations in tear samples associated with more severe
keratoconus [9].

While atopy and keratoconus share pertinent molecular markers, it is still largely
unclear whether atopy acts directly or indirectly, via behaviors such as eye rubbing, to serve
as a risk factor for keratoconus. An examination of two allergy-related single nucleotide
polymorphisms (SNPs), IL4 rs2070874 and FOXP3 rs3761548, found no significant difference
in allele and genotype frequencies between keratoconus and control groups, despite there
being a significantly higher rate of atopy in the keratoconus group [10]. Additionally,
keratoconus patients with atopic dermatitis were found to have a lower-than-expected
frequency of filaggrin (FLG) mutations, despite FLG mutations being a strong genetic risk
factor for atopic dermatitis [11]. However, the absence of these genetic associations by
no means rules out the possibility that atopy plays a direct role in the pathogenesis of
keratoconus.

3.1.2. Prevalence of Atopy within Keratoconus Populations

Multiple case–control studies have found an association between atopic disease and
keratoconus (Table 2). Only a few studies have found no association between atopy and
keratoconus. One of these studies was a case–control study that did not find an increased
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rate of atopy in a keratoconus population, but this study was limited by a small sample size
of 30 keratoconus patients and 30 age- and sex-matched control participants [12]. Another
study analyzed keratoconus associations using the Korean National Health Insurance Ser-
vice National Sample Cohort database and did not find an association between keratoconus
and atopy diagnoses [13]. However, the authors did find a significantly higher rate of
allergy-related diseases, such as allergic conjunctivitis, in the keratoconus population. The
third study we found that did not find a difference in rates of atopy between keratoconus
and control populations was primarily aimed at comparing ocular surface Toll-like receptor
expression between controls, keratoconus, and first-degree relatives of keratoconus patients
and only examined rates of atopy in the subjects in order to characterize their population;
the sample size was also relatively small (36 controls, 60 keratoconus) [14]. Although not
statistically significant, they did report that the rate of “allergic disease” in keratoconus pa-
tients was 60%, compared to 47.2% in controls. The limitations of each of these studies may
account for why no association between atopy and keratoconus was found, whereas the
majority of studies have found significantly higher rates of atopy in keratoconus patients
compared to controls [9,10,15–19].

Table 2. Results of case–control studies comparing atopy rates in keratoconus versus control popula-
tions.

Study Population KCN 1 with Atopy Control with Atopy Significance

Rahi et al., 1977 [18] United Kingdom 35%
(n = 182)

12%
(n = 100) Yes (p < 0.001)

Wachtmeister et al., 1982 [12] Sweden 40%
(n = 30)

23%
(n = 30) No (p > 0.1)

Bawazeer et al., 2000 [16] Canada 20%
(n = 49)

4%
(n = 71) Yes (p = 0.01)

Millodot et al., 2011 [17] Israel 40%
(n = 22)

19%
(n = 949) Yes (p = 0.01)

Lee et al., 2020 [13] Korea 20%
(n = 575)

19%
(n = 2875) No (p = 0.498)

Ahmed et al., 2021 [15] Egypt 35%
(n = 34)

12%
(n = 66) Yes (p = 0.005)

Meteoukki et al., 2021 [10] Algeria 69%
(n = 70)

16%
(n = 70) Yes (p < 0.001)

Moura et al., 2021 [9] Brazil 73%
(n = 30)

11%
(n = 18) Yes (p < 0.001)

Regueiro et al., 2021 [14] Spain 60%
(n = 60)

47%
(n = 36) No (p = 0.228)

Yang et al., 2022 [19] China 16%
(n = 330)

5%
(n = 330) Yes (p < 0.001)

1 KCN = keratoconus.

Additionally, studies have found significantly higher rates of asthma [20–27], allergic
rhinitis [20,21,23–25,27], atopic dermatitis [24,25], and ocular allergy [13,22,25] in kerato-
conus populations (Supplemental Tables S1–S4). A multivariate regression analysis found
that asthma was associated with increased odds of keratoconus diagnosis, although, on the
contrary, allergic rhinitis was associated with reduced odds of severe KCN compared to
mild KCN [27]. One study found that vernal keratoconjunctivitis was associated with more
severe forms of keratoconus in a younger patient population [28]. Another study found
that allergy was associated with earlier onset of keratoconus [29].

Environmental pollution has recently been implicated in the development of kerato-
conus, where a moderate to strong correlation was found between keratoconus prevalence
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and levels of fine particulate matter in the air [30]. However, whether this effect is due
to exacerbating manifestations of atopy, increased eye rubbing, or both has yet to be
determined.

3.1.3. Atopy or Eye Rubbing?

An important point of debate regarding whether atopy is a risk factor for keratoconus
relates to whether it is the atopic disease or behaviors related to the atopic disease that serves
as the primary risk factor for keratoconus. Eye rubbing is a behavior that is commonly seen
in patients with atopic disease. Several studies have found a significant association between
eye rubbing and keratoconus. In one multivariate analysis, eye rubbing was the only
significant predictor of keratoconus, whereas atopy was only significant in their univariate
analysis [16]. Other studies have found both eye rubbing and atopy to be independently
associated with keratoconus, and the combination of the two risk factors greatly increases
the odds of having keratoconus [19]. Sleep position, pertaining to contact between the hand
or forearm of patients with their eyes, has also been found to be significantly associated
with keratoconus [22]. Additionally, an increased risk of keratoplasty, a marker of severe
disease status, has also been observed in keratoconus patients exhibiting eye-rubbing
behavior [31].

As mentioned above, eye rubbing can result in the release of pro-inflammatory cy-
tokines and thus could be contributing to keratoconus development indirectly through
mechanisms related to atopy and inflammation [8]. On the other hand, eye rubbing has
been proposed to also cause mechanical and thermal stress to the cornea [32]. Given the
high prevalence of eye rubbing in patients with ocular allergy and atopy, it is still not
entirely clear whether eye rubbing has a causative role in keratoconus, despite some inde-
pendent associations found between eye rubbing and keratoconus. We were not able to
find further studies addressing whether eye rubbing directly contributes to keratoconus
progression in atopic patients. Studies investigating keratoconus progression in patients
who successfully stop eye rubbing could help determine the importance of eye rubbing to
the progression of keratoconus.

3.1.4. Complications and Progression of Keratoconus in Atopic Patients

Corneal hydrops is a complication of keratoconus that occurs when aqueous fluid
enters the stroma via a rupture in Descemet’s layer, leading to severe vision impairment. A
higher risk for developing corneal hydrops has been observed in keratoconus patients with
earlier onset disease, eye rubbing behavior, and atopy [31]. Further, a multivariate analysis
has demonstrated independent associations of vernal keratoconjunctivitis and asthma with
odds of hydrops in keratoconus patients [33]. Eye rubbing has also been associated with
the development of acute corneal hydrops in keratoconus patients [34].

Despite the significant association between atopy and keratoconus supported by much
of the literature, the effect of atopy on the progression of keratoconus is unclear. An
early study on this topic, examining demographic and systemic associations with rates
of progressing to penetrating keratoplasty prior to the advent of collagen cross-linking,
found no influence of atopy on keratoconus progression [35]. A more recent study of
96 eyes of 96 patients with a 39.6% progression rate also found that atopy was not a
significant risk factor for progression detected by tomography over the course of their
study [36]. On the other hand, severe atopic dermatitis has been associated with an
increased risk for progression to corneal transplantation [37]. There have also been studies
examining risk factors for progression despite corneal cross-linking that have suggested
a link between atopy and failure of cross-linking to completely halt disease progression.
In a retrospective study of eyes demonstrating progression despite corneal cross-linking,
75% of the 20 eyes of 20 patients with progression had allergic conjunctivitis [38]. In a
separate study, 5 of 5 patients who progressed after corneal cross-linking in one or both
eyes all reported a history of allergic conjunctivitis and eye rubbing [39]. However, there
were no comparisons made between rates of allergic conjunctivitis, atopy, and eye rubbing
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between the progressive and non-progressive groups in either cross-linking study, making
any actual associations unclear.

