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 Introduction

The ocular condition in which dryness of the 
ocular surface is both a symptom and a clinical 
finding has been known for many centuries, but 
the nature of the normal functions of the ocular 
surface and the pathophysiology of the disease 
have only recently yielded new concepts, find-
ings, and therapeutic approaches to this wide-
spread problem. These discoveries have 
fundamentally altered our understanding of the 
disease and opened a new opportunity to diag-
nose the disease, and its subtypes, judge its 
severity, and approach the management of dry 
eye disease (DED) with new and more effective 
treatments. As we continue the expansion of our 
research, it is likely that analysis of the contents 
of tears may well reveal not only ocular diseases 
but systemic conditions as well.

The term dry eye was introduced by de Roetth 
in 1950 to supplant the use of Sjogren syndrome, 
which was in general use for eyes with evidence 
of lacrimal hyposecretion [1]. The latter term is 
now recognized as appropriate for a subset of 
patients with evidence of a systemic inflamma-

tory disease, one characteristic of which is dry 
eye. Several terms including keratoconjunctivitis 
sicca have been in use, but recently, there is gen-
eral agreement that DED is a well-recognized 
designation familiar to scientists, clinicians, and 
the general public.

DED is by far the most common malady 
affecting the ocular surface and this story will be 
limited to DED; other conditions of the ocular 
surface will only be mentioned as they relate to 
DED. The principal themes which we think have 
had the greatest impact on our understanding of 
DED and new concepts of the approach to suc-
cessful management of the disease will each be 
presented.

 Theme I: Structure and Function 
of Components of the Tear Film 
and Ocular Surface

A major advance originating in the 1960s but 
coming to fruition in the mid-to-late 1970s was 
the delineation of the roles of the component ocu-
lar structures in the formation and maintenance 
of the precorneal tear film in health and disease. 
Most of the advances were related to clinical 
experiences and the relationship of dry eye to 
systemic illnesses such as Sjogren syndrome, 
rheumatoid arthritis, Steven Johnson syndrome, 
and other conditions affecting the ocular surface. 
It was noted that mucus secretion was decreased 
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in patients with DED as opposed to other condi-
tions. The roles for each of the components of the 
tear film and the ocular surface cells were begin-
ning to be discerned in a series of experiments.

The ocular surface epithelium covering the 
cornea and conjunctiva are morphologically and 
functionally linked and it was long thought that 
healthy conjunctival epithelium could cover and 
replace severely damaged corneal epithelium. 
Thoft and Friend [2–4], however, demonstrated 
that there were significant biochemical differ-
ences between conjunctival and corneal epithe-
lium and that transformation of conjunctival 
epithelium into corneal epithelium required 
considerable biochemical alteration including 
development of significant glycogen stores and 
hexose monophosphate shunt metabolism. Such 
transformation occurred in healthy conjunctiva 
but not in chemically damaged conjunctival 
epithelium. Further studies [5] confirmed the 
transition of conjunctival to corneal epithelium 
but with subtle changes in goblet cell 
populations. Subsequent studies identified the 
limbal epithelium as a critical source of corneal 
stem cells. It is now accepted that limbal cornea 
is the predominant site of corneal stem cells that 
are important in maintaining the integrity of the 
corneal epithelium [5–7].

Also important in recent research is the role 
of the mucin-containing glycocalyx which pro-
vides a protective covering for surface corneal 
epithelium [8]. Breakdown in the complete 
coverage allows for introduction of certain 
dyes, e.g., sodium fluorescein. This is a com-
monly employed diagnostic test for corneal 
damage in DED [9]. Although this is a useful 
test for identifying patients with positive stain-
ing and assumed disease, it is now recognized 
that small punctate staining in the corneal 
periphery is a common finding in normal sub-
jects. This is thought to be due to an uncovering 
of new underlying epithelial cells as part of the 
normal cellular turnover prior to the generation 
of a new glycocalyx covering [10]. This is 
important particularly in qualifying subjects for 
inclusion in clinical trials and interpretation of 
possible effects of therapy.

