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Preface

Many studies have been performed to describe and to understand the correlations
between the structures of the eye, also known as the “ocular surface.” This book
focuses on the preocular tear film, a thin layer of tears covering the cornea of the
eye. It presents research on tear film physiology, its changes in various disturbances
and diseases, and the influence of those changes on the ocular surface. It also
presents up-to-date information on keratoconus, a condition affecting both the
preocular tear film and the ocular surface in which the cornea thins and bulges
outward.

This book was made possible thanks to the collaboration of many researchers in the
field of ophthalmology. I wish to thank them as well as the staff at IntechOpen for
their invaluable contributions. I hope ophthalmologists, practitioners, and students
will find this book interesting and useful for understanding the role of preocular
tear film in ocular surface integrity and stability.

Dr. Dorota Kopacz
Medical University of Warsaw,
Warsaw, Poland

Department of Ophthalmology,
Infant Jesus Teaching Hospital,
Warsaw, Poland






Chapter1

Tear Film — Physiology and
Disturbances in Various Diseases
and Disorders

Dorota Kopacz, Eucja Niezgoda, Ewa Fudalej,
Anna Nowak and Piotr Maciejewicz

Abstract

The tear film is a thin fluid layer covering the ocular surface. It is responsible
for ocular surface comfort, mechanical, environmental and immune protection,
epithelial health and it forms smooth refractive surface for vision. The traditional
description of the tear film divides it into three layers: lipid, aqueous and mucin.
The role of each layer depends on the composition of it. Tear production, evapora-
tion, absorption and drainage concur to dynamic balance of the tear film and leads
to its integrity and stability. Nonetheless, this stability can be disturb in tear film
layers deficiencies, defective spreading of the tear film, in some general diseases
and during application of some general and/or topical medications. Dry eye disease
is the result of it. In this review not only physiology of the tear film is presented.
Moreover, we would like to discuss the influence of various diseases and conditions
on the tear film and contrarily, spotlight tear film disorders as a manifestation of
those diseases.

Keywords: tear film, dry eye, mucins, lipid layer, aqueous layer, ocular surface

1. Introduction

The tear film is a thin fluid layer covering the ocular surface; it is the interface of
the ocular surface with the environment. It is responsible for ocular surface comfort,
mechanical, environmental and immune protection, epithelial (both corneal and
conjunctival) health and it forms smooth, refracting surface for vision [1, 2]. Tear
production (about 1,2 microliters per minute, total volume 6 microliters, 16% turn-
over per minute), evaporation, absorption and drainage are responsible for dynamic
balance of the preocular tear film [1, 3-5]. Homeostatic balance leads to stability of
the tear film, that makes possible to realize its functions as lubrication, nutrition
and protection of ocular surface [3, 6]. Nonetheless, this stability can be disturb in
tear film layers deficiencies, defective spreading of the tear film, in some general
diseases and during application of some systemic and/or topical medications and
dry eye disease evolves as a consequence of it. These review focused on physiology
of the tear film, it’s meaning for the ocular surface stability and analyzed influence
of various diseases and conditions on it.

1 IntechOpen
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2. Tear film structure and function

The traditional description of the tear film is three-layered structure: super-
ficial-oily, middle - aqueous and mucous layer at the base [1-3]. A more recently
proposed model consists of two layers: superficial - lipids and mucin/aqueous
glycocalyx gel with decreasing mucin concentration from epithelium to lipid layer
[1, 3, 7, 8]. Some authors says, that the tear film is a single unit that acts like a fluid
shell [9] (Table1 and Figure1).

Tear film layer Function
Lipid layer * Form the outer layer of the tear film.
(meibum) * Minimize the evaporation of water from the eye surface

« Isolate ocular surface from the environment

* Improve the stability of tear film

* Provide smooth refracting surface

¢ Limit contamination of ocular surface from particles(dust) and microorganisms
 Prevent tear contamination by skin lipids

¢ Limit aqueous layer surface tension

¢ Counteract tears overflowing onto the skin

Aqueous phase * Constitutes roughly 90% of the tear film volume

* Lubricate the ocular surface

¢ Wash away foreign bodies and contaminations

* Nourish the avascular cornea (oxygen, proteins, inorganic salts)

¢ Include proteins (lysozyme, lactoferrin, lipocain), immunoglobulins, defensins and
glycoproteins responsible for anti-microbial activity

* Include growth factors, vitamins and electrolytes necessary for ocular surface health
and epithelial integrity

* Realign corneal microirregularities (refractive properties)

Mucous layer ¢ Form a glycocalyx over the ocular epithelium that prevents pathogen adhesion
* Bind water to hydrate and lubricate the ocular surface.
* Reduce friction during blinking
¢ Clear the surface of pathogens and debris
 Contribute to tear stability
* Take part in regulation of epithelial growth
¢ Might be involved in cellular signaling

Table 1.
The function of tear film layers.

2.1 Lipids

The lipid layer is secreted by Meibomian glands, located within tarsal plates of
upper and lower eyelids with some small contribution by Moll (modified apocrinic,
sudoriferous) and Zeiss (modified subeceous) glands, located within superior
and lower eyelids (connected with hair follicles) and possibly epithelial cells. The
posterior, aqueous interface consists of polar lipids: ceramides, cerebrosides and
phospholipids. The lipid-air interface is formed with nonpolar lipids: cholesterol
esters, triglycerides and free fatty acids [1, 3, 7, 8, 10].

The main function of the lipid layer is to reduce evaporation of tears and
improve the stability of them. Moreover, the lipid layer provides smooth refracting
surface, limits contamination of ocular surface from particles (dust) and microor-
ganisms, prevents tear contamination by skin lipids, limits aqueous layer surface
tension and counteracts tears overflowing onto the skin. [1, 3, 7-14].

Regulation of lipid secretion supervenes through modulation of lipid synthesis or
cell maturation. The Meibomian gland secretion is a subject of neuronal, hormonal
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Figure 1.
Structure of the tear film: 1. Three layer conception. 2. Two layer conception.

and vascular influences. Androgen, estrogen and progesterone receptors have been
identified in adult male and female rats, rabbits and humans. It is suggested that
androgens stimulate and estrogens reduce Meibomian secretion [14-17]. Moreover,
Meibomian gland function may be under direct neuronal (predominant parasympa-
thetic, also sympathetic and sensory sources) or indirect vascular (vasoactive intesti-
nal polypeptide VIP) influence to control lipid synthesis and/or excretion [2, 14, 15].

2.2 Aqueous component

The main non-reflex production of aqueous part of mucin/aqueous gel is from
the Krauze and Wolfring glands (accessory lacrimal glands) located in the conjunc-
tiva of superior eye lid and superior conjunctival fornix. The main lacrimal gland is
responsible for aqueous tears production secondary to deleterious stimulation and
plays important, though not entirely clear role in non-reflecting tearing (dry eye
syndrome is noted in patients with damaged main lacrimal gland) [1, 7, 8, 11, 18].
The aqueous layer consists of water, electrolytes, proteins, cytokines, vitamins,
immunoglobulins and peptide growth factors. Moreover, amino acids, bicarbonate,
calcium, urea and magnesium were detected in tear film [15, 19].

The aqueous portion of the tear film is responsible for ocular surface lubrication,
washing away foreign bodies or contaminations and nourishing avascular cornea
(oxygen, inorganic salts, proteins, glucose) [3, 16, 20]. The soluble mucins decrease
the surface tension, impact coherence of the aqueous layer, contribute to tear film
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viscosity [14, 19]. Almost 500 different proteins have been extracted from the tear
film [3, 21]. Lactoferrin, lysozyme, lipocalin, secretory immunoglobulin A(sIgA),
immunoglobulin G(IgG), immunoglobulin M (IgM), albumin, transferrin, ceru-
loplasmin, defensins, tear specific prealbumin and glycoproteins participate in
the ocular surface antimicrobial activity and defense [3, 15, 22]. Growth factors,
vitamins, electrolytes, neuropeptides and protease inhibitors are necessary for
retaining ocular surface health and epithelial integrity [1, 3, 23]. Retinol, secreted
by the lacrimal gland, is necessary for maintenance of goblet cells and regulates
corneal epithelium desquamation, keratinization and metaplasia [15, 24-26].

The lacrimal gland is affected by both nervous system and various hormones
(1, 2,711, 15, 18, 23, 27]. The gland innervation comes from the first brunch of
trigeminal nerve, the facial nerve and sympathetic fibers from the superior cervical
ganglion [1, 11, 15, 28]. Stimulation of the ocular surface is the beginning of the
main lacrimal gland production (reflexing tearing). The emotional tearing is also
connected with this reflex loop (Figure 2). The meaning of the sympathetic part of
innervation is thought to stimulate basal tearing but is still not completely under-
stood. The accessory lacrimal glands are heavily innervated, but there is lack of
parasympathetic part and most of the innervation is undefined [8, 15, 29].

Androgens and estrogens influence lacrimal gland production. Androgens lack is
responsible for reversible degenerative changes of lacrimal gland, decreased volume
of the tears, decreased level of proteins in tears. Estrogens remain controversial:
some studies described estrogen deficiency linked to keratoconjunctivitis sicca
(KCS) and lacrimal gland degeneration, other works have shown no changes in the
lacrimal gland and tear film with decreased level of estrogens [15, 17, 30, 31]. Thyroid
stimulating hormone (TSH) receptors (present in lacrimal gland) as well as thyroid

emotions
H

afferent anm of the loop

efferert arm of the loop

o LU

Figure 2.

Reflex loop of tearing: 1. Stimulants: - ocular surface and nasal mucosa - afferent arm of the loop (first branch
of the fifth cranial nerve)- emotions, 2. brain - efferent arm of the loop (parasympathetic part of the seventh
nerve), 3. lacrimal glands.
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hormone and tissue interaction are necessary for lacrimal gland secretion. Adequate
insulin level is important for lacrimal gland and ocular surface stability and function,
because it is necessary for acinar cell and cornea epithelial cell proliferation [32].

2.3 Mucins

The mucous layer of the tear film is produced by both corneal and conjunctival
epithelium and the lacrimal gland and conjunctival goblet cells [1, 3, 7, 11, 15, 33]. It
is composed of secreted and transmembrane mucins, immunoglobulins, salts, urea,
glucose, leukocytes, cellular debris and enzymes [1, 3, 15, 33-35].

Traditional description of the mucins role limits to secreted gel-forming mucins
working as lubricating agents and clearing molecules. Current date indicate its role
also as a barrier for corneal and conjunctival epithelium. We can find two kinds of
the mucins: cell surface-associated and secreted [36].

Cell surface-associated mucins form a thick cell surface glycocalyx, providing
through their O-glucans a disadhesive character to the apical surface of the corneal
epithelium. That is why they assure boundary lubrication and prevent adhesion of
corneal epithelium and tarsal conjunctiva during blinking and sleeping [36, 37].
Moreover, membrane-bound mucins take part in the maintenance of the mucosal
barrier integrity to prevent the penetrance molecules onto ocular surface epithe-
lia [36, 38]. Some recent studies have weighed up membrane-bound mucins as
osmosensors in eukaryotic cells [36, 39, 40].

Secreted mucins have a capability to trap contaminations (e.g. allergens, debris,
pathogens) in order to clearance them from mucosal surface. Gel-forming mucins
retaining water, form highly hydrated gel to lubricate ocular surface and reduce
shear stress during blinking or rubbing. Moreover, MUC 7 (detected in lacrimal
gland), has potent antifungal and antimicrobial activity [34, 35, 37, 41-43].

Goblet cells may be stimulated for mucin secretion by histamine, antigen, immune
complex, mechanical action (i.e. blinking), direct (muscarinic and a-adrenergic recep-
tors on immature goblet cells) and indirect (sensory, sympathetic and parasympathetic
innervation of conjunctiva surrounding goblet cells) neural control [15, 16, 44-46].

2.4 Tear film dynamics

Balanced tear film production and elimination is crucial for its integrity, stability
and right osmolality [3]. Tear film production is a complex process, controlled by
the various factors: main and accessory lacrimal glands, ocular surface structures
(cornea, conjunctiva, eyelids with Meibomian gland) and interconnecting nerves
(both sensory and motor) [3, 47, 48]. Ryc.1. Tears elimination proceeds as evapora-
tion, drainage and absorption. Tear film interfaces with the environment; that is the
reason of evaporation (about 1,4-39,3 x 10”7 g/cmZ/s) [5, 49]. Some environmental
factors like humidity, temperature and air movements impact the rate of tear evapo-
ration from the ocular surface [50]. Higher evaporation is the reason of tear film
thinning and, because of that, instability and hyperosmolality [51]. Regardless of
the recent date on evaporation, tears outflow through the lacrimal drainage system
remains the main way of its elimination. With each blink, tears with contamina-
tions (like cellular debris, toxins, inflammatory cells and other waste products) are
moved towards the lacrimal puncta and next - due to the negative pressure created
in lacrimal drainage system - to the lacrimal drainage tract [3, 52]. Some studies
noted reduction of tears production in patients with impaired drainage that high-
lights the importance of this process in the model of tear dynamics [53-55]. At least
absorption: process necessary for proper tear film dynamics, connected with cornea,
conjunctiva and - mainly - nasolacrimal duct epithelium [56]. The equilibrium in



Ocular Surface Diseases - Some Curvent Date on Tear Film Problem and Keratoconic Diagnosis

the tear film production, retention and elimination acts the crucial role in its proper
functioning, thereby ocular surface health [3].

3. The influence of various diseases and conditions on the tear film

Tear film stability can be disturb in tear film layers deficiencies, defective
spreading of the tear film, in some general diseases and during application of
some general and/or topical medications. In the wake of it dry eye disease evolves
[11, 36, 57] (Tables 2 and 3).

3.1Lipid layer alteration

Deficiency of this layer is the reason of more rapid evaporation and in the absence
of increased tear production activates evaporative form of dry eye disease [58].

The most common reason of lipid layer deficiency is obstruction of the
Meibomian glands. Meibomian gland disfunction (MGD) may be provoked by
various local and systemic conditions, e.g. atopic keratoconjunctivitis, chronic
blepharitis [59, 60], generalized dysfunction of sebaceous glands (rosacea, sebor-
rheic dermatitis), chemical agents such as turpentine, present in the sick building
environment [36, 61]. Tobacco smokers are prone to development of MGD [62],
the more severe course of MGD was observed in type 2 diabetes mellitus [63].