There is some mixed evidence that corneal transplantation complications could be
greater in keratoconus patients with atopy. Patients with ocular allergy and longer duration
of corneal hydrops were found to have a higher risk of endothelial rejection, although long-
term allograft survival and vision outcomes remained strong [40]. Other studies have not
found higher rates of graft rejection in patients with atopy [41] nor any significance in graft
survival after the first, second, third, or further grafts [42]. Further, keratoconus patients
with and without vernal keratoconjunctivitis have been found to have similar rates of graft
survival, postoperative complications, and visual results after penetrating keratoplasty [43].
On the other hand, a retrospective study found that 17% of keratoconus patients who had
atopic dermatitis developed post-keratoplasty atopic sclerokeratitis (PKAS) [44].

3.2. Keratoconus and Down Syndrome
3.2.1. Prevalence of Down Syndrome within Keratoconus Populations

Down syndrome is a genomic disorder caused by trisomy of chromosome 21 (HSA21),
which is known to be the most common genomic disorder of intellectual disability [45].
Down syndrome is associated with many systemic manifestations and co-existing medical
conditions, including congenital heart disease, pulmonary hypertension, hearing deficits,
hematologic and oncological disorders, sleep disorders, thyroid abnormalities, dysphagia,
seizure disorders, gastrointestinal anomalies, and visual problems [46]. Among these
visual problems, refractive error, amblyopia, strabismus, nystagmus, nasolacrimal duct
obstruction, and keratoconus are all ophthalmic manifestations associated with Down
syndrome [47].

The prevalence of keratoconus in Down syndrome patients has been reported as rang-
ing from 0% to 71% across the literature [48], with the variation being possibly attributed to
patients’ age, ethnicity, sample size of the study, and the variety of diagnostic criteria and
technologies used [49]. Several studies examining the prevalence of ocular disease in chil-
dren from various ethnic populations did not detect keratoconus in their Down syndrome
populations [50–53]. However, none of these studies used topography or tomography to
detect keratoconus, and they included very young subjects, including infants and very
few older children. Keratoconus does not typically manifest until the second decade of
life, and therefore, the prevalence of keratoconus in these studied populations would be
expected to be very low at most. In contrast, a review of keratoconus prevalence rates in
Down syndrome patients found higher rates (>10%) of keratoconus reported in studies
that utilized corneal topography as the standard diagnostic tool [54]. Furthermore, a more
recent study of pediatric patients with Down syndrome detected keratoconus suspicion
or definite keratoconus using Schiempflug tomography in at least one eye of 32% of pa-
tients [55], again suggesting that with more sensitive diagnostic technologies, keratoconus
is more likely to be detected.

Unlike the many case–control studies that examine the rate of atopy in keratoconus
and control populations, few such studies exist for determining the rate of Down syndrome
in keratoconus and control groups. In a multi-center observation study of 217 patients,
Down syndrome patients were observed to have steeper, thinner corneas and more corneal
aberrations compared to non-Down syndrome controls, with topography findings often
suggestive of keratoconus [49]. A population-based study of over 5000 patients examining
risk factors contributing to keratoconus in Taiwan found a significantly higher prevalence
of Down syndrome in the keratoconus population compared to controls, with rates of
0.38 and 0.05, respectively [23]. Another large-scale study of 1653 keratoconus patients
matched 1:1 with subjects without keratoconus also reported a significantly higher rate of
Down syndrome in keratoconus patients compared to controls, with keratoconus patients
having a six-fold greater odds of Down syndrome [27]. An earlier multivariate analysis
found no significant difference in Down syndrome rates between keratoconus and control
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groups [16], but this study was much smaller (only 120 subjects) compared to the two
aforementioned studies.

3.2.2. Eye Rubbing in Down Syndrome

As discussed earlier in the context of atopy, eye rubbing has been identified as a risk
factor for the pathogenesis and progression of keratoconus. While several studies have
suggested that Down syndrome patients may be at higher risk of developing keratoconus
due to eye-rubbing behavior [56–58], the evidence to support this association is limited.
One study examining parental subjective assessment of eye rubbing in their child with
Down syndrome found no significant association between reported eye rubbing frequency
and corneal topographic abnormalities [59]. Another study investigating the prevalence
of keratoconus in 250 Down syndrome patients found no significant difference in the
rate of eye rubbing behavior between patients with and without keratoconus or between
keratoconus patients with non-progressive and progressive disease [60]. The connection
between eye rubbing and keratoconus remains a topic requiring further investigation,
particularly in the context of eye rubbing rates in Down syndrome patients and whether
this behavior increases the risk of Down syndrome patients developing keratoconus.

3.2.3. Caring for Down Syndrome Patients with Keratoconus

Diagnosing and treating keratoconus at the early stages of its manifestation is critical
for slowing the progression of the disease and preserving sight. Given the evidence for a
higher prevalence of keratoconus in Down syndrome patients, along with the constellation
of ocular abnormalities associated with Down syndrome, it is important for all Down
syndrome patients to be regularly screened for corneal changes. An assessment of to-
mographic indices for keratoconus diagnosis in Down syndrome patients suggested that
anterior higher-order aberrations, posterior vertical coma, anterior vertical coma, and total
higher-order aberrations were effective keratoconus discriminators in this population [61].

Early detection and treatment of keratoconus also provide opportunities for earlier
interventional procedures, such as corneal cross-linking. Subsequently, this can deter a
patient’s need for future penetrating keratoplasty, which has been shown to prove more
challenging for Down syndrome patients in regard to postoperative care [62].

3.3. Keratoconus and Diseases of Connective Tissue
3.3.1. Ehlers–Danlos Syndrome

Ehlers–Danlos Syndrome (EDS) is characterized by clinical manifestations of skin
hyperextensibility, joint hypermobility, and tissue fragility [63]. The various subtypes of
EDS have been found in association with 19 genes related to collagen and extracellular
matrix (ECM) synthesis [64]. A 1975 study of joint hypermobility in 44 keratoconus patients
found 50% of patients to have some degree of hypermobility in their joints, although none of
these patients fit the full criteria for EDS diagnosis, which includes skin hyperextensibility
and fragility, as well as a severe level of joint hypermobility [65]. An association between
keratoconus and EDS is supported by findings that keratoconus patients are five times
more likely to demonstrate hypermobility of the metacarpophalangeal and wrist joints [66].
However, there are few studies that have explored the prevalence of EDS in keratoconus
patients at a larger scale, with the aforementioned studies having only had less than
100 subjects.

Data regarding the findings of keratoconus in patients with EDS is mixed. Small-
scale studies have noted keratoconus diagnoses in patients with EDS spondylodysplastic
form Type III [67] and in patients with EDS Type VI [68]. However, an examination
of 36 EDS patients found no keratoconus via slit lamp biomicroscopy, retinoscopy, and
videokeratography methods [69]. Another study of patients with EDS kyphoscoliotic form
Type VI noted corneal abnormalities in the form of limbus-to-limbus corneal thinning but
no keratoconus [70].
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Although there is weak evidence for a clear clinical association between keratoconus
and EDS, several studies have examined genetic mediators that keratoconus and EDS
could have in common. A recent study utilized whole exome sequencing (WES) to identify
34 keratoconus-related genes and noted genetic variation for several genes that are pertinent
to EDS, including COL5A1, TNXB, ZNF469, and COL12A1 [71]. These results support
previous findings of sequence variants in COL5A1 that could contribute to reduced central
corneal thickness (CCT) in both keratoconus and EDS [72]. Homozygous mutations in
ZNF469, another gene related to EDS, result in brittle cornea syndrome (BCS), which is
characterized by extreme corneal thinning. ZNF469 alleles with low predicted pathogenicity
were found to be enriched in 12.5% of keratoconus patients and could be a significant genetic
risk factor for keratoconus [73]. While there is some genetic basis for an association between
keratoconus and EDS, it appears that EDS does not typically lead to the development of
keratoconus, and the EDS-like symptoms observed in some keratoconus patients are too
mild to fit the full criteria for EDS diagnosis.