 Theme II: The Lacrimal Functional 
Unit

A basic understanding of the normal physiologi-
cal roles played by elements of the ocular surface 
and their interrelations has represented a major 
step forward and has proved essential for further 
studies. The interrelated actions of the different 
components of the tears were first proposed by 
Stern, Pflugfelder, and Beuerman in 1998 [11] 
and subsequently validated by others [12]. The 
premise is that the cornea, conjunctiva, lacrimal 
glands, lids with the meibomian glands, and the 
drainage pathways are linked by a neural network 
which permits structures to react to changes in 
the environment or other components which 
compensate. The most obvious example of this is 
the compensation seen between the lacrimal 
glands and the meibomian glands of the lids. In 
early stage evaporative tear deficiency, there is an 
accompanying increase in aqueous tear 
production [13]. As DED develops, there is a 
breakdown in the stability of the tear film, and 
evidence of both subtypes of DED is seen, i.e., 
both aqueous tear deficiency and evaporative tear 
deficiency are characteristic.

 Theme III: Tear Instability 
and Hyperosmolarity – Hallmarks 
of DED

The two most characteristic features of DED are 
tear film instability and tear hyperosmolarity. 
Both of these characteristic properties are seen as 
early stage events which lead to other damaging 
events seen most commonly with inflammation. 
Evidence of inflammation is seen in most cases 
of moderate to severe DED and leads to extensive 
damage to the ocular surface (see Theme IV).

The initial stimulus for upsetting the normal 
function and interactions between the compo-
nents of the lacrimal functional unit remains 
unclear and may differ for each of the main sub-
types of DED  – aqueous tear deficient and  
evaporative (most commonly associated with 
meibomian gland dysfunction). The latter is 
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thought to be hormonally (androgen  insufficiency) 
influenced and is by far the most common form 
of DED although with increasing severity of dis-
ease, as noted above, these two characteristics – 
instability of the tear film and tear 
hyperosmolarity – are uniformly present and act 
as precursors to the damage to the ocular surface 
and events such as inflammation.

The effects of instability of the tear film are 
seen in variability of a number of measures of 
disease, e.g., tear breakup time. The normal 
extent of continuous covering of the cornea 
between blinks is reduced. The normal interblink 
inteval lasts at least 7 seconds, and in normal sub-
jects the tear film should continue as an intact 
covering of the cornea [14]. Measurement of tear 
film breakup time with classical observation and 
timing has an inherent variability, but recent stud-
ies with ocular coherence tomography (OCT) of 
tear instability have demonstrated a very close 
relationship between elevated tear osmolarity 
levels and abnormal tear breakup [15].

Pioneers in the studies of tear film osmolarity 
in the 1980s and 1990s were Farris and Gilbard 
[16, 17]. Working with a laboratory methodology 
(freezing point depression), they demonstrated 
the centrality of hyperosmolarity in identifying 
DED.  Subsequently, Tomlinson described the 
range and diagnostic reference levels of elevated 
tear osmolarity [18]. Although their technology 
was not suitable for routine in-office clinical use, 
they charted the path for the subsequent  
development of clinically useful instruments. 
Hyperosmolarity has been shown to lead to the 
development of inflammation of the ocular surface 
[19]. In addition, elevated tear osmolarity has 
been shown to have direct deleterious effects on 
the corneal and conjunctival epithelial cells [20, 
21]. In a study of about 300 subjects with DED 
employing a new small volume methodology of 
electrical impedance (TearLab Corp), it has been 
shown that in normal subjects tear osmolarity as 
measured in the inferior lacrimal lake is highly 
stable between eyes and over time. Subjects with 
DED have elevated tear osmolarity (see diagnos-
tic values in Table 3.1) with significant variability 
which responds to effective treatment by return-

ing to normal levels [22–25]. This study differs 
from early reports of use of a 50 nl sample of tears 
(TearLab), wherein multiple readings were then 
averaged which failed to recognize the impor-
tance of the variability of osmolarity in DED sub-
jects not only in tear osmolarity but also in other 
diagnostic tests, e.g., corneal staining, tear 
breakup time, and Schirmer testing [26].

Normal subjects have similar results in both 
eyes, but the differences seen between dry eyes 
are a clinically useful measure of the diagnostic 
variability with a positive predictive average of 
90% for correctly identifying DED. In addition, 
tear osmolarity was the only diagnostic test that 
reflected DED severity with increasing values 
[24, 25]. A comprehensive review of the literature 
published in 2014 identified over 160 papers 
evaluating tear hyperosmolarity of which 72% 
were positive, 21% neutral, and 7% negative 
[27]. Of the last category, major flaws in correctly 
identifying subjects for inclusion as normal ver-
sus disease, and failure to follow published study 
design accounted for the negative findings. This 
comprehensive review concluded that “the litera-
ture broadly supports the use of tear film osmo-
larity as an objective numerical measure for 
diagnosing, grading severity, and managing treat-
ment of DED.”