Dryeye
Aqueous deficient dry eye (ADDE) Evaporative dry eye (EDE)
Sj6gren syndrome dry eye (SSDE) Endogenous
Primary Meibomian gland dysfunction (MGD)
Secondary Disorders of lids and lid aperture
Low blinking
Systemic medicines
Non- Sjégren Syndrome dry eye Exogenous
Lacrimal deficiency Contact lens wear
Lacrimal gland duct obstruction Ocular surface diseases
Reflex block Topical medicines
Systemic medicines Vitamin A deficiency
Table 2.
Dry eye classification [7, 23, 64—74].
Dry eye disease
Signs Symptoms
 Discomfort: itching, stinging, * Eyelids: blepharitis posterior, Meibomian gland disfunc-
burning, “foreign body sensation” tion, trichiasis, symblepharon
occasionally pain, photophobia * Conjunctiva: hyperemia, keratonization, persistent inflam-
« Visual fluctuations (especially during mation, dyeing with the lissamine green(rose bengal)
reading- blinking recover vision) * Tear film: debris, reduced meniscus, instability (reduced
¢ Tear film instability (potential dam- break-up time), elevated osmolarity and level of inflam-
age of ocular surface) matory mediators

* Cornea: epithelial defect (dyeing with the fluorescein),
filaments, mucus clumping

* Potential complications: persistent epithelial defect,
keratomalacia, corneal perforation, corneal ulcer

Table 3.
Signs and symptoms of dry eye disease [1, 7, 23, 64].
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Furthermore, the insufficient protein intake in bariatric patients negatively
influences tear film lipids [75]. Also androgen deficiency (e.g. aging, anti-androgen
therapy, congenital impairment or absence of the androgen receptor) hinders lipid
production [76]. Incomplete blinking has been reported as the reason for lipid
layer instability, because of inadequate lipid distribution [9, 77]. Some studies
have revealed influence of medicines on the lipid layer: e.g. isotretinoin decreases
Meibomian gland secretory ability [78], and on the contrary, botulinum neurotoxin
A injections seem to increase lipid layer thickness [79].

3.2 Aqueous layer disturbances

Aqueous layer deficiency is the most common reason of dry eye and is classi-
fied into two groups: Sjégren Syndrome dry eye and non-Sjégren Syndrome dry
eye [64, 65].

Sjogren’s syndrome (SS) is a rheumatic autoimmune disease in which exocrine
glands (salivary and lacrimal glands) are involved that results in clinical symptoms
of dry mouth and dry eye. SS can be primary-pSS (without any other accompany-
ing symptoms) or secondary-sSS (with other autoimmune diseases: systemic lupus
erythematosus (SLE), rheumatoid arthritis (RA), polyarteritis nodosa, systemic
sclerosis, granulomatosis with polyangiitis (GPA), primary biliary cholangitis (PBC),
mixed connective tissue disease, occult thyroid eye disease) [64, 66]. Some studies
demonstrated coincidence of dry eye disease (DED) and SS in 46.7% cases [64, 67].

In non-SS dry eye reduced tear secretion is a result of senile hyposecretion,
lacrimal excision, lacrimal duct obstruction, immune lacrimal gland damage in
sarcoidosis or lymphoma, sensory or motor reflex block, scarring conditions of the
conjunctiva (pemphigoid, chemical burns, trachoma, chronic ocular Graft-versus-
Host Disease) [11, 57, 64, 68, 69]. Corneal hypoesthesia and due to it dry eye can
be result of corneal refraction surgery [70], contact lens wearing [71], herpetic
keratitis or as a side effect after surgical trigeminal neuralgia management [72].

Increased electrolyte concentration, loss of growth factors, presence of proin-
flammatory cytokines result in changes in composition of the aqueous part of the
tear film. Such a disturbances in connection with slow tear turnover are secondary
to ocular surface damage [8, 47].

There are some medicines reported to exacerbate tear secretion, e.g. thiazide
diuretics, tricyclic and tetracyclic antidepressants, {3-blokers, anticholinergics,
benzodiazepines, antihistamines, antihypertensives and anti-Parkinson’s drugs
(8, 57,73, 74].

3.3 Mucin layer deficiency

Disturbances of the mucin layer are connected with the goblet cell deficiency,
which is observed in majority forms of dry eye [8, 80]. The leading reason of xeroph-
thalmia connected with mucins the insufficiency of vitamin A is [8, 57, 81, 82].

The lack of vitamin A is usually connected with various forms of malnutrition or
chronic malabsorption. Gastroenterological diseases (e.g. coeliac disease) impair
vitamin A absorption [83-85]. Conditions affecting liver impair fat metabolism and
decreases absorption of this fat-soluble vitamin [86, 87]. Pancreas insufficiency
(e.g. cystic fibrosis) hinders vitamin A intake by its influence on fat digestion path-
way [88, 89]. Alcoholism, restrictive diets (both in eating disorders and selective,
like poor balanced vegans’) and low-quality food consumption are the most com-
mon reasons of malnutrition and because of that vitamin A insufficiency [90-94].

There are some problems responsible for impairment of goblet cells function.
Mucous membrane pemphigoid and its subtype — ocular cicatricial pemphigoid
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via recurrent inflammation destroy goblet cells and promote subepithelial fibrosis,
resulting in changes ranging from xerophthalmia to conjunctival keratinization
and blindness [95-99]. Stevens-Johnson Syndrome, trachoma and severe burns
(both thermal and chemical) impair mucin production by decreasing the number of
active goblet cells [8, 100-103].

Moreover, some medications (e.g. mucolytics, antihistamines) and preservatives
influence the ocular surface and modify mucous layer [8, 57, 104].

3.4 Multilayer disturbances

Although three layers of the tear film are investigated, all of them remain in strict
dependence of each other and many conditions cause disturbances of the tear film
as awhole. The most common problem impairing ocular surface is progression with
age; decreased tear production, tantalic problems, hormonal changes, medications
and other diseases affect tear production, its’ ingredients and spreading over the
ocular surface [8, 57, 105, 106]. Tantalic dry eye seems to be one of the most impor-
tant conditions influencing all three layers: eyelid incongruency (entropion, ectro-
pion, lid margin irregularities, exophthalmos), epitheliopathy (e.g. corneal scars)
and evaporation are the reason of tear loss. Neurological problems (both afferent
and efferent part of the reflex loop) directly affect tear secretion [8, 57, 105].

Hormonal changes (androgens, estrogens, prolactin, thyroid hormone, insulin
resistance/deprivation, ACTH resistance, adrenal insufficiency, multiple endocrine
deficiency) influence tear stability as well [105, 106]. Meanwhile, the newest meta-
analysis revealed no correlation between hormonal replacement therapy or oral
contraceptives and tear film — it seems to be speculative [107, 108]. Dry eye disease
due to hormonal disorders often connect both aqueous tear deficient and evaporative
mechanism. Thyroid associated diseases result usually in autoimmune condition
(impaired thyroid hormone activity, autoantibodies against THS receptors present
in lacrimal glands, autoantibodies against thyroid hormone and/or their receptors)
but the final effect of dry eye is connected also with ocular surface disturbances
due to enhanced environment exposure, lid mechanical impairment (reduced lipids
secretion, eyelid retraction, eye globe proptosis, impaired blinking) and therapy
(thyroid hormone replacement, iodine suppression, immunomodulators specific
for orbit and ocular disease, local radiotherapy and surgical procedures) [106]. In
patients with diabetes mellitus the frequency of dryness varies from 15.4 to 82%.
The mechanism of dry eye disease in diabetic patients is multifactorial: insulin
resistance or deprivation is responsible for lacrimal gland size reduction, histological
and molecular changes of it, polyneuropathy and nerve-conduction abnormalities
that reduce secretion. Peripheral microvascular disease and insulin reduced input
in target tissues are the other reasons of lacrimal gland and ocular surface disorders.
Tear film instability and higher osmolarity are probably the result of higher glucose
and protein levels in the tears and changes in the protein profile [106, 109].

In literature there are examples of dry eye disease secondary to other hormonal
imbalance (e.g. ACTH-triple A syndrome, multiple endocrine deficiency) [106, 110].

Some environmental factors (e.g. pollutions, visual display terminals, tempera-
ture, humidity) promotes dry eye disease, however the pathomechanism is still
discussed [111, 112]. Contact lenses wear influences lipid layer, changes the dynamics
of the whole tear film and is the reason of dry eye symptoms [113-115].

There are a lot of date on the influence of medications (both topical and systemic)
on the tear film. Some samples: 8-blockers used for glaucoma therapy reduce test
Shirmer I and break-up time values, long term general anesthesia decrease basal
tear production, antihistamines block both goblet cells and lacrimal glands, topi-
cal glaucoma therapy reduces LLT, oral mucolytics modify mucous layer, systemic
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Causes of disturbances

Lipid layer MGD: atopic local changes, chronic blepharitis, generalized dysfunction of the sebaceous
glands, chemical agents, tabacco smokers, diabetes mellitus
Insufficient protein intake (bariatric patients)
Androgen deficiency: aging, anti-androgen therapy, congenital impairment or absence of
the androgen receptor
Incomplete blinking (inadequate lipid distribution)
Medicins

Aqueous layer * Sj6gren syndrome dry eye (SSDE)

(primary, without other accompanying symptoms and secondary, with other

autoimmune diseases)

* Non- Sjégren syndrome dry eye (nSSDE)
(senile hyposecretion, lacrimal excision, lacrimal duct obstruction, immune lacrimal
gland damage, sensor or motor reflex block, scarring condition of the conjunctiva,
corneal hypoesthesia as a result of CL wearing, heretical keratitis or surgical procedures)
Medicines

Insufficiency of vitamin A: malnutrition or malabsorption (gastroenterological
diseases, condition affecting liver, pancreas insufficiency, alcoholism, restrictive
diets, low quality food)

Destruction of the goblet cells (cicatricial conjunctival changes: e.g. pemphigoid,
Stevens-Johnson syndrome, trachoma, GVHD, severe thermal and chemical burns)
Medicines

Mucus layer

Multilayer Aging: decreased tear production, tantalic problems (eyelid incongruency as
entropion, ectropion, eyelid irregularities, exophthalmos, epitheliopathy; e.g. corneal
scars)

Hormonal changes (androgens, estrogens, prolactin, ACTH, thyroid hormone)

Neurological problems (both afferent and efferent part of the reflex loop)

Environment (pollutions, ambient temperature, humidity)
Visual display terminals
Medicines (both topical and systemic)

.

Preservatives

Table 4.
The main causes of tear film deficiency [7, 58-125].

antidepressants, anticholinergics or antihypertensives increase risk of dry eye
problems [56, 103, 116-122]. A comprehensive review of this problem with the list of
medicines and herbs has been prepared by Askeroglu et al. [123]. Analyzing influ-
ence of medicines on the ocular surface and dry eye disease we have to remember that
topical used multidose artificial tears and lubricants contain preservatives. The most
common Benzalkonium chloride — BAK disrupts tear stability, causes corneal and
conjunctival epithelium damage and induces inflammatory changes that depends on
dose and time of use. Alternative preservatives (e.g. Polyquaternium-I: Polyquad®,
Polyhexamethylene biguanide: PHMB, Sodium perborate: GenAqua®, Deqest®,
stabilized Oxychlorocomplex SOC: Purite®, OcuPure®, ionic-buffered solution
containing zinc chloride, borate, propylate glucol and sorbitol:Sofzia) are used in
some artificial tears, lubricants or glaucoma drops. Published date on the ocular
performance of them generally show they induce significantly less disturbances of
the ocular surface than BAK [124, 125] (Table 4).

4, Conclusions

The ocular surface contacts with the environment by the tear film as interface.
Thus, tear production, composition, dynamics and function is so important to
prevent it healthy. There are many diseases and conditions (both systemic and
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local) that may affect each layer of the tear film separately or all of them together.
Moreover, tear film disorders can manifest systemic diseases and, sometimes,

be necessary or even be the only clue to diagnosis. The commonness of tear film
problems and wide spectrum of its different background seem to require to be con-
sidered in everyday medical, not only ophthalmological, practice. Those problems
should be analyzed to plan and undertake proper therapy, especially in patients
with eye dryness symptoms.
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Abstract

Blepharitis and dry eye disease have long been viewed as two distinct diseases
with overlapping presentations and separate etiologies. Evaporative dry eye,
although frequently associated with aqueous deficiency, is also considered a sepa-
rate entity. We propose viewing dry eye, both evaporative and insufficiency, as the
natural sequelae of chronic blepharitis induced by biofilm. We suggest describing
this one chronic disease as dry eye blepharitis syndrome (DEBS). The disease pro-
cess begins when normal flora bacteria colonize the lid margin beginning shortly
after birth. This colonization accompanies the development of a biofilm on the lid
margin. As years pass, the biofilm matures, and the increased bacterial population
initiates the production of inflammatory virulence factors, such as exotoxins, cyto-
lytic toxins, and super-antigens, which persist on the lid margin for the rest of the
patients life. These virulence factors cause early follicular inflammation and later,
meibomian gland dysfunction followed by aqueous insufficiency, and finally, after
many decades, loss of the dense collagen in the tarsal plate. We proposed four stages
of DEBS, which correlate with the clinical manifestations of folliculitis (anterior
blepharitis), meibomitis (meibomian gland dysfunction), lacrimalitis (aqueous
deficiency), and lid structure damage evidenced by increased lid laxity resulting in
entropion, ectropion, and floppy eyelid syndrome.

Keywords: biofilm, blepharitis, demodex, dry eye disease, eyelids,
meibomian glands, quorum-sensing gene activation, tear film

1. Introduction

Blepharitis was first described by ancient Egyptian physicians in the Ebers
Papyrus, which prescribed potions such as “Cream with the Milk-of-a-Woman-
who-has-borne-a-Son” [1, 2]. Despite centuries of study, little progress has been
made in understanding or treating this disease. The long standing dogma of mul-
tifactorial, overlapping manifestations of blepharitis and dry eye have led to the
use of inaccurate terminology that creates misunderstanding among both patients
and providers [3, 4]. In order to develop our understanding of DEBS, we must first
establish the correct use of the word blepharitis as suggested by the origin of the
word (blepharon = lid, —itis = inflammation).