3.3.2. Marfan Syndrome

Marfan Syndrome (MFS) is an autosomal dominant disorder with variable penetrance,
characterized by musculoskeletal manifestations of exaggerated long bone growth, accom-
panied by ocular, craniofacial, neurologic, pulmonary, craniofacial, and cardiopulmonary
manifestations [74]. Most cases of MFS can be attributed to mutations in the fibrillin-1
gene [75]. While case reports have identified keratoconus in patients with Marfan syn-
drome [76,77], there is very weak evidence for a significant clinical association between
these two diseases. Earlier studies have noted corneal abnormalities in MFS patients,
including flattening and astigmatism [78], and an evaluation of 160 MFS patients found no
keratoconus in any of these patients [79]. This corresponds with a case–control study of
MFS and normal control subjects, which also found no indications of keratoconus in MFS
eyes [80]. Further, a case–control study of keratoconus and control participants found no
difference in the prevalence of MFS between these groups [16]. Evidently, there is very little
support for the association between keratoconus and MFS, despite MFS being widely cited
as an association of keratoconus [81–91].

3.3.3. Osteogenesis Imperfecta

Osteogenesis Imperfecta (OI) typically presents as an autosomal dominant disorder
linked to mutations in genes essential for type 1 collagen synthesis, and common clinical
manifestations include bone fragility, decreased bone mass, blue sclera, fractures, and
Wormian bones of the skull [92]. Subtypes of OI, classified as Types 1–4, have been
determined based largely on the radiographic variation and clinical presentation of OI
patients [93]. Given the abundance of Type I collagen in the corneal stroma [94], a few
studies have explored the link between OI and corneal diseases such as keratoconus. An
analysis of an Italian family with Type 1 OI found keratoconus present in several family
members, with a notably very early presentation of keratoconus in a family member who
was only 3 years old at the time of the study [95]. Further, a case–control study of 23 OI and
25 normal control subjects found that OI patients have significantly lower CCT compared
to age-, sex-, and refraction-matched controls [96].

As seen with EDS and MFS, case–control studies of patients with OI and keratoconus
are scarce. Very recently, a study comparing 23 OI patients, 99 keratoconus patients, and
92 normal control patients, utilizing the Corvis ST (Oculus, Wetzlar, Germany) to identify
biomechanical differences, found that OI and keratoconus corneas were less stable and
easier to deform compared to control corneas, but only keratoconus corneas demonstrated
significantly lower material stiffness [97]. While this study cannot address the question of
whether keratoconus is more prevalent in the OI patient population, it does indicate that
the biomechanical effects on the cornea of OI and keratoconus are different.
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3.3.4. Mitral Valve Prolapse

Mitral valve prolapse (MVP) is a cardiac valvular disorder that has two common
mechanisms of manifestations: (1) altered collagen organization and thickening of valve
leaflets due to fibromyxomatous changes and (2) collagen accumulation and thickened
spongiosa due to fibroelastic deficiency [98]. Among the connective tissue disorders
discussed in this review, the association between MVP and keratoconus arguably has the
strongest evidence.

Early studies of the association between MVP and keratoconus had mixed results. A
case–control cross-sectional study with 95 keratoconus patients and 96 matched controls
examined all subjects via M-mode ultrasound, echocardiography, and cardiac auscultation
methods and found no significant difference in the prevalence of MVP between these
two groups [99]. However, other early studies found significantly higher rates of MVP in
keratoconus groups compared to age- and sex-matched controls, with one study citing 38%
of keratoconus patients displaying MVP compared to 13% of controls [100] and another
demonstrating 58% of keratoconus patients displaying MVP compared to 7% controls [101].
Another study examining 35 MVP patients and 25 controls found a borderline associa-
tion between MVP and keratoconus, with 11.1% of MVP eyes demonstrating keratoconus
compared to only 2% of control eyes [102]. These findings have been supported by a later
study using a Scheimpflug camera combined with Placido corneal topographic diagnosis
that found a significantly higher rate of keratoconus in MVP patients (13.4%) compared to
controls (1.1%) [103]. It also appears that MVP may be more prevalent in populations with
more severe cases of keratoconus. A study examining keratoconus patients with compli-
cations of corneal hydrops found that this group had a significantly higher prevalence of
MVP (65.6%) compared to controls (9%) [104].

The evidence for the association between MVP and keratoconus in large-scale studies
is also mixed but perhaps more inclined to support the existence of an association. A
population-based matched case–control study in Taiwan did not find a significant differ-
ence in rates of MVP between keratoconus and control subject groups [23]. However, a
meta-analysis of six studies reporting the prevalence of MVP in keratoconus populations,
and two studies reporting the prevalence of keratoconus in the MVP population, found a
significant association between MVP and keratoconus [105]. Further, a retrospective na-
tionwide matched-cohort study in Taiwan examining 4488 keratoconus patients proposed
recommendations for screening keratoconus patients for MVP after finding a 1.77 times
higher incidence of MVP in keratoconus patients 40 years and older and a 1.49 times higher
incidence of MVP in female keratoconus patients compared to controls [106].

3.4. Keratoconus and Diabetes Mellitus
3.4.1. Corneal Characteristics of Diabetic Patients

Diabetes mellitus (DM) is a condition related to a deficiency in the hormone insulin, as
seen in Type 1 DM, or associated with the development of insulin resistance, as seen in Type
2 DM. Diabetic conditions are associated with a wide range of systemic manifestations,
including a predisposition to hypertension, arterial stiffness, systemic inflammation, and
cardiovascular disease [107]. Central corneal thickness (CCT) is an important measure
for evaluating keratoconus, with lower CCT being a major criterion for the diagnosis of
keratoconus. Several studies examining CCT in patients with diabetes have found signifi-
cantly higher CCT values in diabetic patients compared to healthy control subjects, while
on the other hand, a few reports have found no significant CCT increase in patients with
diabetes [108–113]. One study found that the duration of diabetes positively correlates
with higher CCT, as seen in patients with diabetes for over 10 years, demonstrating signifi-
cantly higher CCT compared to those who have had diabetes for less than 10 years [112].
Interestingly, a clinical trial examining CCT in diabetic patients prior to achieving good
glycemic control (HbA1C levels above 7%) and after treatment at an endocrinology clinic
to lower HbA1C levels below 7% found that CCT measurements decreased significantly in
patients after achieving good glycemic control [114]. While keratoconus is characterized by
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progressive thinning and decreased stiffness of the corneal stroma, DM has been associated
with increased corneal rigidity [110,115].

3.4.2. A Possible Protective Effect of Diabetes Mellitus in Keratoconus

Given reports of higher CCT and increased corneal stiffness in DM patients, the
potential for DM to provide a protective effect against keratoconus has become a topic
of interest. It has been hypothesized that this association in DM patients is mediated by
advanced glycation end products (AGEs). Prolonged hyperglycemia in DM patients often
results in an increase in oxidation products, such as AGEs, which then mediate increased
collagen cross-linking [116]. This subsequently decreases the elasticity of the corneal stroma
and potentially prevents corneal thinning [117]. The evidence for this protective effect is,
however, mixed. An early case–control study comparing keratoconus patients with normal
controls found a significantly lower rate of Type 2 DM in the keratoconus group [118],
which was later supported by the findings of several other studies which also determined
significant inverse associations between the prevalence of keratoconus and DM [23,27,119].
One study found no significant association between keratoconus and DM but did determine
that patients with DM had decreased odds of experiencing progression of their keratoconus
to a more severe stage [120]. While these studies suggest a possible protective effect of
diabetes against the diagnosis or progression of keratoconus, several other studies have
found no association between the two [13,121–123] or even higher prevalence of diabetes
in the keratoconus population compared to normal controls [24,124].