Of the two major subtypes of DED, evapora-
tive DED is the most common; as disease sever-
ity increases, evidences of both types of DED are 
seen presumably as a compensatory response 
[28, 29] (see above).

Table 3.1 Referent values for the diagnosis of DED

Screening questionnaires
  OSDI [58]. >13
  DEQ-5 [59] >6
Tear breakup time [54] <10 seconds
Tear osmolarity [22] >308 mOsm/l or variance of 

>8 mOsm/l between eyes
Tear volume
  Tear meniscus height <0.2 mm
  Schirmer test [61] <10 mm/5 mm [5]
  (without anesthetic)
Ocular surface staining 
[9, 31]

>2

  (NEI scale 0–15)
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 Theme IV: The Role of Inflammation 
in the Pathogenesis of DED

It is intriguing to note that one of the earliest 
descriptions of DED was of keratoconjunctivitis 
sicca which has a clinical presentation of marked 
inflammation as part of the disease process [30]. 
The subsequent emphasis on inadequate aque-
ous tear production as the underlying cause of 
DED was probably due to the much larger num-
ber of patients with DED who did not express 
prominent clinical signs of inflammation. As 
knowledge of the extent and importance of DED 
advanced, it was clear that guidelines were 
needed for the classification and study of the 
disease. This was provided in the 1995 Report 
of the NEI/Industry Workshop on Dry Eye 
which highlighted the major categories of aque-
ous deficient versus evaporative dry eye and 
proposed guidelines for evaluation of both cat-
egories of aqueous deficiency and excess 
evaporation [31]. With more intense study of the 
ocular surface, particularly the identification of 
inflammatory cells and cytokines in the con-
junctiva and the lacrimal glands, both primary 
and secondary, attention turned to the role of 
inflammation in the pathogenesis of DED  
[32, 33]. A comprehensive review of the role of 
inflammation in DED is available from the Reza 
Dana team at the Massachusetts Eye and Ear 
Infirmary which have been leaders is this field 
of inquiry [34].

Numerous studies have identified contributing 
inflammatory cells, cytokines, and chemokines in 
the inflammation cascade that is part of the patho-
genesis of DED [35, 36]. Systemic immune dis-
ease such as Sjogren disease can be a cause of 
inflammation, but elevated tear osmolarity has 
also been identified as a stimulating factor [20, 
37]. Determination of levels of most of the 
inflammatory molecules in the tears or in the ocu-
lar surface requires special laboratory measure-
ment, but a point-of-care test for MMP9 is 
available for use in the clinic (InflammaDry®, 
Quidel, San Diego, CA) [38]. This assay provides 
a dichotomous outcome, with levels above 40 ng/
ml producing a positive result, but is not specific 
to any source of ocular surface inflammation.

 Theme V: The Important Role 
of Neurobiologic Aspects 
of the Ocular Surface and DED

The complexity of the neurobiology of the ocular 
surface has been expertly reviewed in the TFOS 
DEWS II Pain and Sensation Report [39]. The 
cornea is the most highly innervated portion of 
the eye and has highly specialized nerve fibers 
and receptors to detect mechanical, chemical, 
and thermal heat sensations (polymodal and 
mechanical nociceptors), while thermal cold sen-
sors detect changes in cold temperature and high 
osmolarity [39]. The polymodal and mechano- 
nociceptors perceive potential discomfort and 
cold receptors control blinking and tear secretion 
via sensory pathways in the trigeminal ganglion. 
Many of the environmental exposures which the 
ocular surface encounters produce no overt dis-
comfort, but in ocular surface disease, such as 
DED, nociceptive receptors can signal discom-
fort severe enough to qualify as pain, which is 
defined as “an unpleasant sensory and emotional 
experience associated with actual or potential tis-
sue damage, or described in terms of such dam-
age” [40]. Therefore the TFOS DEWS II Pain 
and Sensation Report advocates that the “dry-
ness” described by patients with DED should be 
considered a form of pain [39].

As noted previously, inflammation of the ocu-
lar surface is an integral part of the pathophysiol-
ogy of DED and such inflammation can cause 
both sensitization of corneal nerves and damage 
to those nerves [41, 42]. The peripheral neural 
sensitization can further induce central neural 
sensitization that may lead to chronic pain [39]. 
Neurological changes in the ocular surface could 
explain the dissociation of signs and symptoms 
that has long been recognized in DED and which 
complicates clinical trial results [43]. The early 
hypersensitivity that has been described in early 
dry eye disease (and the loss of sensation with 
advancing disease) may lead to this discrepancy 
in signs and symptoms [44–46].