The next step in understanding dry eye disease and blepharitis as a single
disease process is to identify the cause of eyelid inflammation. In 1954, Thygeson
first recognized that blepharitis was associated with “abnormal Staphylococcus
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Figure 1.
Biofilm theory of dry eye disease: Schematic of six steps of bacterial biofilm development leading to the stages of
DEBS.

colonization” of the eyelid margin [5]. Thygeson was describing the process by
which our normal lid margin flora bacteria, primarily Staphylococcus aureus and

S. epidermidis, gradually over-colonize the patient’s lid margin, and over time,
become pathogenic [6]. This is made possible by the bacterial biofilm, which
allows the bacteria to thrive despite antimicrobials and the immune system [7].
Understanding biofilm progression links the shared underlying pathology between
dry eye and blepharitis.

Biofilms are defined as groups of microbial cells enclosed in a matrix made
primarily of polysaccharide material that are intimately associated with a surface.
Antonie van Leeuwenhoek is credited for the first observations of biofilm, when
he described the biofilm on teeth in 1684. However, further study of biofilms
was limited until the development of the electron microscope in the mid-1900s.
Furthermore, it was not until 1982 that the term “biofilm” was introduced, after
Costerton’s observation of a S. aureus biofilm on a cardiac pacemaker lead [8]. More
recent studies have shown that cell-to-cell interactions (“quorum sensing”) within
the biofilm upregulate certain gene products. Further studies have implicated
biofilm in many disease processes including periodontitis, endocarditis, chronic
prostatitis, and medical device associated infections, as the one described by
Costerton [8-10].

This chapter will explain the six steps by which our normal margin lid flora
become pathogenic and cause eyelid inflammation. This inflammation, in turn,
leads to the four stages of DEBS: folliculitis, meibomitis, lacrimalitis, and lid
structure damage (Figure 1). This understanding will allow us to encompass dry
eye disease, blepharitis, and meibomian gland dysfunction (MGD) in one disease
process, namely, dry eye blepharitis syndrome (DEBS).

2. Biofilm
Bacteria were among the first forms of life on Earth and have survived billions of
years in a myriad of different environments. While they are unicellular microorgan-

isms, and can live in a free-floating form, the development of a biofilm provides
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them a strong, virtually impenetrable defense structure [8]. Furthermore, Absalon
et al. and Pickering et al. suggest that free-floating bacteria are the minority in
nature by describing the biofilm as “the prevailing microbial lifestyle” [11, 12].

The biofilm helps bacteria by acting as armor against host defense responses
and desiccation. It enhances survival across species by allowing bacteria to produce
virulence factors, concentrate nutrients, and communicate with other bacterial
species [13]. Biofilms are involved in many infections and are present in almost
any environment - they form plaque on the teeth and can lead to corrosion of
metal pipes. They are involved in recurrent infections from medical devices — from
sutures to prostheses. Although they can also be found as floating mats submerged
in or on top of liquids, they are usually sticky and adhere easily to any surface
[14]. For example, S. epidermidis and S. aureus produce a protein called “adhesin’,
which functions as a glue, ensuring a strong adhesion between the biofilm and its
host surface [15]. Once adhered, they are hard to dislodge, allowing the bacteria to
remain in a desirable environment.

Biofilms are likely to grow wherever there is moisture, nutrients, and a surface
[16]. These are all present at the lid margin, which has the added benefit of its
inherent warmth. It is well known that the lid margin is home to normal flora bac-
teria consisting of mainly coagulase-negative species such as S. epidermidis [6]. It is
also well known that species of Staphylococcus, especially S. epidermidis, produce
biofilms [17]. In addition, a recent study by Kivan¢ demonstrated that 32 out of
34 isolates cultured from eyes immediately after cataract surgery were positive for
being biofilm-forming species [18]. Taking all this information into account, it
should come as no surprise that biofilms easily develop on the lid margin.

Furthermore, to avoid irritating our eyes with soap when we wash our face, we
instinctively keep our eyes tightly shut, lid margin against lid margin, effectively
blocking access to an area that needs cleaning as much as or more than any other
area of the body. Therefore, the biofilm accumulates microscopically year after
year, layer upon layer, without any removal. Even if home scrubs are attempted, the
adhesin “glue” can prevent biofilm elimination. As patients age, the biofilm contin-
ues to accrue, leading to each of the stages of DEBS over time. This process starts
much earlier in contact lens wearers, since the contact lens is itself an inert foreign
body, producing a very early biofilm that allows protection for bacteria. Biofilm
formation on contact lens and contact lens cases has been well documented [19].
This also helps explain why dry eye disease is more common in contact lens wearers,
50% compared to 14% in controls [20].

The biofilm forms a multi-laminar substrate that provides more surface area for
bacterial replication, which in turn leads to vast over-colonization of the surface.
The over-colonization within the biofilm and increase in bacterial population den-
sity is what leads to quorum-sensing gene activation [21]. The discovery of quorum-
sensing gene activation by Hastings in 1999, was a groundbreaking study that lead
to increased understanding of bacterial virulence [22]. Hastings demonstrated that
populations of bacteria can sense when their densities achieve a certain quorum,
and once that number or density is reached, dormant genes are activated [23]. The
bacteria signal to each other using chemical messengers called homoserine lactones
(HSLs) as well as through electric currents produced by potassium ions [24]. When
enough bacteria are in close proximity to each other, the signals from these the
surrounding bacteria sum to indicate a quorum [25]. These newly activated genes
produce a wide array of virulence factors, many of which are extremely inflam-
matory. The bacteria wait to produce these factors until they have the protective
biofilm in place to shield from the host immune response [26]. The inflammation
from the host response to these virulence factors is the real destructive force in
inflammatory lid disease, causing low-grade, chronic inflammation, beginning on
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the lid surface, the structures of the lid margin such as lash follicles, meibomian
glands and connective tissue, and eventually affecting the accessory lacrimal glands
as it progresses.

S. epidermidis produces a small amount of a moderate cytolytic toxin, a phenol-
soluble modulin, but S. aureus produces two groups of highly destructive and
immunogenic exoproteins: exotoxins and enzymes [27-29]. Many exotoxins are
super-antigens that signal T cells to secrete large amounts of cytokines, and thus,
massive inflammation. Exotoxins are responsible for toxic shock syndrome, food
poisoning and scalded skin syndrome (toxic shock syndrome toxin, staphylococcal
enterotoxins A-E and G-I, and exfoliative toxins A and B respectively) [30, 31].

The enzymes produced consist of nucleases, proteases, lipases, hyaluronidase, and
collagenase, all capable of destroying host tissue [32]. Cytolytic toxins, including
hemolysins and leukocidins, further contribute to the inflammatory cascade by
destroying or damaging cells [33].

These toxins and enzymes permeate the biofilm and its surroundings, creating
the same massive inflammation that leads to acute, severe debilitating disease as in
scalded skin syndrome, food poisoning, and even death, as in the case of toxic shock
syndrome [34]. As the biofilm spreads, more areas reach the quorum needed to acti-
vate virulence factors. Thus, inflammation spreads from the lid margin, to within
the lash follicles, meibomian glands, accessory lacrimal glands, possibly to the main
lacrimal gland and eventually to nerve endings and even the connective tissue of
the eyelid, which can affect the structural integrity of the eyelids [35]. Decades of
this toxicity, and the resulting inflammation, leads to nonselective damage [36].
While the body manages to ward off some of the effects of this toxic environment
until later in life, eventually no part of the lid is immune to this chronic, progressive
inflammation [37].

3. The four stages of DEBS

As we have now established that inflammatory lid disease is due to the inflam-
matory response to virulence factors produced by a mature biofilm, we can proceed
to understanding the various clinical manifestations of DEBS. The important
factors to consider are lid anatomy, duration of biofilm presence and associated
virulence factors along the lid margin. False descriptions such as anterior, poste-
rior, staphylococcal or seborrheic do not accurately describe the stage of blepha-
ritis, and merely serve as distractors. Instead, it is important to understand that
inflammation is an inevitable consequence of virulence factor production, and it
does not discriminate among structures of the lid. It simply takes some structures
longer to be affected than others because of anatomy. Due to sticky proteins such
as adhesin, as well as the biofilm’s innate defense against antimicrobials and the
immune system, the biofilm usually remains in place for most of the patient’s life
[38, 39]. This allows the inflammation to eventually affect all structures within
the eyelid.

The biofilm is likely formed early in the patient’s life, around the toddler stage.
This early biofilm does not cause pathology in most cases because the densities
of bacteria within the biofilm have not reached the quorum required to activate
virulence factors. There are certainly exceptions, where children present with
severe blepharitis [40]. These children likely have two particularly virulent strains
of bacteria colonizing their eyelids simultaneously. The first is likely a hyper-
virulent strain of S. epidermidis, which makes copious biofilm, and the second is a
particularly virulent strain of S. aureus, whose quorum for gene activation is lower
than normal [41] and whose toxins are more destructive. Further research into these
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children’s lid flora would help clarify the variation in pathogenesis. Other factors
such as rosacea and Demodex also remain to be investigated.

In the majority of the population, the biofilm must be present for decades before
enough bacteria accumulate to reach a quorum [42]. As previously mentioned, bio-
films form wherever there is a “combination of moisture, nutrients and a surface”
[16]. Therefore, the lid margin, which provides all three of these requirements, is
alogical starting point for the development of the biofilm. The lid margin includes
the lash line and extends just past the openings of the meibomian glands [43]. Other
areas of the ocular surface are better defended from the development of biofilm.
Specifically, the mechanical sweeping and flushing of tears protects the palpebral
and bulbar conjunctiva, while antibacterial lactoferrin and lysozyme protect the
tear film [44-46]. Goblet cells provide further protection to the epithelial surfaces
by secreting mucus [47].

Despite its antimicrobial protein content, the majority of the protection given by
mucus is due to its mechanical characteristics. In the large intestine, there are two
layers of mucus: the outer one houses gut bacteria, and the inner, impermeable layer
prevents the underlying epithelial cells from bacterial invasion [48, 49]. While the
small intestine lacks the inner layer, it still prevents bacterial exposure by creating
a diffusion gradient with a rapid turnover that bacteria must overcome to access
the epithelial cells [50]. Mucus trapping bacteria also prevent antigen presentation,
which limits immune response. These functions may well help protect the conjunc-
tiva as well - limiting environmental antigen presentation and forming an impen-
etrable barrier. In addition, the rapid turnover combined with the sweeping action
of blinking creates an unstable surface to which a biofilm cannot adhere. Therefore,
maintenance of a healthy population of goblet cells is essential to prevent biofilm
buildup on the conjunctiva.

We know that the mucus is permeable to other molecules such as antibiotics, ste-
roids, other medicated eye drops, therefore it is logical to assume that at least some
of the exotoxins, enzymes and cytolytic toxins can reach the epithelia. Similarly, if
virulence factors behave like the molecules in eye drops, it may be possible for them
to slowly penetrate into the eye and damage structures within the eye; for example,
the trabecular meshwork. Perhaps the meshwork simply becomes “sticky” due to
subclinical inflammation and more easily traps protein, white cells or RBCs. This
could occur through either subclinical inflammation or direct damage from cyto-
lytic toxins and enzymes. If this is the case, it may in part explain why the incidence
of glaucoma increases with age: a thicker biofilm releases more toxins which can
damage lid margin structures and internal eye structures over time.

The manifestations of DEBS vary depending on the stage of the disease, which
progresses exceedingly slowly. These differing presentations have led to confu-
sion as to the presentation and progression of blepharitis and dry eye disease. This
confusion stems from focusing on the presenting problem and not understanding
what preceded it. For instance, if a patient has meibomian gland dysfunction, the
diagnosis is made of evaporative dry eye disease, without further consideration
of the lash follicles [51]. Similarly, if there is inadequate tear lake, the patient is
diagnosed with aqueous insufficiency, ignoring the status of the meibomian glands
[52, 53]. We hope to eliminate this confusion by dividing DEBS into four stages
and by making a logical argument for the order of this progression based on eyelid
anatomy and histology.

3.1 Stage 1: folliculitis (anterior blepharitis)

The first stage of DEBS involves the lash follicles. The potential space between
the eyelash and the follicle surrounding it is easily invaded by the biofilm
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(Figure 2). Once quorum densities are achieved and virulence factor production
begins, the small lash bulb can become inflamed relatively quickly. Inflammation
leads to edema, which can be clinically identified with the “volcano” sign — swollen
follicular tissue around the base of the lash (Figure 3). The swollen tissue may also
appear pale, possibly due transudate and/or capillary compression due to edema.
The biofilm that adheres to the lash will be pulled along as the lash grows, result-
ing in “collarettes” (Figure 4). These collarettes have also been called scurf, debris
or lash dandruff. Because they originate from biofilm, they appear at different
levels on the eyelash, depending on the lash’s growth stage. Near the top of the
lashes in Figure 4, it is possible to see collarettes just beginning to detach from the
lid margin. This biofilm growth can also manifest as “cylindrical dandruff” [54].
Despite the term “dandruff,” it is unlikely that sloughing layers of skin could form a
cylinder around the eyelash. Thus, this term is most likely an inaccurate description
of biofilm that accumulates around the lash base and sheathes the lash as it grows.
Since the lash follicles are likely damaged through inflammation, the growth of the
lash is slowed, which enables the biofilm accumulation to progress at the same rate
as lash growth [55]. We have confirmed the presence of bacterial colonies in the
scurf around lashes (Figure 5), and fluorescence microscopy was consistent with
biofilm matrix around the lash [55].

A 2005 article by Gao et al. proposed that cylindrical dandruff was pathognomic
for Demodex, which found that all their subjects who presented with cylindrical
dandruff also had Demodex. While other studies had different findings, Gao et al.
explained the discrepancy as “miscounting” by the other researchers [54]. However,
even if the 100% incidence in this one study is completely accurate, correlation
does not necessarily establish causation. A later article by Tsubota et al. found that
“Demodex was detected in the cilia of 8 out of 10 (80%), and 22 cilia out of 30
(73%) with cylindrical dandruff” [56]. While these numbers certainly suggest an
association, they do not imply causality. In fact, since Demodex were not detected
in all of the lashes, it would suggest a lack of causality. Furthermore, Demodex
does not extrude waste, instead storing it in its gut, which makes it unlikely that
they secrete the dandruff [63]. It is much more likely that the eyelids accumulate
an abundance of biofilm over time, which progresses along with eyelash growth,

Figure 2.
Scanning electron microscopy of an eyelash hair shaft showing potential biofilm.
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Figure 3.
The pallor around the lash follicles indicates the “volcano” sign associated with folliculitis.