Recently, several meta-analyses have examined the association between keratoconus
and diabetes. One such analysis examined 6 case–control studies and 3 cohort studies
and found no significant association between keratoconus and DM, with an odds ratio of
0.87 and a 95% confidence interval of 0.66–1.14 [125]. Another meta-analysis examining
2 additional case–control studies for a total of 8 case–control and 3 cohort studies also
determined no significant association between keratoconus and DM, with an odds ratio
of 0.83 and 95% confidence interval of 0.66–1.10 [126]. These findings are supported by
yet another meta-analysis examining the many risk factors of keratoconus, which also
found no significant association between keratoconus and type II DM [127]. Thus, it is still
unclear whether DM may confer a protective effect against the development or progression
of keratoconus, but it remains an intriguing possibility.

4. Summary and Conclusions

In this review of conditions commonly cited to be associated with keratoconus, in-
cluding atopy, Down syndrome, Ehlers–Danlos syndrome, Marfan syndrome, mitral valve
prolapse, osteogenesis imperfecta, and diabetes mellitus, it is evident that the strength of
some of these associations is weaker than one might expect based on how often they are
cited. For instance, the association between keratoconus and connective tissue disorders
has been frequently examined, with the strongest association among connective tissue
disorders with keratoconus being mitral valve prolapse. However, the lack of a clear and
consistent association between keratoconus and known connective tissue diseases suggests
a very different mechanism of pathogenesis from these conditions. The association between
keratoconus and Down syndrome is also not entirely clear, with an extremely large variety
of prevalence in different populations. Some of this may be due to the lack of sensitive
methods of keratoconus detection (i.e., topography or tomography) in early studies, but
some of this could be due to an actual absence of association between keratoconus and
conditions long thought to be related. Larger case–control studies would help to determine
which of the long list of cited associations in Table 1 are likely true, which in turn could
help direct new research into the cause of keratoconus.

The strongest evidence of association by far has been found for atopy and keratoconus.
Multiple case–control studies have supported this association (Table 2), and additional
case–control studies support the association of atopy-related conditions (asthma, allergic
rhinitis, eczema, and ocular allergy) with keratoconus (Supplemental Tables S1–S4). While
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the evidence points towards atopy having the strongest association with keratoconus, there
is considerable variation in the data examining specific atopic diseases and their clinical
correlation with keratoconus. Still, the strong evidence for a connection between atopy and
keratoconus warrants continued investigation into the link between these two conditions
and whether treating atopic conditions more aggressively could potentially decrease the
chances of developing or worsening keratoconus. Of course, the potentially confounding
variable here is eye rubbing. Eye rubbing behavior has also been repeatedly associated with
keratoconus. However, the nature of this association is still unclear due to the significant
overlap between eye rubbing and ocular allergy, with one condition exacerbating the
other. Whether it is the mechanical forces to the cornea from eye rubbing, the release of
inflammatory cytokines secondary to eye rubbing that could be contributing to keratoconus
progression, or an underlying imbalance of cytokines resulting in altered tissue properties
that results in keratoconus irrespective of eye rubbing, or whether keratoconus and its
progression occurs primarily and can result in increased ocular inflammation and eye
rubbing that has no bearing on the keratoconus, remains to be answered. Even so, advising
patients to avoid eye rubbing, as well as reducing ocular surface allergy using lubricants
and topical anti-histamines, makes sense due to the low risk of such intervention and the
possible benefit. One must, however, be cautious so as not to make patients feel guilty or
feel as though they caused their keratoconus by rubbing their eyes, as we cannot be sure
that eye rubbing is necessary and sufficient to cause keratoconus.

Finally, there has been interest in the possibility that DM could confer protection
against the development of keratoconus, perhaps through promoting endogenous corneal
cross-linking. Thus far, the evidence for an inverse relationship between DM and ker-
atoconus is somewhat mixed, but at least four separate studies have found an inverse
relationship between DM and keratoconus, and the possibility that having DM could
protect against having keratoconus, or perhaps protect against keratoconus progression, is
certainly intriguing and warrants continued study.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/life13061363/s1, Table S1: Results of case–control studies comparing
the rate of asthma in keratoconus and control populations, Table S2: Results of case–control studies
comparing the rate of allergic rhinitis in keratoconus and control populations, Table S3: Results of case–
control studies comparing rates of eczema and skin allergy in keratoconus and control populations,
Table S4: Results of case–control studies comparing the rate of ocular allergy in keratoconus and
control populations.
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38. Sağlık, A.; Özcan, G.; Uçakhan, Ö. Risk Factors for Progression Following Corneal Collagen Crosslinking in Keratoconus. Int.
Ophthalmol. 2021, 41, 3443–3449. [CrossRef]

39. Antoun, J.; Slim, E.; El Hachem, R.; Chelala, E.; Jabbour, E.; Cherfan, G.; Jarade, E.F. Rate of Corneal Collagen Crosslinking Redo
in Private Practice: Risk Factors and Safety. J. Ophthalmol. 2015, 2015, 690961. [CrossRef]

40. Basu, S.; Reddy, J.C.; Vaddavalli, P.K.; Vemuganti, G.K.; Sangwan, V.S. Long-Term Outcomes of Penetrating Keratoplasty for
Keratoconus with Resolved Corneal Hydrops. Cornea 2012, 31, 615–620. [CrossRef] [PubMed]

41. Yildiz, E.H.; Erdurmus, M.; Hammersmith, K.M.; Rapuano, C.J.; Laibson, P.R.; Cohen, E.J. Comparative Study of Graft Rejection
in Keratoconus Patients with and without Self-Reported Atopy. Cornea 2009, 28, 846–850. [CrossRef] [PubMed]

42. Thomas, J.K.; Guel, D.A.; Thomas, T.S.; Cavanagh, H.D. The Role of Atopy in Corneal Graft Survival in Keratoconus. Cornea 2011,
30, 1088–1097. [CrossRef] [PubMed]

43. Wagoner, M.D.; Ba-Abbad, R. King Khaled Eye Specialist Hospital Cornea Transplant Study Group Penetrating Keratoplasty for
Keratoconus with or without Vernal Keratoconjunctivitis. Cornea 2009, 28, 14–18. [CrossRef] [PubMed]

44. Shimmura-Tomita, M.; Shimmura, S.; Satake, Y.; Shimazaki-Den, S.; Omoto, M.; Tsubota, K.; Shimazaki, J. Keratoplasty
Postoperative Treatment Update. Cornea 2013, 32 (Suppl. S1), S60–S64. [CrossRef]

45. Antonarakis, S.E.; Skotko, B.G.; Rafii, M.S.; Strydom, A.; Pape, S.E.; Bianchi, D.W.; Sherman, S.L.; Reeves, R.H. Down Syndrome.
Nat. Rev. Dis. Prim. 2020, 6, 9. [CrossRef] [PubMed]

46. Bull, M.J. Down Syndrome. N. Engl. J. Med. 2020, 382, 2344–2352. [CrossRef]
47. Haseeb, A.; Huynh, E.; ElSheikh, R.H.; ElHawary, A.S.; Scelfo, C.; Ledoux, D.M.; Maidana, D.E.; Elhusseiny, A.M. Down

Syndrome: A Review of Ocular Manifestations. Adv. Ophthalmol. 2022, 14, 25158414221101720. [CrossRef] [PubMed]
48. Akoto, T.; Li, J.J.; Estes, A.J.; Karamichos, D.; Liu, Y. The Underlying Relationship between Keratoconus and Down Syndrome. Int.