A further complicating feature of neurosen-
sory dysfunction affecting the eye is neuropathic 
pain that occurs in the absence of clinical signs 
of DED.  This condition can be disabling and 
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difficult to treat but it is not caused by and 
should not be confused with DED [39, 47, 48]. A 
questionnaire developed specifically for neuro-
logic aspects of ocular pain has been validated 
as reliable [49]. Future studies evaluating spe-
cific anatomical features of the corneal nerves 
such as in vivo confocal microscopy [49] or the 
presence of nerve growth factors in the tears or 
tissue may help define the differences between 
the two conditions [50–52].

 Theme VI: The Vicious Cycle of DED

In the arena of many newly described aspects and 
manifestations of DED, perhaps one of the most 
important advances is that of linking the key ele-
ments of DED and their interactions. This con-
cept was introduced by Baudouin and associates 
in 2007 [53, 54]. This is presented also in the 
DEWS I Report [55]. The design identifies the 
Core Mechanisms of tear instability and tear 
hyperosmolarity. In addition to direct damage to 
the ocular surface from these, the latter has been 
shown to induce inflammation of the ocular sur-
face. In a subset of systemic inflammatory dis-
ease, e.g., Sjogren syndrome and graft-versus-host 
disease, an early involvement in inflammation in 
the lacrimal glands is seen [56].

 Theme VII: Recent Advances 
in the Diagnosis and Treatment 
of DED and Novel Concepts

The challenge of establishing a diagnosis in a dis-
ease with great variability in the correlation of 
signs and symptoms, such as DED, has recently 
been discussed in the TFOS DEWS II Workshop 
Report and a sequence of screening and clinical 
testing to establish the diagnosis and 
categorization of DED has been recommended 
[48]. These recommendations include identifica-
tion of symptoms of ocular surface disturbance 
through validated questionnaires (OSDI, DEQ, 
IDEEL, SANDE) prior to further testing. If 
screening questionnaire confirms that a patient 
might have DED, it triggers diagnostic testing of 

noninvasive tear breakup time, tear osmolarity 
[measured prior to breakup time if FBUT used], 
and ocular surface staining with fluorescein and 
lissamine green [observing the cornea, conjunc-
tiva, and eyelid margin]. Categorization of the 
subtype of DED is made based upon features of 
MGD [57], tear lipid thickness or dynamics, and 
tear volume assessment, as predominantly evapo-
rative or predominantly aqueous deficient. 
Referent values for diagnosis are listed in 
Table3.1 [58–61]. It is important to note that 
other conditions that provoke ocular surface dis-
ease need to be excluded and that discomfort in 
the absence of disturbed homeostasis of the tear 
film, such as neuropathic cornea, must also be 
excluded.

In addition to the traditional management 
approach to DED of educating the patient in 
ways to minimize the environmental activities 
that stress the tear film and use of topical artificial 
tear preparations, there are new options for ther-
apy, including topical anti-inflammatory agents. 
Topical cyclosporin was FDA approved in 2003 
to treat reduced tear production thought due to 
inflammation [62]. In 2017, topical lifitegrast 
was approved for the treatment of signs and 
symptoms of DED [63]. Although not all patients 
tolerate the stinging upon instillation, those who 
can use the drugs often see improvement in 
symptoms and signs of DED [64]. Recent clinical 
trials demonstrate that topical KPI-121 lotopred-
nol preparation also reduces signs and symptoms 
of DED [65].

Novelty in non-anti-inflammatory therapy is 
also apparent in some approaches to improved 
lubrication of the ocular surface with Lubricin,™ 
a lubricant naturally occurring in joint articular 
surfaces [66] and with another biologic, 
Lacripep™, a peptide derived from the lacritin 
molecule that is present in normal tears but defi-
cient in DED [67].

Novel devices to treat other aspects of DED 
have been FDA-cleared and commercially 
 marketed. The LipiFlow™ system is available to 
treat refractory MGD by controlled application 
of heat and pressure to the eyelids [68]. Tru- 
Tear™ has recently been introduced as a stimu-
lant to tear secretion by intranasal application of 
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an electrical current with evidence that such 
stimulation increases tear production, meibo-
mian gland secretion, and goblet cell activation 
[69, 70]. There remains intense interest in these 
areas of research which augurs well for further 
understanding of the processes operative in DED 
and newer forms of management.
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