Figure 4.
Collarettes/cylindrical dandruff present on the lashes.

and that Demodex uses the polysaccharide biofilm as a rich source of nutrition. The
cylindrical dandruff is likely a combination of Demodex carcasses and biofilm.

Collarettes, clumping, eye discharge, and sticky eyelids upon awakening are all
evidence of bacterial biofilm along the lid margin. However, they are not required
for diagnosis of blepharitis. In patients with late-stage disease, there may be sig-
nificant lid inflammation without scurf. Though this may seem to be incongruous
with blepharitis, the likely 40-50 years of inflammation at this stage have so badly
damaged the eyelash bulb that the lashes are either barely growing or not growing
at all. Therefore, there is no scurf, because there has been no/minimal lash growth
to pull it away from the lid margin. Therefore, a paucity of lashes, in association
with swollen lash follicles, as shown in Figure 3, can also indicate DEBS. In addi-
tion, these late-stage patients typically have exceedingly dry lid margins, which
inhibit further biofilm production. In other words, bacteria can eventually become
their own worst enemy by destroying the very moisture that is required for biofilm
production.

3.2 Stage 2: meibomitis (MGD)

The next stage of DEBS involves the spread of inflammation from the lash fol-
licles to the meibomian glands. These glands are relatively more protected than the
follicles due to their narrow ductules and the constant flow of meibum out of the
gland. These characteristics ensure that meibomian involvement occurs after fol-
licular involvement. Meibomian glands are also 5-10 times larger than lash follicles,
which means that inflammation takes longer to significantly hinder the working
of the gland than the follicle [57]. The amount of time between Stage 1 and Stage 2
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depends on the virulence and biofilm production characteristics of the patient’s par-
ticular bacterial profile, but we estimate approximately 10-15 years between them.
Obvious vs. nonobvious MGD is a recent topic of discussion and can also be
explained through understanding the biofilm. Obvious MGD manifests with
inspissation and capping (domes over gland openings) that can be observed on
exam (Figure 6). On the other hand, nonobvious MGD does not have these mani-
festations. Nonobvious MGD can be thought of as the biofilm forming layers within
the gland and starting the inflammatory process [58]. As the biofilm accumulates
within the gland and mixes with meibum, it eventually blocks the narrow ductule,
thereby causing obstruction. This thickened mixture of biofilm and meibum takes
on a “toothpaste” quality and may alter the consistency of the lipid profile of the
meibum, either through the presence of abnormal lipids or decreased overall lipid
secretion [59]. The mixture of meibum with biofilm has an increased melting point,
which leads to thickening and obstruction. These secretions may not be expressed
because the meibomian glands are large and the biofilm may not have affected a sig-
nificant enough portion of them yet, therefore leading to nonobvious MGD. Once
the gland is full of the thick meibum and biofilm mixture, the secretions will have

Figures.
Transmission electron microscopy of cylindrical dandruff showing bacterial colonies (blue circles), which
suggests that the dandruff is likely biofilm.

Figure 6.
Evidence of meibomian gland dysfunction showing inspissation and capping.
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nowhere further to accumulate within the gland and will attempt to move up and
out of the ductule. However, the original biofilm traps these secretions forming
small whitish domes similar in color to what is observed within an early non-
obvious occluded ductule. Expression of the glands may release copious amounts
of sludge or inspissated secretions. While the composition of the peaks or caps has
never been effectively studied, it is not difficult to imagine that they are composed
of accumulated “altered” meibum mixed with biofilm covered by a more “pure”
biofilm [60]. Therefore, the filling of the gland past its capacity is what triggers the
appearance of the “domes” in obvious MGD, but it is the thickened biofilm mixture
which has reached quorum-sensing that begins the early, and later obvious, signs
of overt inflammation along the posterior lid margin [61]. Hence, the difference
between obvious and nonobvious MGD is simply one of degree.

3.3 Stage 3: lacrimalitis (aqueous deficiency)

Stage 3 DEBS involvement of the accessory lacrimal glands of Wolfring and
Krause, and probably the main lacrimal gland, leads to aqueous deficiency. There
are approximately 30 lacrimal glands of Krause and about 5 glands of Wolfring
on each eye. They are responsible for baseline aqueous production [62, 63]. The
ducts of these glands empty along the inside lid, up near the fornices. The distance
from the lid margin biofilm, the narrow ducts, and the constant flushing activ-
ity of tear production all serve to protect these glands from activity along the lid
margin. However, the biofilm can spread from the lid margin by being shed into
the tear film, and decades of shedding eventually leads to some biofilm infiltrating
the glands of Krause and Wolfring. Alternatively, it is quite possible that a layer of
biofilm, kept attenuated due to constant flushing and lid/eye movement, neverthe-
less eventually reaches these glands by direct extension. Because of their innately
protective distance from the lid margin, these glands are the last group to become
infiltrated by biofilm, and therefore, the last to succumb to the effects of inflamma-
tory damage from biofilm virulence factors. This is supported by looking at clinical
manifestations of patients with many of the symptoms of dry eye - burning, irrita-
tion, and difficulty seeing — in conjunction with excessive tearing. While exam may
lead to diagnosis of evaporative dry eye with a deficient lipid layer, patients may not
understand how they could have dry yet watery eyes. These patients have deficient
lipid production but intact aqueous production, indicating diseased meibomian
glands but still healthy accessory glands of Krause and Wolfring. On the other hand,
unless there is an autoimmune disorder, it is virtually impossible to see an aqueous-
deficient patient without MGD (Figure 7). This finding supports the conclusion
that aqueous deficiency presents after evaporative dry eye due to the accessory
lacrimal glands being affected after the meibomian glands.

By the time we have Stage 3 DEBS, the follicles have been subjected to chronic
inflammation for many decades and are sometimes so badly damaged that lash
growth is arrested, and hence, there may be little-to-no biofilm noted among the
eyelashes. Lashes fall out and may not regrow or regrow very slowly. Looking
closely, one will typically find significant swelling around the base of the lash along
with pallor as in Stage 1.

3.4 Stage 4: lid destruction
Stage 4 DEBS is marked by the breakdown of the structural integrity of the
eyelid. Lid laxity, entropion, ectropion, and floppy eyelid syndrome are often mani-

festations of end-stage chronic inflammatory lid disease [64]. The inflammation
associated with the formation of the biofilm eventually affects connective tissue,
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Figure7.
Eye showing both aqueous deficiency (positive staining with rose Bengal) and meibomian gland dysfunction
(pouting of glands).

muscle, and nerve endings within the lid margin, which become damaged and lose
their functionality [65]. Because of the loss of the nerve endings, these patients are
often asymptomatic. Also, as mentioned prior, since bacteria need moisture to grow
and produce biofilms, years of dry eye may degrade their once-ideal environment to
the point where they cannot sustain large colonies of bacteria, these patients often
present with little to no biofilm. By this point, however, the damage to the lid and
the tear glands is already done and may be irreversible.

3.5 Management

The armor provided by the polysaccharide matrix of the biofilm explains why
many novel treatments proposed in the past 100 years have failed. The only treat-
ment for chronic blepharitis universally agreed upon is lid hygiene [66]. Historically
we have preferred simple salt water soaks [67]. Recently, microblepharoexfoliation
(MBE) has become available [68]. This additional form of lid hygiene provides a
thorough mechanical biofilm removal of the lid margin, which may have a pro-
found impact on patient’s symptoms, quality of tears, and quality of life. Therefore,
we propose performing MBE of patients’ lids, with electric rotary sponge cleaning,
in an effort to remove the biofilm and prevent and/or slow down the progression of
DEBS (Figure 8).

Besides the treatment of DEBS, MBE may have other potential roles in oph-
thalmology. It is known that endophthalmitis is most commonly associated with
the presence of biofilm-forming bacteria in the patients’ lid margin. The afore-
mentioned Kivang study demonstrated that these biofilm formers are present and
can survive a Betadine wash [18]. By performing a thorough MBE of the patient’s
lids, we may be able to reduce the incidence of post-cataract infection. In addition,
by removing the biofilm from the lid margin and meibomian glands, we should
expect a better tear film and therefore more accurate pre-operative screening and,
more importantly, better post-op vision. Similarly, patients undergoing refractive
surgery, such as laser in situ keratomileusis, photorefractive keratectomy, and
phototherapeutic keratectomy, and contact lens wearers will probably also benefit
from an electromechanical debridement of their lid margin. All of these patients
may benefit from the reduction or elimination of the progression of the lid biofilm
with yearly electromechanical debridement.
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Figure 8.
Upper lid lash margin showing presence of cylindrical dandruff and “scurf”. Top: Before MIBE; Bottom: After
MBE (Courtesy of BlephEx, Inc.).

4, Conclusions

Understanding DEBS as a singular disease process that presents in stages, over
decades, throughout a persons lifetime allows us to successfully explain all clini-
cal scenarios we encounter. DEBS explains the overlap of the so-called anterior
blepharitis with posterior blepharitis, why we do not see isolated cases of aqueous
deficiency and why the disease worsens with age. It also shows why some patients
may become asymptomatic and why we sometimes do not see biofilm within the
lash line despite severe lid disease findings. Finally, DEBS also describes chronic
changes to the structural integrity of the eyelids, including lash loss.

Dentists have done a masterful job in educating patients as to the importance
of routine oral hygiene. “Plaque” has become a household term for dental biofilm.
While in the past years of biofilm-related inflammation caused elderly patients to
require dentures, patient education is helping full dentures become obsolete. In
2006, a CDC report claimed “the baby boomer generation will be the first where the
majority will maintain their natural teeth over their entire lifetime” [69].

We too can improve patient outcomes by preventing damage to the critically
important meibomian glands and other eyelid structures, rather than reacting to
the damage once it is already done. To prevent DEBS, we need to make routine lid
hygiene akin to “brushing your teeth” and electromechanical debridement as com-
monplace as routine dental cleaning. This is now possible, but it must start with a
new understanding of DEBS, and an active role by the ophthalmologist stressing lid
hygiene and advocating for regular MBE procedures on all patients, the sooner the
better, particularly on those at higher risk.
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Appendices and nomenclature
Biofilm Groups of microbial cells enclosed in a

matrix of primarily polysaccharide mate-
rial that are intimately associated with a

surface
Blepharitis Inflammation of the eyelid
Cylindrical dandruff Sleeve of material that forms around the

eyelash, likely due to biofilm accumula-
tion combined with eyelash growth

DEBS Dry Eye Blepharitis Syndrome; a pro-
posed unifying diagnosis that links
both dry eye and blepharitis as stages of
inflammation caused by progression of
biofilm

Goblet cells Specialized epithelial cells that secrete
mucus, helping maintain the barrier
against pathogens

Microblepharoexfoliation (MBE) Lid margin cleaning, with electric rotary
sponge, in an effort to remove accumu-
lated biofilm

Virulence factors Factors released by bacteria that cause
inflammation, including exotoxins,
enzymes, super-antigens and cytolytic
toxins

Volcano sign Swollen, follicular tissue around the base

of the lash
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Chapter 3

Hyperosmolarity of the Tear Film
in the Dry Eye

Alejandro Aguilar and Alejandro Berra

Abstract

The dry eye is a complex multifactor illness of the tear film and of the ocular
surface characterized by symptoms of discomfort, vision alterations, and instability
of the pre-corneal tear film which may bring about potential damage on the ocular
surface. Instability of the film will produce increasing osmolarity of the tear film
which will trigger epithelium osmotic lesions and inflammation. As these changes
take place on the ocular surface, neurophysiologic mechanisms of homeostasis
will be altered which will complicate the process even further with the cropping of
vicious physiopathologic circuits.

Keywords: dry eye, tear film, hyperosmolarity, inflammation,
physiopathologic circuits

1. Introduction

The ocular surface is a delicate portion of the eye’s anatomy, where its constitu-
ent components maintain a close relationship in order to keep the region’s homeo-
stasis, which undoubtedly establishes the presence of a real anatomo-functional
unit [1] in which the tear film must uphold the unimpaired health of epithelia of the
conjunctiva and cornea and at the same time contribute to the normal physiology of
the stroma.

In order that the tear film may carry out this function efficiently, its three layers
must be complete and in constant equilibrium. The film’s three layers have a close
relationship, to such an extent, that any alteration in one of them (composition,
secretory, etc.) may drastically impinge on the normal equilibrium of all, thus
bringing about the partial or total alteration of the tear film and consequently
alteration of the tear film and consequently altering epithelia.

2. Physiology

The dry eye is a pathologic multifactor process of the ocular surface due to a
deficiency in quantity and/or quality of the pre-corneal tear film, which in turn
makes it unable to keep healthy the epithelia of the cornea and the conjunctiva.
This produces epithelial metaplasia of the squamous type and epithelial damage [2].

Even though this flaw may be due to different situations, increase of evapora-
tion, deficiency in its production, and alteration in composition, in all cases the
physiopathologic sequence is the increase of the film’s osmolarity [3] which appears
within the first 24 h of the onset of the process.
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The decrease in the production of tears and/or qualitative changes in composi-
tion and also the evaporation of the film promote the phenomenon of hyperosmo-
larity. The evaporation of a smaller volume for a same surface increases osmolarity
during the first 24 h from the onset of volumetric decrease [4].

Hyperosmolarity [5] causes epithelial injury in a direct manner as it produces
cellular desquamation, complete disappearance of layers of superficial epithelial
cells, decreasing of cytoplasmic density, and accumulation of rows of mucus
product of goblet cells osmotically altered. This phenomenon is generally evident
between 15 and 30 days from the osmolar change of the tear film.

According to Holly and Lamberts [6], the formation of the pre-corneal tear
film is essentially a phenomenon of “wettability.” The epithelium of the cornea and
conjunctiva must be completely humidified by the aqueous layer of the film. For
a complete wettability, the conditions of the ocular surface need that the surface
tension of the aqueous layer in the interphase with the epithelium be lower than the
surface tension of the epithelium exposed to the medium.

Mucopolysaccharides of the mucin layer are principally responsible in keeping a
stable surface tension. Mucus accumulation and destruction of goblet cells due to an
increase of the film’s osmolarity brings about an increase in the surface tension, and
therefore the wettability of the epithelium is inhibited.

In 1993 I advanced a hypothesis [7] based on the phenomenon of osmosis. The
principle of osmosis is characterized by the presence of a solvent flow through a
semipermeable membrane, which comes about when the concentration of the solution
increases on one of the sides of the membrane. This aqueous movement tends to equal-
ize concentrations on both sides [8]. When this occurs the osmotic phenomenon stops.