J. Mol. Sci. 2022, 23, 10796. [CrossRef]
49. Alio, J.L.; Vega-Estrada, A.; Sanz, P.; Osman, A.A.; Kamal, A.M.; Mamoon, A.; Soliman, H. Corneal Morphologic Characteristics

in Patients With Down Syndrome. JAMA Ophthalmol. 2018, 136, 971–978. [CrossRef]
50. Fimiani, F.; Iovine, A.; Carelli, R.; Pansini, M.; Sebastio, G.; Magli, A. Incidence of Ocular Pathologies in Italian Children with

Down Syndrome. Eur. J. Ophthalmol. 2007, 17, 817–822. [CrossRef]
51. Kim, J.H.; Hwang, J.-M.; Kim, H.J.; Yu, Y.S. Characteristic Ocular Findings in Asian Children with Down Syndrome. Eye 2002, 16,

710–714. [CrossRef]
52. Liza-Sharmini, A.T.; Azlan, Z.N.; Zilfalil, B.A. Ocular Findings in Malaysian Children with Down Syndrome. Singap. Med. J. 2006,

47, 14–19.
53. Wong, V.; Ho, D. Ocular Abnormalities in Down Syndrome: An Analysis of 140 Chinese Children. Pediatr. Neurol. 1997, 16,

311–314. [CrossRef]
54. Kristianslund, O.; Drolsum, L. Prevalence of Keratoconus in Persons with Down Syndrome: A Review. BMJ Open Ophthalmol.

2021, 6, e000754. [CrossRef]
55. Imbornoni, L.M.; Wise, R.E.; Taravella, M.J.; Hickey, F.; McCourt, E.A. Keratoconus and Corneal Morphology in Patients with

Down Syndrome at a Pediatric Hospital. J. AAPOS 2020, 24, 140.e1–140.e5. [CrossRef]
56. Haugen, O.H.; Høvding, G.; Eide, G.E. Biometric Measurements of the Eyes in Teenagers and Young Adults with Down Syndrome.

Acta Ophthalmol. Scand. 2001, 79, 616–625. [CrossRef]
57. Mathan, J.J.; Gokul, A.; Simkin, S.K.; Meyer, J.J.; Patel, D.V.; McGhee, C.N.J. Topographic Screening Reveals Keratoconus to Be

Extremely Common in Down Syndrome. Clin. Exp. Ophthalmol. 2020, 48, 1160–1167. [CrossRef] [PubMed]
58. Shapiro, M.B.; France, T.D. The Ocular Features of Down’s Syndrome. Am. J. Ophthalmol. 1985, 99, 659–663. [CrossRef] [PubMed]
59. Vincent, A.L.; Weiser, B.A.; Cupryn, M.; Stein, R.M.; Abdolell, M.; Levin, A.V. Computerized Corneal Topography in a Paediatric

Population with Down Syndrome. Clin. Exp. Ophthalmol. 2005, 33, 47–52. [CrossRef] [PubMed]
60. Hashemi, H.; Miraftab, M.; Amanzadeh, K.; Seyedian, M.A.; Vinciguerra, R.; Ambrósio, R.; Roberts, C.; Makateb, A.; Vinciguerra,

P.; Asgari, S. Keratoconus Detection by Novel Indices in Patients with Down Syndrome: A Cohort Population-Based Study. Jpn. J.
Ophthalmol. 2020, 64, 285–291. [CrossRef] [PubMed]

https://doi.org/10.1007/s00417-021-05081-8
https://doi.org/10.1136/bjophthalmol-2015-308251
https://doi.org/10.1111/cxo.12048
https://doi.org/10.1016/S0161-6420(94)31313-3
https://doi.org/10.1097/ICO.0000000000002376
https://www.ncbi.nlm.nih.gov/pubmed/32482959
https://doi.org/10.1038/s41598-021-92133-y
https://doi.org/10.1007/s10792-021-01908-9
https://doi.org/10.1155/2015/690961
https://doi.org/10.1097/ICO.0b013e31823d03e3
https://www.ncbi.nlm.nih.gov/pubmed/22236783
https://doi.org/10.1097/ICO.0b013e318197eedc
https://www.ncbi.nlm.nih.gov/pubmed/19654535
https://doi.org/10.1097/ICO.0b013e31820d8556
https://www.ncbi.nlm.nih.gov/pubmed/21795976
https://doi.org/10.1097/ICO.0b013e31818225dd
https://www.ncbi.nlm.nih.gov/pubmed/19092398
https://doi.org/10.1097/ICO.0b013e3182a2c937
https://doi.org/10.1038/s41572-019-0143-7
https://www.ncbi.nlm.nih.gov/pubmed/32029743
https://doi.org/10.1056/NEJMra1706537
https://doi.org/10.1177/25158414221101718
https://www.ncbi.nlm.nih.gov/pubmed/35795721
https://doi.org/10.3390/ijms231810796
https://doi.org/10.1001/jamaophthalmol.2018.2373
https://doi.org/10.1177/112067210701700521
https://doi.org/10.1038/sj.eye.6700208
https://doi.org/10.1016/S0887-8994(97)00029-5
https://doi.org/10.1136/bmjophth-2021-000754
https://doi.org/10.1016/j.jaapos.2020.02.004
https://doi.org/10.1034/j.1600-0420.2001.790613.x
https://doi.org/10.1111/ceo.13852
https://www.ncbi.nlm.nih.gov/pubmed/32876978
https://doi.org/10.1016/S0002-9394(14)76031-3
https://www.ncbi.nlm.nih.gov/pubmed/3160242
https://doi.org/10.1111/j.1442-9071.2005.00941.x
https://www.ncbi.nlm.nih.gov/pubmed/15670078
https://doi.org/10.1007/s10384-020-00725-4
https://www.ncbi.nlm.nih.gov/pubmed/32108918


Life 2023, 13, 1363 14 of 16

61. Asgari, S.; Mehravaran, S.; Aghamirsalim, M.; Hashemi, H. Tomography-Based Definition of Keratoconus for Down Syndrome
Patients. Eye Vis. 2020, 7, 49. [CrossRef]

62. Wroblewski, K.J.; Mader, T.H.; Torres, M.F.; Parmley, V.C.; Rotkis, W.M. Long-Term Graft Survival in Patients with Down
Syndrome after Penetrating Keratoplasty. Cornea 2006, 25, 1026–1028. [CrossRef]

63. Ritelli, M.; Colombi, M. Molecular Genetics and Pathogenesis of Ehlers-Danlos Syndrome and Related Connective Tissue
Disorders. Genes 2020, 11, 547. [CrossRef]

64. Malfait, F.; Francomano, C.; Byers, P.; Belmont, J.; Berglund, B.; Black, J.; Bloom, L.; Bowen, J.M.; Brady, A.F.; Burrows, N.P.; et al.
The 2017 International Classification of the Ehlers-Danlos Syndromes. Am. J. Med. Genet. C Semin. Med. Genet. 2017, 175, 8–26.
[CrossRef]

65. Robertson, I. Keratoconus and the Ehlers-Danlos Syndrome: A New Aspect of Keratoconus. Med. J. Aust. 1975, 1, 571–573.
[CrossRef]

66. Woodward, E.G.; Morris, M.T. Joint Hypermobility in Keratoconus. Ophthalmic Physiol. Opt. 1990, 10, 360–362. [CrossRef]
[PubMed]

67. Kumps, C.; Campos-Xavier, B.; Hilhorst-Hofstee, Y.; Marcelis, C.; Kraenzlin, M.; Fleischer, N.; Unger, S.; Superti-Furga, A. The
Connective Tissue Disorder Associated with Recessive Variants in the SLC39A13 Zinc Transporter Gene (Spondylo-Dysplastic
Ehlers-Danlos Syndrome Type 3): Insights from Four Novel Patients and Follow-Up on Two Original Cases. Genes 2020, 11, 420.
[CrossRef] [PubMed]

68. Cameron, J.A. Corneal Abnormalities in Ehlers-Danlos Syndrome Type VI. Cornea 1993, 12, 54–59. [CrossRef]
69. McDermott, M.L.; Holladay, J.; Liu, D.; Puklin, J.E.; Shin, D.H.; Cowden, J.W. Corneal Topography in Ehlers-Danlos Syndrome. J.