The corneal-conjunctival epithelium and the mucin layer of the tear film consti-
tute a perfect biological semipermeable membrane and therefore act as such. When
the osmolarity of the aqueous layer increases, the osmotic phenomenon begins
producing a solvent flow from the epithelia and mucin layer towards the aqueous
layer. This flow, nourished by the osmotic pressure, generates an important force
that separates the aqueous layer impeding wettability.

At the same time, dehydration produced in the mucin layer will bring about
destruction of mucus which raises higher surface tension, boosting osmolar
disequilibrium.

At this point sicca lesion has taken place; it is exacerbated with cellular dehydra-
tion of the cellular layers of the epithelium generated in the aforementioned process
and enters into a physiopathologic vicious circle.

On the other hand, taking into account the presence of the aqueous gradient
through the protein water canals present in the stroma and with direction towards
the aqueous humor, we shall observe that a new physical force of opposite direc-
tion (osmotic force) may modify this movement. This directional change of fluids
produced by hyperosmolarity and by the mechanisms it produces may bring about
dehydration of sulfated proteoglycans (GAGS) which occupy the spaces among
collagen fibers of the stroma [9, 10]. When these glycoproteic structures dehydrate,
the correct hydric balance of the stroma will be affected, which will incide in the
normal maintenance of transparency of the cornea. Concurrently, alteration of the
stroma will produce a loss in the number of goblet cells, with ensuing mucin and
tensional alteration formerly described [11].

In this way, hyperosmolarity triggers a series of physiopathologic phenomena
with evident feedback effects among them, which in both directions boost each
other.

It is germane to this analysis that increase of osmolarity of the tear film in the
dry eye, as a condition of stress on the ocular surface, triggers the inflammatory
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process and immunologic phenomena as the presence of autoantigens that boost the
inflammatory process.

Studies on inflammatory markers such as NF-Kp that migrates from the nucleus
to the cytoplasm in the inflammatory process are directly related with the phenom-
enon of hyperosmolarity of the tear film. Nuclear translocation of NF-K@ is directly
proportional to the increase of osmolarity of the tear film.

Berra and Berra [12] compared the nuclear NF-Kp translocation in healthy
persons, in postmenopausal women, and in patients with Sjégrens syndrome, and
they related them with osmolarity of the tear film and with impression cytology of
these patients.

Healthy persons with normal values of osmolarity (300 mOsm/L + 10) did not
show presence of marker NF-Kp, nor did they show metaplastic changes in the
conjunctiva (normal cytology grade 0, according to Nelson’s Classification) [13].
Postmenopausal women carriers of a moderate dry eye showed a moderate increase
of osmolarity of the tear film (300-400 mOsm/L), moderate presence of factor
NF-KB, and cellular metaplastic alterations grades I-II. On the contrary, patients
with a severe dry eye, group with Sjégren’s syndrome, showed high values of
osmolarity of the film (>400 mOsm/L), a great expression of nuclear translocation
of factor NF-Kp, and severe squamous metaplasia (grades II-III).

Khanal et al. [14] compared values of the tear film’s osmolarity in healthy
persons with patients with dry eye, providing hyperosmolarity in patients with dry
eye, and postulated the measuring of the film’s osmolarity as one of the diagnostic
milestones of the dry eye. Likewise, osmolarity is one of the diagnostic tests rec-
ommended by the committee of the National Eye Institute of the United States of
America [15].

Laboratory tests prove that even an increase of 1% in the film’s osmolarity is
capable of inducing epithelial lesions and alter the normal flow of fluids towards
the stroma.

Labbé et al. [16] established that dry eye is a clinical-pathological entity that
involves the tear film, the lacrimal glands, and the eyelids, and it produces a large
range of physiopathologic alterations where hyperosmolarity is one of the principal
factors, assigning it a major diagnostic role. Several authors [17, 18] confirm these
reports.

Even though the examining film’s osmolarity requires sophisticated equipment
and a high-grade qualification to carry it out, we may assess its value by indirectly
measuring the concentration of sodium of the film, employing Schirmer’s paper
strips. Following the method of the sweat test, which consists in measuring the
concentration of sodium employing filter paper on the epidermis of children with
fibrocystic disease of the pancreas, we evaluate the concentration of sodium which
we obtain from tears by humidifying a strip of Whatman 41 paper in the habitual
way for Schirmer’s test.

Subsequently by using colorimetry we measure sodium concentration in same.

Normally the mean concentration of sodium in the tear film is in the range of
134-170 meq/L; in patients with dry eye concentration, it increases to extreme
values (500 meq/L). Later, and employing van’t Hoff’s formula, we may assess
the osmotic pressure of the ion sodium and the indirect index of the film’s
osmolarity.

van’t Hoff formula:osmotic pressure = C x R x T (1)
where C is the concentration of the solution, R the universal constant of gases,

and T the absolute temperature.
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3. Other investigations

In the last decade, numerous authors have highlighted the importance of
hyperosmolarity of the tear film in the pathophysiology of dry eye. Lemp et al. [19]
and collaborators also grant a significant diagnostic role. Liv et al. [20] relate the
instability of the tear film with the increase in osmolarity and give it a fundamental
role in the cascade of pathological events that on the ocular surface is capable of
generating.

The importance of hyperosmolarity is such that authors such as Hirata et al.

[21] suggest that the increased osmolarity of the tear film induces functional and
structural lesions of the corneal nerves and neurotoxicity.

In 2010, Mesmer et al. [22] determined that hyperosmolarity is an important
factor in the pathophysiology of dry eye.

More recently, the final report of the pathophysiology subcommittee of the
TFOS DEWS II [23] concluded that the core mechanism of dry eye is evaporation-
induced tear hyperosmolarity that produces a vicious circle (Figure 1). When
osmolarity rises it causes damage on the ocular surface both directly and by initiat-
ing inflammation.

This subcommittee concluded: “tear hyperosmolarity is considered to be the
trigger for a cascade of signaling events within surface epithelial cells, which leads
to the release of inflammatory mediators and proteases. Such mediators, together
with the tear hyperosmolarity itself, are understood to cause goblet cell and epithe-
lial cell loss and damage to the epithelial glycocalyx. Inflammatory mediators from
activated Tcells, recruited to the ocular surface, reinforce damage. The net result is
the characteristic punctate epitheliopathy of DED and a tear film instability which
leads at some point to early tear film breakup. This breakup exacerbates and ampli-
fies tear hyperosmolarity and completes the vicious circle events that lead to ocular
surface damage.”
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The vicious circle of dry eye disease. Image obtained from TFOS DEWS II 2017 pathophysiology subcommittee.
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4, Conclusions

Undoubtedly, dry eye is nowadays one of the problems most commonly diag-
nosed by ophthalmologists. The dry eye is a complex multifactor illness of the tear
film and of the ocular surface (cornea, conjunctiva, palpebral anexus, glands and
nerves) characterized by symptoms of discomfort, vision alterations, and instabil-
ity of the pre-corneal tear film that may bring about potential damage on the ocular
surface. Instability of the film will produce increasing of osmolarity of the tear film,
which will trigger epithelium osmotic lesions and inflammation. As these changes
take place on the ocular surface, neurophysiologic mechanisms of homeostasis will
be altered, which will complicate the process even further, with the cropping up of
vicious physiopathologic circuits.

The knowledge of its physiopathologic triggering and its early diagnosis will
allow a better management of this pathology. In this sense, evaluation of osmolarity
of the tear film in these patients, even if it does not give us an etiologic diagnosis of
the disease, does give us an efficient tool to diagnose and evaluate the disease, as its
values are directly proportional to the severity of the clinical picture of the dry eye,
and is always present in these patients.
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Chapter 4

Recent Advances in the Effects of
Various Surgical Methods on Tear
Film after Pterygium Surgery

Juan Wang

Abstract

Pterygium is a common ocular disorder with a high prevalence. Surgical
resection is the main method of treating pterygium. Recurrence rate of traditional
surgical methods such as simple excision of pterygium is high. In recent years,
amniotic membrane transplantation, autologous limbal stem cell transplantation,
application of mitomycin (MMC) and some other methods become commonly
used. Autologous limbal stem cell transplantation is being most widely used.
Pterygium has a close relationship with dry eye, and dry eye is one of the important
reasons for its recurrence. Different surgical methods have different effects on
postoperative tear film. This review will summarize the recent points.

Keywords: pterygium, surgical methods, tear film, dry eye

1. Introduction

Dry eye is a type of disease caused by tear film instability and/or ocular surface
damage, which results in eye discomfort and visual dysfunction [1]. The etiology
and pathogenesis of dry eye are complicated. Epidemiological studies have shown
that there is a positive correlation between pterygium and dry eye [2], and usu-
ally accompanied with tear film dysfunction, which is associated with pterygium
hyperplasia, irregular, and non-smooth ocular surface. Surgical resection is the
main treatment for pterygium which can repair the ocular surface and improve tear
film function and reduce dry eye symptoms [3]. It found that different surgical
methods of pterygium have different recurrence rates and different tear film func-
tion changes [4]. Now, we will summarize the changes of tear film function after
different surgical methods of pterygium.

2. Simple excision of pterygium

It reported that the stability of the tear film after pterygium resection is reduced,
and dry eye syndrome occurs in severe cases [5]. Compared with preoperative, the
tear break-up time (BUT) was significantly prolonged for 1 month after scleral
exposure with simple pterygium excision. Tear-ferning test showed a significant
increase in normal crystallization ratio, and conjunctival imprint cytology showed a
significant increase in goblet cell density. Therefore, they thought that tear func-
tion in patients with primary pterygium improves after pterygium excision, which
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indicates that pterygium has a close relationship with dry eye [6]. However, there
was other studies concluded that pterygium removal may not have any effect on
Schirmer’s test results and tear BUT 1-month post- surgery [7]. Paton observed that
a pterygium is further exacerbated by elevation of the pterygium head, dryness,
and delle formation [8]. Pterygium excision can partly restore the tear functions
into normal state in patients with pterygium which may be due to the increasing
density of the conjunctival goblet cell and the recovery of mucus secretion [9].
Simple excision of pterygium is a traditional surgical method, but the recurrence
rate is as high as 24-89% [10], and it is currently less applied.

3. Pterygium excision combined with autologous conjunctival
transplantation

Kilic et al. [11] investigated the effects of pterygium excision using the limbal
conjunctival autografting technique on the tear function tests in 14 eyes of 13
patients. Since no difference was found in the Schirmer and tear BUT tests at 1
and 6 months postoperative versus preoperative. Shortened BUT and the reduced
length of Schirmer test after the removal of pterygium combined with autologous
conjunctival transplantation are related to the number of operations, the size of the
scleral exposed surface, the thickness of the graft, and the location of the graft. Large
removal of the nasal conjunctiva intraoperatively, too large conjunctival graft, and
the location too close to the dome or too deep can all lead to shortened BUT, reduced
tear secretion test length, and prone to dry eye syndrome [12]. Some authors [13]
have found that compared with the opposite healthy eyes, the BUT and mucus fern
test (MFT) in the eyes with pterygium were significantly different before the opera-
tion (p < 0.05). The results of the BUT and MFT in the eyes with pterygium were
significantly different before and 4 weeks after the operation (p < 0.05). The BUT
was prolonged and the ratio of normal crystallization in the MFT increased. Tear
functions were abnormal in the eyes with pterygium. Pterygium excision combined
with conjunctival autograft transplantation can partially restore the tear film func-
tion into normal state, and the tear film function was stable 4 weeks after surgery.
Zeng et al. [14] compared the recurrence rates after pterygium excision combined
with autologous conjunctiva and amniotic membrane transplantation. After 1 year
follow-up, the results showed that the combined autologous conjunctival transplan-
tation group was lower than the amniotic membrane transplantation group, and the
difference was statistically significant (p < 0.05). No statistically significant differ-
ence was observed between the two groups in postoperative tear film BUT (p > 0.05).

4. Pterygium excision combined with autologous limbal stem cell
transplantation

The lack of stem cells at the neck of pterygium [15] provides a theoretical basis
for the treatment of pterygium excision combined with limbal stem cell transplanta-
tion. Because of the low recurrence rate after excision of pterygium combined with
autologous limbal stem cell transplantation [16], it is widely used. Zhang et al. [17]
compared the therapeutic effects of recurrent pterygium treated by limbal stem cell
autograft transplantation and amniotic membrane transplantation. After the follow-
up of 6-24 months, the recurrence rate was 3.03% in limbal stem cell autograft trans-
plantation group, and 22.86% in amniotic membrane transplantation group. There
was statistical significant difference between two groups (p < 0.05). The average
epithelial recovering time of corneal wound was 4.73 and 6.38 days in two groups,
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the difference was significant (p < 0.05). Limbal stem cells autograft transplantation
can decrease the recurrent rate and improve epithelial recovering time of corneal
wound. It is an ideal method of recurrent pterygium surgery. It was shown that
pterygium excision combined with limbal stem cell transplantation has less effect on
tear film function than traditional pterygium excision, and the incidence of dry eye is
lower [18]. Other authors [19] compared the incidence of dry eye after the operation
of pterygium excision combined with autologous limbal stem cell transplantation
and amniotic membrane transplantation. They showed that patients with primary
pterygium treated with autologous limbal stem cell transplantation can improve the
tear film stability in the early postoperative period and reduce the incidence of dry
eye. However, the long-term effects of the two surgical methods and the dry eye are
not obvious. Clinically, the surgical method should be reasonably selected according
to the actual situation of the patient. Tear film stability of pterygium excision
combined with limbal stem cell transplantation is better compared with pterygium
excision combined with amniotic membrane transplantation at early postoperative.
Patients bear mild symptoms of dry eye [20]. Deng et al. [21] observed the situa-
tions of different surgical methods on dry eyes in patients with pterygium excision
combined transplantation. Group A underwent pterygium excision combined large
autologous conjunctival flap transplantation; group B underwent pterygium excision
combined with small conjunctival flap; and group C underwent pterygium excision
combined with small conjunctival flap with autologous limbal stem cell. Repair of
postoperative corneal epithelium, tear film BUT, and questionnaire of ocular surface
disease index (OSDI) preoperation and 1, 3 months postoperation were observed
among three groups, which caused the situation of dry eyes by pterygium and pte-
rygium excision were evaluated. They concluded that pterygium excision combined
with small conjunctival flap and autologous limbal stem cell shows quickly corneal
epithelium recover and low dry eye ratio. Jin et al. [22] investigated the effect of pte-
rygium excision combined with autologous corneal limbus stem cells transplantation
on lacrimal film recovery between primary and recurrent pterygium. About 1 week
after operation, both groups appeared dryness and shortened BUT, which was more
serious in recurrent pterygium group (p < 0.05); there was no significant difference
in Schirmer I test between two groups. One month after operation only recurrent
pterygium group appeared dryness and shortened BUT compared with primary
pterygium group, which was nearly recovered (p < 0.05). Results showed that the
recovery of tear stability and lacrimal secretion was poorer in recurrent pterygium
than in primary pterygium, which partly explains high recurrence rate of recurrent
pterygium. A study [23] suggested that pterygium excision combined with limbal
stem cell transplantation can provide a healthy source of epithelial cells. The dam-
aged corneal epithelial surface is repaired, and the limbal anatomy and physiological
reconstruction are obtained by the proliferation and differentiation of stem cells and
the centripetal repair of cells. Flatter graft makes smoother surface, and the tear film
stability is better. In contrast, other authors [24] suggest corneal limbal conjunctival
autograft combined with pterygium excision yields sound long-term efficacy and

a low recurrence rate than pterygium excision with exposed sclera, and induces

only mild damage on the ocular surface. No statistically significant differences are
observed between the two groups regarding postoperative tear film BUT.

5. Pterygium excision combined with amniotic membrane
transplantation

Amniotic membrane is a thin and transparent membrane in the placenta. It has
no blood vessels and lymphatic vessels. It contains a variety of cytokines, which can
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effectively reduce inflammation, promote wound healing, and anti-fibrosis [25].
The recurrence rate of pterygium excision combined with amniotic membrane
transplantation was significantly lower than that of single pterygium excision
group [26]. Pterygium excision combined with amniotic membrane transplanta-
tion mainly inhibits fibroplasia in the operation area, inhibits leukocyte activation,
reduces inflammatory reaction, reduces scar formation, inhibits vascularization,
and prevents recurrence of pterygium [27]. Yao [28] compared tear BUT and
Schirmer I test at preoperatively, 1, 3 months postoperatively between simple pte-
rygium excision group and pterygium excision combined with amniotic membrane
transplantation group, and ocular surface temperature and dry eye symptom score
were taken at 2 months after operation. Pterygium excision combined with amniotic
membrane transplantation can effectively improve the dry eye, which is conducive
to the stability of tear film function. Some authors [29] compared two surgical
methods (pterygium excision combined with conjunctival flap transplantation and
pterygium excision combined with amniotic membrane transplantation) on tear
function. BUT and Schirmer I were shortened on both groups at 1 and 3 months
postoperation, and the differences were significant (p < 0.05). Pterygium excision
affects tear film function at the early postoperative stage. Tear film function returns
to preoperative levels 3 months after surgery. Influence of pterygium excision com-
bined with amniotic membrane transplantation on function of the tear film is less
than that of pterygium excision combined with conjunctival flap transplantation
at early postoperative stage. Amniotic membrane transplantation can limit fibrosis
of the sub-conjunctival tissue, improve the success rate of surgery, and reduce the
incidence of postoperative dry eye. The reason is the basement membrane surface
of the amniotic membrane and the fibroblasts of the conjunctiva stimulate the
differentiation of conjunctival goblet cells, keeping the conjunctiva and cornea of
the postoperative patients moist, reducing the incidence of dry eye [30].

6. Application of MMC in the treatment of pterygium excision

MMC is an anti-tumor antibiotic isolated from the filtrate of Streptomyces ceph-
alosporin. It inhibits the synthesis of DNA, RNA, and protein and is radiomimetic
in many of its actions [31]. It could reduce tissue adhesions and scar formation that
has been widely adopted in pterygium surgery to lower the recurrence rate [32]. The
purpose of the use of MMC as an adjunctive treatment is to prevent the recurrence
of pterygium after the surgery [33]. It has been reported that the wound tissue has
not been completely repaired within 2 weeks after pterygium resection. Local use of
MMC is prone to lead to ischemic necrosis of wound tissue, especially for patients
with bulbar conjunctival flap transplantation [34]. Research [35] has shown that
pterygium excision with a free conjunctival autograft combined with intraoperative
low-dose MMC is a safe and effective technique in pterygium surgery. MMC can
prevent vascular regeneration in the surgical field, prevent fibroblast prolifera-
tion and scar formation, and reduce the recurrence rate after pterygium surgery.
Intraoperative administration of mitomycin C at 0.05% is safe and effective in pre-
venting pterygium recurrences [36]. Gao et al. [37] compared the clinical efficacy
of treatment on recurrent pterygium using different concentration MMC in the pte-
rygium excision operation combined with the corneal limbal stem cell autografting.
In their study, complications are corneal edema, corneal ulcer, and conjunctival flap
infection. Scleral necrosis occurs in 0.2-4.5% of patients, and higher risk is linked
to adjunctive use of MMC, especially more concentrated or repeated doses [38]. It
was reported that a case of corneoscleral melt that occurred 50 years after resection
of pterygium with postoperative administration of MMC [39]. The application
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of 0.2 mg/ml MMC during operation for 3 minutes could effectively control fiber
hyperplasia of conjunctivas and there are no complications on cornea and sclera
[40]. Study [41] shows that the dry eye symptoms, basic tear secretion and BUT val-
ues of the MMC group are significantly better than the simple pterygium excision
group. The difference between the two groups is statistically significant (p < 0.05).
Therefore, it is believed that the treatment of pterygium excision combined with
MMC has little effect on the stability of tear film and the secretion of basic tears,
and the cure rate is high, which is an effective method for treating pterygium [42].
There is no significant difference in the cure rate and recurrence rate between
pterygium excision combined with MMC and pterygium excision combined with
autologous limbal stem cell transplantation (p > 0.05), both of which can effectively
treat primary pterygium, but pterygium excision combined with MMC treatment
will not destroy the ocular surface microenvironment, and the operation is easy

to master, which is worthy of clinical promotion [43]. However, some studies have
shown that the use of 0.2 g/L MMC in the treatment of simple pterygium excision
showed signs of significant improvement in ocular surface environment early after
surgery, and patients who use 0.29/L MMC are observed obvious ocular surface
damage, keratinization of epithelial cells, loss of normal cuboid morphology, loose
connection between cells, increased cell gap, increased nuclear-to-plasma ratio, and
marked decrease in goblet cell density in analyzed area 3 months after surgery [44].

7. Other surgical methods

By combining autologous corneal limbal stem cell transplantation with conjunc-
tival flap and amnion transplantation, the barrier between corneal epithelium and
conjunctival epithelium is maintained and the invasion of foreign conjunctival tis-
sue is prevented, so that the recurrence of pterygium and relevant complications are
reduced [45]. The operation of transplantation of amniotic membrane and limbal
stem cells can further reduce the postoperative recurrence rate [46]. Tear function
is abnormal in patients with recurrent pterygium. The tear functions in patients
with recurrent pterygium can improve significantly after combined surgery, restore
the cornea stem cells and cohesion margin health conjunctival, and promote the
ocular surface reconstruction perfect [47]. Tear film stability of pterygium excision
combined with limbal stem cell and amniotic membrane transplantation is better
than that of pterygium excision combined with limbal stem cell transplantation or
amniotic membrane transplantation in early postoperative stage, but the forward
performance and severity of xerophthalmia after surgical treatment of pterygium
are about the same. Operation method should be chosen according to the patient’s
condition [48].

8. Summary

Pterygium is a common ocular surface disease, and the prevalence rate is high.
The main treatment method is surgical resection. The recurrence rate and incidence
of postoperative dry eye after traditional simple pterygium resection is high. The
recurrence rate and the incidence of dry eye of pterygium excision combined with
autologous limbal stem cell transplantation is low, so it is most widely used cur-
rently. The healthy conjunctival tissue will not be damaged in combined amniotic
membrane transplantation which provides conditions for glaucoma filtration
surgery. Combined use of low concentration of MMC can effectively reduce the
recurrence rate of pterygium, easy to operate, but there are risks of long-term
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complications such as scleral lysis. Amniotic membrane transplantation combined
with autologous limbal stem cell transplantation can reduce the recurrence rate of
pterygium and recurrent pterygium, and has little effect on the tear film. The surgi-
cal method can be selected according to the actual situation of pterygium patients.
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Chapter 5

Molecular Genetics of
Keratoconus: Clinical Implications

Yu Meng Wang and Calvin C.P. Pang

Abstract

Occurrence of keratoconus is pan-ethnic with reported prevalence ranging
widely from 1:400 to about 1:8000, higher in Asian than Western populations. Its
genetics is complex with undefined pattern of inheritance. Familial traits are also
known. More than 50 gene loci and 200 variants are associated with keratoconus,
some through association studies with quantitative traits of cornea features includ-
ing curvature and central thickness. Environmental, behavioral, and epigenetic fac-
tors are also involved in the etiology, likely interactively with genetic susceptibility.
Regardless of sex and age of disease onset, clinical courses and responses to treat-
ment vary. Keratoconus is a major cause of cornea transplantation and is potentially
blinding. Currently collagen cross-linking provides effective treatment although
responses from some patients can be unpredictable with complications. Early
diagnosis is vital to obtain good treatment outcome, but in many patients early signs
and symptoms are not obvious. While there are potential biomarkers, reliable pre-
symptomatic detection and prediction of treatment response may require multitude
of gene variants, cornea properties, and external risk factors.

Keywords: keratoconus, genetic markers, clinical implications

1. Introduction

Keratoconus is a progressive corneal disorder involving cone-shaped protrusion
and thinning of the central or paracentral cornea, leading to various degrees of
visual impairment including astigmatism and even to blindness [1]. Occurrence is
usually bilateral but asymmetric between the two eyes, resulting in lopsided visual
dysfunction and photophobia with asymmetric progressions and severities of the
two eyes in some patients. Many patients started with disease in one eye. Precise
age of disease onset is hard to be determined, but it is known to occur mostly in late
teenage to early adulthood. Keratoconus is a major cause of visual impairment in
young adults in most populations [2]. In one early study, 41% of the keratoconus
patients were unilateral at the time of diagnosis [3]. Clinical symptoms and signs
range from mild subclinical “forme fruste” or suspect keratoconus to severe and
progressive form [4]. In advanced keratoconus, patients may have a v-shaped
indentation of the lower eyelid on downgaze caused by a large protuberant cone
[5]. Other complications may include apical thinning and irregular astigmatism.
Corneal scar and even perforation can happen. Blindness is the eventual conse-
quence to some patients.

The underlying histopathology include reductions in epithelial and stromal
keratocytes and collagen contents [6] with degradations of corneal membranes and
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extracellular matrix. Abnormal mitochondrial functions causing cell death and
deranged lipid metabolism are associated with stromal degeneration and disrupted
epithelial integrity [7]. The direct causes of pathology are not known. The molecu-
lar mechanism of keratoconus has not been identified. Since it is a progressive
disease, early detection is important for appropriate treatment in order to avoid
serious consequence. A protocol to identify “high-risk” individuals and genetic
testing for pre-symptomatic diagnosis would be exceeding helpful.

2. Multi-factorial etiology

The etiology is complex and elusive, affected by interactive environmental and
genetic factors [8]. There is association of developmental keratoconus with allergic
diseases, eczema, asthma, and hay fever [9, 10]. Contact lens, excessive ultraviolet
light, and persistent eye rubbing are risk factors [11, 12] but with no proven and
direct cause-and-effect relationships. Links with systemic diseases have been
reported [13], including Ehlers-Danlos syndrome and Down syndrome [14]. Inan
Italian family with osteogenesis imperfecta, which is a connective tissue disorder
caused by defects in genes encoding type 1 collagen, ocular features of keratoconus
were detected [15]. In Leber congenital amaurosis (LCA), keratoconus has been
reported in patients from Pakistan [16, 17], Israel [18], and Australia [19], while LCA
itself also features severe retinal dystrophy leading to vision loss. But reported studies
are not consistent. In 233 Chinese keratoconus patients in Qingdao located in north-
ern China, 20 (0.86%) of them had had Down syndrome [20]. However, no kerato-
conus was found in 140 Down syndrome children in Hong Kong in southern China
[21] nor in 60 Malaysian [22] or 123 Korean children with Down syndrome [23].

There is currently no causative gene known for keratoconus that causes disease
directly [24]. A repertoire of susceptibility genes has been identified with about 200
polymorphisms in more than 50 genes or loci that confer genetic risk to keratoconus
[24]. But the available genetic information is insufficient to establish the genetic
architecture of keratoconus. No specific pathways have been confirmed. There are,
however, clinical implications from studying the keratoconus associated genes.
Evidences are in collections for establishment of polygenic risk marker.

3. Timely diagnosis for treatment

Onset of disease is difficult to be determined. Very often patients are not aware
of visual symptoms until later stage where ocular discomfort and vision dysfunc-
tion becomes obvious. On presentation, slit lamp is capable to detect Fleisher’s
ring, Vogt’s striae, central or paracentral stromal thinning, corneal hydrops and
central scarring. But under the slit lamp, early signs are always not obvious [5].
More sophisticated investigative technologies of keratometry, corneal topography
and optical coherence tomography provide more sensitive and reliable detection of
early keratoconus features on the corneal surface, thickness and curvature. Corneal
biomechanical properties can now be evaluated by non-tomographical Scheimpflug
imaging and non-tomographical technologies, which are capable to differenti-
ate normal, forme fruste, and keratoconus eyes [25]. In some patients subclinical
conditions can be detected [26].