Cataract Refract. Surg. 1998, 24, 1212–1215. [CrossRef] [PubMed]
70. Hopping, G.C.; Somani, A.N.; Vaidyanathan, U.; Liu, H.; Barnes, J.R.; Ronquillo, Y.C.; Hoopes, P.C.; Moshirfar, M. Myopic

Regression and Recurrent Salzmann Nodule Degeneration after Laser in Situ Keratomileusis in Ehlers Danlos Syndrome. Am. J.
Ophthalmol. Case Rep. 2020, 19, 100729. [CrossRef]

71. Fransen, E.; Valgaeren, H.; Janssens, K.; Sommen, M.; De Ridder, R.; Vandeweyer, G.; Bisceglia, L.; Soler, V.; Hoischen, A.; Mortier,
G.; et al. Resequencing of Candidate Genes for Keratoconus Reveals a Role for Ehlers-Danlos Syndrome Genes. Eur. J. Hum.
Genet. 2021, 29, 1745–1755. [CrossRef]

72. Swierkowska, J.; Gajecka, M. Genetic Factors Influencing the Reduction of Central Corneal Thickness in Disorders Affecting the
Eye. Ophthalmic Genet. 2017, 38, 501–510. [CrossRef]

73. Lechner, J.; Porter, L.F.; Rice, A.; Vitart, V.; Armstrong, D.J.; Schorderet, D.F.; Munier, F.L.; Wright, A.F.; Inglehearn, C.F.; Black,
G.C.; et al. Enrichment of Pathogenic Alleles in the Brittle Cornea Gene, ZNF469, in Keratoconus. Hum. Mol. Genet. 2014, 23,
5527–5535. [CrossRef] [PubMed]

74. Zeigler, S.M.; Sloan, B.; Jones, J.A. Pathophysiology and Pathogenesis of Marfan Syndrome. Adv. Exp. Med. Biol. 2021, 1348,
185–206. [CrossRef] [PubMed]

75. Coelho, S.G.; Almeida, A.G. Marfan Syndrome Revisited: From Genetics to the Clinic. Rev. Port. Cardiol. 2020, 39, 215–226.
[CrossRef] [PubMed]

76. Bass, H.N.; Sparkes, R.S.; Crandall, B.F.; Marcy, S.M. Congenital Contractural Arachnodactyly, Keratoconus, and Probable Marfan
Syndrome in the Same Pedigree. J. Pediatr. 1981, 98, 591–593. [CrossRef]

77. Shah, S.G.; Sridhar, M.S.; Sangwan, V.S. Acute Corneal Hydrops Treated by Intracameral Injection of Perfluoropropane (C3F8)
Gas. Am. J. Ophthalmol. 2005, 139, 368–370. [CrossRef]

78. Maumenee, I.H. The Cornea in Connective Tissue Diseases. Ophthalmology 1978, 85, 1014–1017. [CrossRef]
79. Maumenee, I.H. The Eye in the Marfan Syndrome. Trans. Am. Ophthalmol. Soc. 1981, 79, 684–733.
80. Konradsen, T.R.; Koivula, A.; Kugelberg, M.; Zetterström, C. Corneal Curvature, Pachymetry, and Endothelial Cell Density in

Marfan Syndrome. Acta Ophthalmol. 2012, 90, 375–379. [CrossRef]
81. McMonnies, C.W. Epigenetic Mechanisms Might Help Explain Environmental Contributions to the Pathogenesis of Keratoconus.

Eye Contact Lens 2014, 40, 371–375. [CrossRef]
82. Krachmer, J.H.; Feder, R.S.; Belin, M.W. Keratoconus and Related Noninflammatory Corneal Thinning Disorders. Surv. Ophthalmol.

1984, 28, 293–322. [CrossRef]
83. Loukovitis, E.; Sfakianakis, K.; Syrmakesi, P.; Tsotridou, E.; Orfanidou, M.; Bakaloudi, D.R.; Stoila, M.; Kozei, A.; Koronis, S.;

Zachariadis, Z.; et al. Genetic Aspects of Keratoconus: A Literature Review Exploring Potential Genetic Contributions and
Possible Genetic Relationships with Comorbidities. Ophthalmol. Ther. 2018, 7, 263–292. [CrossRef]

84. Monteiro de Barros, M.R.; Chakravarti, S. Pathogenesis of Keratoconus: NRF2-Antioxidant, Extracellular Matrix and Cellular
Dysfunctions. Exp. Eye Res. 2022, 219, 109062. [CrossRef] [PubMed]

85. Dudakova, L.; Jirsova, K. The Impairment of Lysyl Oxidase in Keratoconus and in Keratoconus-Associated Disorders. J. Neural
Transm. 2013, 120, 977–982. [CrossRef]

86. Edwards, M.; McGhee, C.N.; Dean, S. The Genetics of Keratoconus. Clin. Exp. Ophthalmol. 2001, 29, 345–351. [CrossRef]
87. Lawless, M.; Coster, D.J.; Phillips, A.J.; Loane, M. Keratoconus: Diagnosis and Management. Aust. N. Z. J. Ophthalmol. 1989, 17,

33–60. [CrossRef]
88. Abu-Amero, K.K.; Al-Muammar, A.M.; Kondkar, A.A. Genetics of Keratoconus: Where Do We Stand? J. Ophthalmol. 2014, 2014,

641708. [CrossRef]

https://doi.org/10.1186/s40662-020-00215-1
https://doi.org/10.1097/01.ico.0000226053.61884.91
https://doi.org/10.3390/genes11050547
https://doi.org/10.1002/ajmg.c.31552
https://doi.org/10.5694/j.1326-5377.1975.tb111590.x
https://doi.org/10.1111/j.1475-1313.1990.tb00882.x
https://www.ncbi.nlm.nih.gov/pubmed/2263369
https://doi.org/10.3390/genes11040420
https://www.ncbi.nlm.nih.gov/pubmed/32295219
https://doi.org/10.1097/00003226-199301000-00009
https://doi.org/10.1016/S0886-3350(98)80013-8
https://www.ncbi.nlm.nih.gov/pubmed/9768394
https://doi.org/10.1016/j.ajoc.2020.100729
https://doi.org/10.1038/s41431-021-00849-2
https://doi.org/10.1080/13816810.2017.1313993
https://doi.org/10.1093/hmg/ddu253
https://www.ncbi.nlm.nih.gov/pubmed/24895405
https://doi.org/10.1007/978-3-030-80614-9_8
https://www.ncbi.nlm.nih.gov/pubmed/34807420
https://doi.org/10.1016/j.repc.2019.09.008
https://www.ncbi.nlm.nih.gov/pubmed/32439107
https://doi.org/10.1016/S0022-3476(81)80771-8
https://doi.org/10.1016/j.ajo.2004.07.059
https://doi.org/10.1016/S0161-6420(78)35591-3
https://doi.org/10.1111/j.1755-3768.2010.01996.x
https://doi.org/10.1097/ICL.0000000000000078
https://doi.org/10.1016/0039-6257(84)90094-8
https://doi.org/10.1007/s40123-018-0144-8
https://doi.org/10.1016/j.exer.2022.109062
https://www.ncbi.nlm.nih.gov/pubmed/35385756
https://doi.org/10.1007/s00702-013-0993-1
https://doi.org/10.1046/j.1442-9071.2001.d01-16.x
https://doi.org/10.1111/j.1442-9071.1989.tb00487.x
https://doi.org/10.1155/2014/641708


Life 2023, 13, 1363 15 of 16

89. Burdon, K.P.; Vincent, A.L. Insights into Keratoconus from a Genetic Perspective. Clin. Exp. Optom. 2013, 96, 146–154. [CrossRef]
[PubMed]