Currently there is no complete cure for keratoconus. At the early stage, vision
is usually correctable by spectacles or contact lens. Semi-circular plastic inserts
as intrastromal corneal ring segments help reduce astigmatism [27, 28]. However,
cornea transplantation is required for severe and progressive keratoconus, which is
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a major cause for cornea transplantations in many countries [29]. Different types

of keratoplasty have been conducted for kerotoconus, penetrating keratoplasty,
epikeratoplasty, and deep anterior lamellar keratoplasty (DALK). The latter has the
advantage of endothelium preservation [30]. In recent years collagen crosslinking
(CXL) has been proved to be safe and effective, in inhibiting, halting, or even revert-
ing to some extent keratoconus progression in a high proportion of patients once
correctly diagnosed [31]. There has been decrease in keratoplasty after the advent of
collagen crosslinking CXL combines ultraviolet irradiation light and a photosensi-
tizer, such as riboflavin, to strengthen the inter- and intra- crosslinks in the cornea.
In 2016 the US Food and Drug Administration (FDA) approved the use of riboflavin
and UV for progressive keratoconus by corneal collagen cross-linking [http://
avedro.com/press-releases/avedro-receives-fda-approval/]. Over the years, the CXL
procedure has been vigorously studied and improved [32, 33]. Meanwhile, for the
most effective treatment with best visual outcome, accurate and early detection is
mandatory [34]. Younger patients, especially those with a steep maximum keratom-
etry, are at higher risk of disease progression than older patients. The younger the
age of the patient, the better is the treatment effect, according to a recent systematic
review and meta-analysis involving 11,529 eyes [35]. Early or asymptomatic diag-
nosis is therefore vital. Recent advances in ophthalmic tomographic imaging and
determination of dynamic properties have enabled reliable diagnosis based on early
signs [25, 35]. Often, most patients are presented late for ophthalmic consultation
and investigations. Prior patients’ awareness or notifications of signs and symptoms,
genetic testing, if available, would provide diagnosis before symptoms surface [36].

4. Epidemiology and ethnic variations

Occurrence of keratoconus is pan-ethnic and global with a wide range of
prevalence traditionally reported from 50 to 230 per 100,000 [1, 3, 37, 38]. A recent
meta-analysis of 29 studies up to June 2018 from 15 countries involving over 50
million subjects reported a global prevalence of 138 per 100,000 [39]. There are
obvious ethnic variations. For whites the prevalence had been estimated to be 50 in
100,000 [1], whereas blacks and Latinos have approximately 50 percent higher risk
of having keratoconus than whites [13]. Asians have higher incidence and preva-
lence, as well as earlier onset and faster progression than other ethnicities [13, 40].

4.1 Ethnic diversities

In the USA, the overall prevalence was estimated to be 54 per 100,000 accord-
ing to an early report in 1986 [3]. In a 5-year dataset between 1999 and 2003 for
Medicare beneficiaries claiming for keratoconus, the average prevalence was
17.5/100,000 [41]. The records included whites, blacks and Hispanics in ethnici-
ties. There were more whites than other races among the claims. In Denmark, the
National Patient Registry recorded 86 keratoconus patients per 100,000 during
an 11-year period from 1995 to 2005 [42]. In a study in the United Kingdom, the
respective prevalence for Asians (mostly Indians) and Caucasians was 229 and
57 per 100,000, respectively, and corresponding age of diagnosis was 22.3 and
26.5 years [43]. Consistent results were reported in two latter studies comparing
Pakistanis and Caucasians in the United Kingdom indicating greater prevalence
in Asians by 4.4-7.5 times than Caucasians [44, 45]. In the Middle East in an
Iranian population, a prevalence of about 25 per 100,000 and age of diagnosis at
271 + 9.3 years were reported [46]. But in a recent study on a rural population in
Iran, a very high prevalence of 4000 per 100,000 was found [47]. In a hospital
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based study in Saudi Arabia, the incidence was 20 per 100,000 in young patients
age ranged from 8 to 24 years, with more than half (54%) of patients classified as
advanced keratoconus [48]. In India, onset of disease has been reported to hap-

pen at a younger age and progresses more rapidly [49]. In a study totaling 5200
Indian patients, the average age of presentation was 21.5 years with 1970 patients
(37.9%) having an onset of disease before 20 years of age. The overall prevalence
was very high at 5200/100,000 (5.2%) [50]. In a rural population in central India,

a slightly lower prevalence of 2300/100,000 was recorded [51]. In huge contrast,
the prevalence in Japanese was low: 12 in 100,000 males and 5.6 in 100,000 females
[52]. In Chinese, a population based study in Beijing for an elder population of 3468
individuals aged 50-93 years, steep cornea/keratoconus occurred in 33 persons, giv-
ing a prevalence of 950 in 100,000 [53]. In this study steep cornea/keratoconus was
defined as corneal refractive power equal to or greater than 48 diopters according to
optical low-coherence reflectometry. In a study 2 years later in Singapore in people
older than 40 years, the prevalence of steep cornea was comparable in Malays

(606 in 100,000), Indians (1000 in 100,000), and Chinese (500 in 100,000)
(0.5%) (95% CI 0.3-0.8%) [54].

4.2 Basis for ethnic diversities

A summary of reported studies (Table 1) shows in general higher prevalence
in Asians than Caucasians, with disease started earlier and severe. But occur-
rence at Japanese is low. There are also vast differences in the same ethnic group.
Environmental factors and investigative criteria other than genetics would affect
the reported occurrence of keratoconus. The very wide range of keratoconus
prevalence and incidence may be a result of non-uniform diagnostic criteria applied
in different studies. Another cause may be genetic variations among different ethnic
populations. There is a significant role of ethnicity. Hence rigorous, multiethnic,
well-organized, and population-based epidemiological studies with large sample
sizes for keratoconus are needed. Nevertheless, in addition to ethnicity, currently
reported epidemiologic studies indicate that potential causes underlying higher
prevalence of keratoconus could be due to a host of factors including geographic
locations, ultraviolet irradiation exposure, consanguinity, persistent eye rubbing
and atopy. The etiology of keratoconus is complex, involving multi-factorial inter-
actions of genetic, personal, and environmental factors.
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Geographical and ethnical diversities in veported prevalence of keratoconus.
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5. Gender differences

Whether males and females have different prevalence is unclear as inconsistent
results have been reported [55]. Disease onset in males tend to be earlier and disease
progression faster than female patients in both Asian and Western studies, while
gender bias has not been consistent [40, 50, 56, 57]. Male and female sex, did not
show difference in prevalence, while gender bias have not been consistent in previ-
ous reports. In a Japanese cohort of 90 patients, men were diagnosed younger than
women [58]. A questionnaire survey of 670 patients in New Zealand also showed male
patients were detected at younger ages than females [59]. In a Turkish cohort of 248
patients, there was no gender difference in cornea properties including central cornea
thickness and keratometry parameters [56]. In a study in the USA of 1209 patients
from 16 clinics, while there was no difference in disease severity according to kera-
tometry or scarring, less women were had have Vogt striae [57]. Female patients in
this study had higher mean age than the males. Overall, there was indication that men
developed keratoconus earlier, progressed faster and required more serious treatment.

6. Twins and familial segregation
6.1 Twins with keratoconus

As early as 1954 occurrence of keratoconus in both identical twins had been
reported [60]. Following twins reports in different ethnic groups, one twin pair was
found to show different contrast sensitivities [61]. However, two pairs of Caucasian
identical twins both showed similar features clinically and under videokeratography
and radial keratotomy, as one pair were at early and the other as later stage [62]. Two
pairs of monozygotic twins were found discordant for keratoconus in the USA, one
from a hispanic family of Mexican descent and the other Caucasian from England
[63], while dissimilarity in phenotype may suggest the absence of genetic involve-
ment. However, natural monozygotic discordance could occur if there was separation
of the zygote into two distinct cell masses after fertilization before the start of tissue
differentiation. Post-zygotic events that lead to existence of two different cell clones in
the early zygote may precede the twinning process. In the Mexican family, 39 members
were examined and 5 were suspected for keratoconus by corneal topography. Also,
one distant relative was a confirmed keratoconus patient. Corneal topography also
revealed one suspect from 59 family members examined in the English family. There
could be a genetic component in the keratoconus phenotype in these two families
[63]. Of note, more and more concordant twins with keratoconus have been reported,
including reported concordance in all 13 monozygotic and 5 dizygotic twins [64].

6.2 Familial linkage

In the Collaborative Longitudinal Evaluation of Keratoconus (CLEK) study in a
cohort of 1209 patients mixed in ethnicity in the USA, 829 (69%) white, 240 (20%)
black, and 99 (8%) Hispanic, family history of keratoconus was reported in 13.5% of
the cases [65]. After follow-up for 8 years, the inheritance patterns were not estab-
lished [66]. In another study from the USA, more females reported family history
than males. But it was unclear whether it was a difference in attitude on reporting or
a genuine gender difference in familial link [57]. In the New Zealand study, familial
aggregation analysis showed keratoconus familial rate of 23.5% [59]. In Scotland,
family history occurred in 5% of 186 white patients [67]. In a report from North
India among 120 patients, 6 (5%) had family history [68]. In a review of keratoconus
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in Asians, family history ranged from 4.4 to 23.5% [40]. Overall, reported family
history of keratoconus has widely ranged from 6% up to about 25% [37, 65].

A recent systemic review and meta-analysis on 29 eligible reports from different
parts of the world selected from 3996 articles revealed family history as the stron-
gest risk factor (odds ratio 6.42; 95% CI:2.59-10.24) among other established risk
factors: eye rubbing (odds ratio 3.09; 95% CI:2.17-4.00), eczema (odds ratio 2.95;
95% CI:1.30-4.59), asthma (odds ratio 1.94; 95% CI:1.30-2.58), and allergy (odds
ratio 1.42; 95% CI:1.06-1.79) [69]. Overall, no obvious differences exist in clinical or
ophthalmic presentations between familial and sporadic keratoconus. As a genetic
disease, keratoconus has shown weak penetrance with variable expressions. While
family aggregation and linkage studies showed familial inheritance, the majority of
reported keratoconus patients are sporadic.

7. Mapping the keratoconus genes

Candidate gene analysis, family linkage analysis, and more recently genome-
wide association study with support by candidate gene association studies and next
generation sequencing, have contributed to identification of genetic loci or gene
variants that are in association with keratoconus [70]. All are genetic associations.
No direct keratoconus causing mutation has been identified.

7.1 Linkage analysis

Single nucleotide polymorphisms (SNPs) and microsatellite markers covering
the whole genome have been attempted to find keratoconus loci or even genes in
family pedigrees and sib pairs. But even in families, penetrance of keratoconus is
low and clinical presentations are variable. A large number of samples have to be
available. Vigorous research among various ethnic groups have identified a number
of keratoconus loci which are replicable and of maximum LOD score greater than 3,
in a collection of 67 sib pair Hispanic families, two-stage genome-wide analysis of
380 microsatellite markers in totally 351 subjects, among them 110 were affected by
keratoconus which has led to identification of a multitude of loci in chromosomes 2g,
3p, 49, 5931, 5p, 9p, 9434, 11p, 12p, 14q, and 17g [71]. In a collection of 25 Italian fami-
lies, genome-wide scan of microsatellite markers in 77 affected and 57 unaffected
members have mapped chromosomal regions for keratoconus in 5¢32-¢33; 5421.2,
14411.2, and 15¢42.32 [72]. Some of these loci had been replicated or refined in further
investigations: 2p24 [73]; 3p14-q13 [74]; 5q14.3-q21.1 [75]; 5q31.1-q35.3 [72]; 13432
[76]; 16¢22.3-923.1 [77]; and 20412 [78]. These studies were mostly on European
populations. The large number of associated loci exemplified the genetic heterogene-
ity of keratoconus. No disease-causing mutation has been identified from these loci.

7.2 Genome-wide association studies (GWAS)

Most GWAS in connection with keratoconus were conducted on the two quanti-
tative traits of central corneal thickness (CCT) and corneal curvature (CC). These
two are characteristic, but not exclusive, traits of keratoconus, with the correspond-
ing morphological features of central corneal thinning and corneal steepness.

7.2.1 Central corneal thickness (CCT)

There were nine reported GWAS on central corneal thickness (CCT) up to July
2017. They were summarized in an excellent review [70]. All involved meta-analysis
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in initial and validation cohorts. More than 40 SNPs in 30 genes were reported. The
biggest sample size was with totally 13,057 European and 6963 Asian samples, while
the primary cohort was comprised of 874 patients and 6085 controls. A multitude
of keratoconus associated SNPs in 26 loci was identified. SNP rs9938149 in the
BANP-ZNF469 gene attained GWAS significance of P-value = 2.4 x 107*, which was
the highest among all reported SNPs [79].

Some of the gene variants were analyzed in keratoconus and control cohorts.
Possibly there was ethnic specificity. Rs96067 in COL8A2 was identified in a
Singaporean cohort of 2538 Indians and 2542 Malays [80] but not in a separate
GWAS study Of European study subjects with 3931 German and 1418 Dutch study
subjects. However, SNPs in BANP-ZNF469 and COL5A1 were replicated [81]. Ina
cohort of Australian white study subjects with 933 keratoconus patients and more
than 4000 controls, keratoconus susceptibility was detected at the HGF locus [82].
The risk factor allele rs3735520 was associated with keratoconus in a Czech cohort
of 165 patients and 193 controls [83] and Australian whites of 157 patients and 673
controls [84]. Another study involved two independent cohorts of keratoconus
patients, involving 222 Caucasian patients, 687 African Americans, 3324 Caucasian
controls and 307 individuals from 70 keratoconus families reported strong associa-
tion of Lysyl Oxidase gene (LOX) polymorphisms with keratoconus, with meta
P-values of 2.5 x 107 and 4.0 x 10> for LOX SNPs rs2956540 and rs10519694
respectively [85]. In a meta-analysis of 14 studies comprising 17,803 individuals
of European ancestry 44 loci associated with CCT were found, two of them were
LTBP1 and WNT10A 42 European specific while the rest occurred also in Asian
ethnicities [86].

7.2.2 Corneal curvature (CC)

Six GWAS on corneal curvature (CC) have been reported in multi-ethnic cohorts
that contributed to identification of susceptibility genes. Eight SNPs in MTOR/
FRAP1 and 7 SNPs in PDGFRA were found in 10,008 samples from three popula-
tion groups in Singapore: Malays, Chinese and Indians [87]. Another big cohort
of 12,660 Asians included Japanese in addition to Malays, Chinese, and Indians,

[88] Associations of CMPK1 rs17103186 and RBP3 rs11204213 with CC, and RBP3
Rs11204213 with axial length were discovered. In the Avon Longitudinal Study

of Parents and Children (ALSPAC) cohort of 2023 individuals of white European
descent, rs6554163 in PDGFRA was associated with both CC and axial length [89].
In a cohort of 1013 Australian individuals, 1788 twins and their families, CC was
associate with rs2114039 near PDGFRA and Rs2444240 which is 31 kb upstream
to TRIM?29, but not with any SNP at the FRAP1 locus [90]. In totally 15,168 study
samples that included Japanese, Chinese or European ethicity, Rs10453441 in
WNT?7B was strongly associated with both CC and axial length [91]. WNT7B
Rs10453441 is the only SNP associated with both traits of CCT and CC [92]. While
these SNPs have no consistent and strong association with keratoconus, an exome
sequencing analysis identified a WNT10A variant that was associated with corneal
thickness and keratoconus [93]. In contrast, a GWAS on direct association of
keratoconus patients and controls involving 222 patients and 3324 controls found no
GWAS significance of associated gene variants [94].