90. Lucas, S.E.M.; Burdon, K.P. Genetic and Environmental Risk Factors for Keratoconus. Annu. Rev. Vis. Sci. 2020, 6, 25–46.
[CrossRef] [PubMed]

91. Anitha, V.; Vanathi, M.; Raghavan, A.; Rajaraman, R.; Ravindran, M.; Tandon, R. Pediatric Keratoconus—Current Perspectives
and Clinical Challenges. Indian J. Ophthalmol. 2021, 69, 214–225. [CrossRef]

92. Biggin, A.; Munns, C.F. Osteogenesis Imperfecta: Diagnosis and Treatment. Curr. Osteoporos. Rep. 2014, 12, 279–288. [CrossRef]
[PubMed]

93. Sillence, D.O.; Senn, A.; Danks, D.M. Genetic Heterogeneity in Osteogenesis Imperfecta. J. Med. Genet. 1979, 16, 101–116.
[CrossRef] [PubMed]

94. Song, Y.; Overmass, M.; Fan, J.; Hodge, C.; Sutton, G.; Lovicu, F.J.; You, J. Application of Collagen I and IV in Bioengineering
Transparent Ocular Tissues. Front. Surg. 2021, 8, 639500. [CrossRef] [PubMed]

95. Zeri, F.; Swann, P.G.; Naroo, S. Osteogenesis Imperfecta and Keratoconus in an Italian Family. Clin. Exp. Optom. 2018, 101,
400–403. [CrossRef] [PubMed]

96. Evereklioglu, C.; Madenci, E.; Bayazit, Y.A.; Yilmaz, K.; Balat, A.; Bekir, N.A. Central Corneal Thickness Is Lower in Osteogenesis
Imperfecta and Negatively Correlates with the Presence of Blue Sclera. Ophthalmic Physiol. Opt. 2002, 22, 511–515. [CrossRef]
[PubMed]

97. Chou, C.-C.; Shih, P.-J.; Jou, T.-S.; Hsu, M.-Y.; Chen, J.-P.; Hsu, R.-H.; Lee, N.-C.; Chien, Y.-H.; Hwu, W.-L.; Wang, I.-J. Corneal
Biomechanical Characteristics in Osteogenesis Imperfecta With Collagen Defect. Transl. Vis. Sci. Technol. 2023, 12, 14. [CrossRef]

98. Tessler, I.; Reshef, N.; Shpitzen, S.; Gilon, D.; Durst, R. Mitral Valve Prolapse: From New Mechanisms to Diagnostic Challenges.
Kardiol. Pol. 2022, 80, 891–896. [CrossRef]

99. Street, D.A.; Vinokur, E.T.; Waring, G.O.; Pollak, S.J.; Clements, S.D.; Perkins, J.V. Lack of Association between Keratoconus,
Mitral Valve Prolapse, and Joint Hypermobility. Ophthalmology 1991, 98, 170–176. [CrossRef]

100. Beardsley, T.L.; Foulks, G.N. An Association of Keratoconus and Mitral Valve Prolapse. Ophthalmology 1982, 89, 35–37. [CrossRef]
101. Sharif, K.W.; Casey, T.A.; Coltart, J. Prevalence of Mitral Valve Prolapse in Keratoconus Patients. J. R. Soc. Med. 1992, 85, 446–448.

[CrossRef]
102. Lichter, H.; Loya, N.; Sagie, A.; Cohen, N.; Muzmacher, L.; Yassur, Y.; Weinberger, D. Keratoconus and Mitral Valve Prolapse. Am.

J. Ophthalmol. 2000, 129, 667–668. [CrossRef]
103. Kalkan Akcay, E.; Akcay, M.; Uysal, B.S.; Kosekahya, P.; Aslan, A.N.; Caglayan, M.; Koseoglu, C.; Yulek, F.; Cagil, N. Impaired

Corneal Biomechanical Properties and the Prevalence of Keratoconus in Mitral Valve Prolapse. J. Ophthalmol. 2014, 2014, 402193.
[CrossRef]

104. Rabbanikhah, Z.; Javadi, M.A.; Rostami, P.; Aghdaie, A.; Yaseri, M.; Yahyapour, F.; Katibeh, M. Association between Acute
Corneal Hydrops in Patients with Keratoconus and Mitral Valve Prolapse. Cornea 2011, 30, 154–157. [CrossRef] [PubMed]

105. Siordia, J.A.; Franco, J.C. The Association Between Keratoconus and Mitral Valve Prolapse: A Meta-Analysis. Curr. Cardiol. Rev.
2020, 16, 147–152. [CrossRef] [PubMed]

106. Chang, Y.-S.; Tai, M.-C.; Weng, S.-F.; Wang, J.-J.; Tseng, S.-H.; Jan, R.-L. Risk of Mitral Valve Prolapse in Patients with Keratoconus
in Taiwan: A Population-Based Cohort Study. Int. J. Environ. Res. Public Health 2020, 17, 6049. [CrossRef] [PubMed]

107. Jia, G.; Sowers, J.R. Hypertension in Diabetes: An Update of Basic Mechanisms and Clinical Disease. Hypertension 2021, 78,
1197–1205. [CrossRef] [PubMed]

108. Choo, M.; Prakash, K.; Samsudin, A.; Soong, T.; Ramli, N.; Kadir, A. Corneal Changes in Type II Diabetes Mellitus in Malaysia.
Int. J. Ophthalmol. 2010, 3, 234–236. [CrossRef] [PubMed]

109. Hager, A.; Wegscheider, K.; Wiegand, W. Changes of Extracellular Matrix of the Cornea in Diabetes Mellitus. Graefes Arch. Clin.
Exp. Ophthalmol. 2009, 247, 1369–1374. [CrossRef]

110. Goldich, Y.; Barkana, Y.; Gerber, Y.; Rasko, A.; Morad, Y.; Harstein, M.; Avni, I.; Zadok, D. Effect of Diabetes Mellitus on
Biomechanical Parameters of the Cornea. J. Cataract Refract. Surg. 2009, 35, 715–719. [CrossRef]

111. Kumar, N.; Pop-Busui, R.; Musch, D.C.; Reed, D.M.; Momont, A.C.; Hussain, M.; Raval, N.; Moroi, S.E.; Shtein, R. Central
Corneal Thickness Increase Due to Stromal Thickening With Diabetic Peripheral Neuropathy Severity. Cornea 2018, 37, 1138–1142.
[CrossRef]

112. Lee, J.S.; Oum, B.S.; Choi, H.Y.; Lee, J.E.; Cho, B.M. Differences in Corneal Thickness and Corneal Endothelium Related to
Duration in Diabetes. Eye 2006, 20, 315–318. [CrossRef] [PubMed]

113. Sanchis-Gimeno, J.A.; Alonso, L.; Rahhal, M.; Bastir, M.; Perez-Bermejo, M.; Belda-Salmeron, L. Corneal Thickness Differences
between Type 2 Diabetes and Non-Diabetes Subjects during Preoperative Laser Surgery Examination. J. Diabetes Complicat. 2017,
31, 209–212. [CrossRef]

114. Altay, Y.; Burcu, A.; Ornek, F. The Change in Central Corneal Thickness after Successful Control of Hyperglycemia in Diabetic
Patients. Int. Eye Sci. 2014, 14, 575. [CrossRef]

115. Ramm, L.; Herber, R.; Spoerl, E.; Pillunat, L.E.; Terai, N. Measurement of Corneal Biomechanical Properties in Diabetes Mellitus
Using the Ocular Response Analyzer and the Corvis ST. Cornea 2019, 38, 595–599. [CrossRef] [PubMed]