7.2.3 Other approaches
Apart from corneal morphologic features, a recent GWAS investigated corneal

biomechanical properties in an European cohort of 6645 participants and 2384 par-
ticipants from the British TwinsUK study [36]. The second stage of the association
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study involved 752 keratoconus patients as compared with 974 British TwinsUK or
13,828 EPIC-Norfolk. The results showed a likely role in development of keratoco-
nus with 5 associated loci in CH, ANAPC1, ADAMTSS, ADAMTS17, ABCA6, and
COL6A1 [36].

It is notable that there are a lot more keratoconus genes that are identified
through studies on quantitative traits, especially central cornea thickness and
cornea curvature, than on direct association with keratoconus against controls
(Figure1).

7.3 Candidate genes

Strategies of genomic search for disease genes are essentially free of a hypothesis
to find genes or loci with susceptibility to a disease entity or quantitative trait. For
keratoconus, mutation analysis in many candidate genes have also been attempted
to find disease causative genes, some followed a biological hypothesis and some
based on high GWAS significance. More than 50 SNPs in about 20 genes showing
association with keratoconus have been studied in various ethnic populations [70,
95]. They include FOXO1 [96]; ZNF469 [97]; COL4A4 [98]; COL4A3 [99]; VSX1
[100, 101]; COL5A1 [102]; MPDZ-NFIB [102, 103]; IL1B [104, 105]; HGF [84]; LOX
[85, 106]; and ILIRN [107]. Some of these genes have been studied in many popula-
tions with inconsistent results.

7.3.1 VSX1

The VSX1 (visual system homeobox 1) gene has been regarded as a candidate
keratoconus with about 20 missense variants being putatively disease causative [101,
108]. VSX1 sequence variants have been extensively screened in different popula-
tions including Caucasians, Indians, Chinese, Iranians and Koreans. But segregation
of VSX1 missense variants with keratoconus has been inconsistent and there is no
confirmed causative mutation in VSX1 for keratoncous. p.Leu268His (c.803 T > A)
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Figure 1.
Cornea associated genes.
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was proposed to be foundation mutation as a shared haplotype occurred in 5 Indian
keratoconus patients from 2 unrelated families [109]. But it has not been reported in
other studies on Indian, Iranian, Korean and other populations.

7.3.2IL1A and IL1B

The interleukin genes IL1A and IL1B have been studied in several keratoconus
cohorts as they are mediators of keratocyte apoptosis which may occur in corneal
injuries that lead to epithelial or endothelial-stromal reorganization as in kerato-
conus [110, 111]. Screening for IL1 gene cluster mutations in a Korean cohort of
100 patients and 100 controls identified —31*C (rs1143627) and — 511*T (Rs16944)
in the IL1B promoter posed risk for keratoconus with a combined significance of
P =0.012, OR =2.38, 95% CI = 1.116-5.05) [104]. Similar association in a Japanese
study of 169 patients and 390 controls was reported with a haplotype of —31*C
and - 511*T, P = 4.0 x 10 and OR = 1.72 [105]. The association was replicated in
115 Han Chinese patients and 101 healthy controls, with significance for —31*C,

P> 0.001, OR = 2.86, and P = 0.002, OR = 2.4 for —511*T. SNP IL1A rs2071376 also
showed association with P = 0.017, OR = 1.97. The respective ACA haplotype of
these 3 promoter SNPs was found to contribute a high risk in this Chinese cohort,

P < 0.001, OR = 12.91 [112]. Such statistical significance shows a link of IL1A and
IL1B with keratoconus, and the reported associations are more consistent than
other candidate genes. It should be of interest to study the biological effects of these
promoter polymorphisms on corneal tissue cells.

7.3.3 MPDZ-NF1B

The MPDZ (multiple PDZ domain crumbs cell polarity complex component)
and NFIB (nuclear factor I B NF1B) genes was found to confer risk to keratoconus
based on GWAS on central corneal thickness (CCT) of multi-ethnic Asian popula-
tions in Singapore. Rs1324183 of MPDZ-NF1B gave a significance of P = 8.72 x 10~
[113]. The association was replicated inn Australian Caucasian cohort, P = 0.001,
OR =1 [114]. Further examination of the CCT loci in keratoconus patients from two
independent Caucasian cohorts also revealed association Rs1324183 for keratoco-
nus, P = 5.2 x 107°, OR = 1.33 [79]. In a Han Chinese cohort of 210 patients and 191
controls in northern China, the association was p = 0.005, OR = 3.1 [115]. However,
no association was found in a Saudi Arabia study of 108 patients and 300 controls
[116]. In contrast, very high risk of Rs1324183 to keratoconus, P = 4.30 x 10~
OR = 2.22 was shown after genotyping of 133 patients and 367 controls who are Han
Chinese in Hong Kong in southern China [117]. In addition, Rs1324183 conferred
a higher risk to severe keratoconus (OR = 5.10) than the moderate (OR = 2.05) or
mild (OR 2.36) form. There was significant correlation between the risk allele A
of Rs1324183 with the corneal mechanic parameters of anterior Kf, anterior AvgK,
posterior Kf and apex pachymetry, indicating association with corneal thickness
and curvature. Therefore Rs1324183 has been proposed to be a genetic marker for
severity and progression of keratoconus [117]. Taken together, there is no evidence
of direct causation to keratoconus by MPDZ-NF1B, which, however, does pose
susceptibility to development and progression of keratoconus.

7.3.4 COL4A3, COL4A4 and COL5A1
The collagen genes COL4A3, COL4A4 and COL5A1 are related to corneal col-

lagen structure and development during embryonic development. Its association
with keratoconus was first reported in a Slovenia study of white study subjects,
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104 patients and 157 controls, with 3 variants, P141L, D326Y, and G895G, in
COL4A3 and 5 variants in COL4A4P482S, M1327 V, V1516 V, and F1644F dif-
ferentiating patients and controls with statistical significance P < 0.005 [118].
Association was replicated in a Greek study [99]. In an Iranian cohort of 112
patients and 150 controls, The COL4A4 rs2229813 (M1327 V) An allele increased
keratoconus risk for KC (P = 0.018, OR = 1.5), but COL4A4 rs2228555 (C1516V)
showed no association [98].

Another COL4A4 SNP, rs2228557 (F1644F) in 144 patients, 153 controls in Iran,
showed a high association (P = 0.0001) [119]. COL4A4 rs2229813 and Rs2228557
are strongly associated with keratonconus in Americans (P = 1.3 x 107, OR = 2.38
and P = 4.5 x 107/, OR = 0.54 respectively) [102]. Replication in a Chinese cohort
showed weak association [120]. Although COL4A3 and COL4A4 plays biological
roles in cornea structure and properties, there is no evidence that they directly
cause keratoconus.

8. Specific proteins

The pathophysiology of keratoconus is attributed to disruption of the cornea
morphology in association with the corneal collagen. A review of published studies
on proteins, collagen and risk factors of keratoconus between January 2016 and June
2018 has revealed altered regulations in more than 30 proteins and their genes. They
belong to protein families including degradative enzymes, cellular proteases, and
collagens [121]. Up- and downregulations of hosts of proteins in corneal epithelium
and stroma have been reported in keratoconus, especially different types of collagen
and matrix metalloproteinases.

8.1 Collagen

Collagen is the major structural protein in the cornea. Decrease in collagen
lamellae and fibers, together with reduced microfibers and fine granules, has been
described in keratoconus [122]. Disruption in collagen contents and integrity affect
corneal thinning and properties. Reduction of types I, III, and IV, which are major
structural proteins in the basement membranes, have been shown in keratoconus
[123]. Among the 6 main subtypes of COL4A, which plays important structural and
functional roles, COLA4A1 is reportedly downregulated in cornea of keratoconus
patients [124]. Expression studies also showed downregulation of many collagen
types and subtypes in keratoconus, including COL8A1, COL8A2, COL12A1,
COL13A1, COL6A2, COL15A1, and COL18A1 [125-127]. They may be considered for
use as biomarkers in keratoconus, [121] but practical protocols and validations are
still to be established.

8.2 Matrix metalloproteinases

MMP-1 and MMP-9, are upregulated in corneal tissue and affect collagen

properites and dyregulate proteolysis [128]. In a pathways enrichment analysis

of 19 keratoconus genes consistently reported as risk genes to keratoconus in 16
studies, interleukin-1 processing and assembly of collagen fibrils are associated
with keratoconus pathology [129]. MMPs have been assayed in tears. It is noted
that in one study there was no detectable MMP-1 in tears of healthy subjects [130].
Elevations in MMP-1 [131] and MMP-9 levels [132] has been shown in keratoconus
tear samples. On study reported correlation between MMP-9 level and disease
severity [133]. However, other studies did not find MMP-9 elevation [131, 134].
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Inconsistent findings are also reported for MMP-3, MMP-7 and MMP-13 [128].
All in all, there are consistent evidence on elevated MMP-9 levels in keratoconus
cornea tissues and tears. Given the important role of MMP-9 in extracellular
matrix regulations and corneal inflammation, MMP-9 assay should be useful for
monitoring keratoconus treatment. A point-of-care test for MMP-9 in tears has
been established for quick and reliable MMP-9 tear essay that facilitates the treat-
ment monitoring [135].

9. Molecular markers

After meta-analysis of 24 eligible studies selected after screening of 668 reports
between 1950 and 2016, 16 SNPs in 14 genes/loci were found to be associated
with keratoconus out of 53 polymorphisms in 28 genes/loci. Stratification analysis
revealed strong association of 8 SNPs in 6 genes/loci with keratoconus in Whites,
including FOXO1 rs2721051, RXRA-COL5A1 rs1536482, FNDC3B rs4894535,
IMMP2L rs757219 and rs214884, and BANP-ZNF469 rs9938149, and COL4A4.

RS2229813 and Rs2228557 [95]. While they may be potential genetic markers
for keratoconus in Whites, there is no further data of validation. Replications in
Chinese and Arabic populations [120] revealed weak associations in COL4A4
1rs2229813 and Rs2228557, which are strongly associated with keratonconus in
Whites with statistical significance of P = 1.3 x 107, OR = 2.38 and P = 4.5 x 107/,
OR = 0.54 respectively. In Chinese, another SNP, rRs1324183 in MPDZ-NF1B, is
related to disease severity and corneal biomechanical properties, and may be a
potential molecular marker [136].

In a review in 2001 keratoconus was reputed to be an inheritable disease [137].
Since then more evidences of familial links and susceptible genes or loci have been
reported as a result of vigorous research in different populations and geographic
locations. There are proven genetic and non-genetic risk factors [35]. In a recent
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Table 2.
The keratoconus genes [138—146].
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comprehensive review of environmental risk factors and family history, genetic
factors are taken to play a role in the etiology of keratoconus [39]. As of today

all reported genes for keratoconus, whether mapped by candidate gene strategy
or genomic search including GWAS and WES, are susceptibility genes and not
causative genes that cause disease directly (Table 2). Keratoconus causative genes
are still to be identified. As for the reported genes, there is no segregation of gene
variants that accounts for higher occurrences of disease. There are also no hotspot
variants that are present in a high proportion of patients. Molecular markers for
pre- symptomatic detection and risk assessment of keratonocus are still to be

established.

10. Genetic implications on treatment

Findings in genetic studies help to delineate the molecular basis of diseases
through identification of genes that are causative or susceptible to development
of diseases. Investigation of their properties, functions, related pathways and
mechanisms throw light on disease pathogenesis. Genetic information also helps to
establish genetic markers used for early or even pre-symptomatic diagnosis. Prior
to treatment timely detection is extremely important as keratoconus is progressive
and the resultant corneal disruptions are hardly curable. With the advent of col-
lagen cross-linking, disease progression can be halted in most patients with some
partial recovery of vision. Some patients may respond less favorably and ultimately
may require cornea transplantation. Genetic marker, if linked to response to clinical
course and treatment, will be exceedingly useful. Over the years in keratoconus vig-
orous research has been conducted in different ethnic populations in its molecular
genetics. However, with the repertoire of associated genes that has been identified
at present, no definite genetic marker for diagnosis, risk assessment or prognosis
has been established. Further work is warranted.

11. Conclusive remarks and future perspectives

The pathogenesis of keratoconus is heterogeneous and complex.
Epidemiological studies showed higher prevalence, earlier onset and greater
progression in Asians than Europeans. Both environmental and genetic factors play
roles in the etiology and pathogenesis, including age, gender, ocular atopy, eye rub-
bing, family history, and systemic diseases. While family aggregation and linkage
studies indicated genetic abnormality in keratoconus, GWAS and candidate gene
studies identified polymorphisms in genes/loci related to the risk of keratoconus.
So far there are very few reported big family studies, which should help to identify
the keratoconus causative gene. Also, big cohorts are needed to provide sufficient
power to differentiate phenotypes and clinical courses of patients for association
with genetic factors. Current epidemiological and genetic data are insufficient to
provide conclusive evidence to establish the molecular mechanism and genetic
markers for keratoconus. Notably, genetic studies on the corneal structure, princi-
pally central cornea thickness and cornea curvature have successfully mapped kera-
toconus genes. Corneal properties, as recently exemplified by a successful GWAS on
corneal biomechanical properties [36], should provide a basis for genetic research.
Rigorous and large multi-center population-based studies, with age-standardized
rates, random sampling, progression follow-ups, and accurate and standardized
diagnosis, are warranted for better understanding of pathogenesis of keratoconus
and for establishment of genetic markers.
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Edited by Dorota Kopacz

The ocular surface refers to the cornea, conjunctiva, lacrimal glands, and lid of the
eye. It is composed of the mucosa that lines the globe and palpebrae, the corneoscleral
limbus, the corneal epithelium, and the tear film. This book focuses on the tear film,
describing its physiology, dynamics, and role in maintaining the health of the ocular
surface. It also examines keratoconus, a condition affecting both the preocular tear
film and the ocular surface in which the cornea thins and bulges outward, as well as
recent possibilities in molecular genetics.
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