116. Paul, R.G.; Bailey, A.J. Glycation of Collagen: The Basis of Its Central Role in the Late Complications of Ageing and Diabetes. Int.
J. Biochem. Cell Biol. 1996, 28, 1297–1310. [CrossRef] [PubMed]

https://doi.org/10.1111/cxo.12024
https://www.ncbi.nlm.nih.gov/pubmed/23387289
https://doi.org/10.1146/annurev-vision-121219-081723
https://www.ncbi.nlm.nih.gov/pubmed/32320633
https://doi.org/10.4103/ijo.IJO_1263_20
https://doi.org/10.1007/s11914-014-0225-0
https://www.ncbi.nlm.nih.gov/pubmed/24964776
https://doi.org/10.1136/jmg.16.2.101
https://www.ncbi.nlm.nih.gov/pubmed/458828
https://doi.org/10.3389/fsurg.2021.639500
https://www.ncbi.nlm.nih.gov/pubmed/34513910
https://doi.org/10.1111/cxo.12617
https://www.ncbi.nlm.nih.gov/pubmed/28971516
https://doi.org/10.1046/j.1475-1313.2002.00062.x
https://www.ncbi.nlm.nih.gov/pubmed/12477015
https://doi.org/10.1167/tvst.12.1.14
https://doi.org/10.33963/KP.a2022.0147
https://doi.org/10.1016/S0161-6420(91)32320-0
https://doi.org/10.1016/S0161-6420(82)34857-5
https://doi.org/10.1177/014107689208500807
https://doi.org/10.1016/S0002-9394(00)00371-8
https://doi.org/10.1155/2014/402193
https://doi.org/10.1097/ICO.0b013e3181e846a2
https://www.ncbi.nlm.nih.gov/pubmed/21045676
https://doi.org/10.2174/1573403X15666191129100928
https://www.ncbi.nlm.nih.gov/pubmed/31782369
https://doi.org/10.3390/ijerph17176049
https://www.ncbi.nlm.nih.gov/pubmed/32825286
https://doi.org/10.1161/HYPERTENSIONAHA.121.17981
https://www.ncbi.nlm.nih.gov/pubmed/34601960
https://doi.org/10.3980/j.issn.2222-3959.2010.03.12
https://www.ncbi.nlm.nih.gov/pubmed/22553561
https://doi.org/10.1007/s00417-009-1088-4
https://doi.org/10.1016/j.jcrs.2008.12.013
https://doi.org/10.1097/ICO.0000000000001668
https://doi.org/10.1038/sj.eye.6701868
https://www.ncbi.nlm.nih.gov/pubmed/15832184
https://doi.org/10.1016/j.jdiacomp.2016.08.024
https://doi.org/10.3980/j.issn.1672-5123.2014.04.01
https://doi.org/10.1097/ICO.0000000000001879
https://www.ncbi.nlm.nih.gov/pubmed/30681520
https://doi.org/10.1016/S1357-2725(96)00079-9
https://www.ncbi.nlm.nih.gov/pubmed/9022289


Life 2023, 13, 1363 16 of 16

117. McKay, T.B.; Priyadarsini, S.; Karamichos, D. Mechanisms of Collagen Crosslinking in Diabetes and Keratoconus. Cells 2019, 8,
1239. [CrossRef]

118. Seiler, T.; Huhle, S.; Spoerl, E.; Kunath, H. Manifest Diabetes and Keratoconus: A Retrospective Case-Control Study. Graefes Arch.
Clin. Exp. Ophthalmol. 2000, 238, 822–825. [CrossRef]

119. Naderan, M.; Naderan, M.; Rezagholizadeh, F.; Zolfaghari, M.; Pahlevani, R.; Rajabi, M.T. Association between Diabetes and
Keratoconus: A Case-Control Study. Cornea 2014, 33, 1271–1273. [CrossRef]

120. Kuo, I.C.; Broman, A.; Pirouzmanesh, A.; Melia, M. Is There an Association between Diabetes and Keratoconus? Ophthalmology
2006, 113, 184–190. [CrossRef]

121. Bak-Nielsen, S.; Ramlau-Hansen, C.H.; Ivarsen, A.; Plana-Ripoll, O.; Hjortdal, J. A Nationwide Population-Based Study of Social
Demographic Factors, Associated Diseases and Mortality of Keratoconus Patients in Denmark from 1977 to 2015. Acta Ophthalmol.
2019, 97, 497–504. [CrossRef]

122. Gordon-Shaag, A.; Millodot, M.; Kaiserman, I.; Sela, T.; Barnett Itzhaki, G.; Zerbib, Y.; Matityahu, E.; Shkedi, S.; Miroshnichenko,
S.; Shneor, E. Risk Factors for Keratoconus in Israel: A Case-Control Study. Ophthalmic Physiol. Opt. 2015, 35, 673–681. [CrossRef]
[PubMed]

123. Naderan, M.; Shoar, S.; Rezagholizadeh, F.; Zolfaghari, M.; Naderan, M. Characteristics and Associations of Keratoconus Patients.
Contact Lens Anterior Eye 2015, 38, 199–205. [CrossRef] [PubMed]

124. Kosker, M.; Suri, K.; Hammersmith, K.M.; Nassef, A.H.; Nagra, P.K.; Rapuano, C.J. Another Look at the Association between
Diabetes and Keratoconus. Cornea 2014, 33, 774–779. [CrossRef]

125. Akowuah, P.K.; Arthur, C.; Otabil, F.A.; Ofori, C.A.; Osei-Poku, K.; Fummey, J.; Boadi, P.; Dadzie, E.E. Association between
Diabetes and Keratoconus-a Systematic Review and Meta-Analysis. Eur. J. Ophthalmol. 2022, 32, 23–30. [CrossRef] [PubMed]

126. Dong, X.-X.; Liu, K.-F.; Zhou, M.; Liang, G.; Pan, C.-W. Diabetes Mellitus and Keratoconus: A Systematic Review and Meta-
Analysis. Cornea 2022, 41, 1398–1404. [CrossRef]

127. Hashemi, H.; Heydarian, S.; Hooshmand, E.; Saatchi, M.; Yekta, A.; Aghamirsalim, M.; Valadkhan, M.; Mortazavi, M.; Hashemi,
A.; Khabazkhoob, M. The Prevalence and Risk Factors for Keratoconus: A Systematic Review and Meta-Analysis. Cornea 2020, 39,
263–270. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/cells8101239
https://doi.org/10.1007/s004179900111
https://doi.org/10.1097/ICO.0000000000000282
https://doi.org/10.1016/j.ophtha.2005.10.009
https://doi.org/10.1111/aos.13961
https://doi.org/10.1111/opo.12237
https://www.ncbi.nlm.nih.gov/pubmed/26286678
https://doi.org/10.1016/j.clae.2015.01.008
https://www.ncbi.nlm.nih.gov/pubmed/25707930
https://doi.org/10.1097/ICO.0000000000000167
https://doi.org/10.1177/11206721211053167
https://www.ncbi.nlm.nih.gov/pubmed/34761685
https://doi.org/10.1097/ICO.0000000000002876
https://doi.org/10.1097/ICO.0000000000002150

	Introduction 
	Methods 
	Results 
	Keratoconus and Atopy 
	Inflammation and Allergy-Related Markers in Keratoconus 
	Prevalence of Atopy within Keratoconus Populations 
	Atopy or Eye Rubbing? 
	Complications and Progression of Keratoconus in Atopic Patients 

	Keratoconus and Down Syndrome 
	Prevalence of Down Syndrome within Keratoconus Populations 
	Eye Rubbing in Down Syndrome 
	Caring for Down Syndrome Patients with Keratoconus 

	Keratoconus and Diseases of Connective Tissue 
	Ehlers–Danlos Syndrome 
	Marfan Syndrome 
	Osteogenesis Imperfecta 
	Mitral Valve Prolapse 

	Keratoconus and Diabetes Mellitus 
	Corneal Characteristics of Diabetic Patients 
	A Possible Protective Effect of Diabetes Mellitus in Keratoconus 


	Summary and Conclusions 
	References

