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Surgery for the Dry Eye?

‘Perhaps our eyes need to be washed by our tears once in a while,
so that we can see Life with a clearer view again.’ (4. Tan)

Our understanding of anatomy and physiology of the ocular surface has sub-
stantially expanded during recent decades. Especially the importance of the tear
film for a healthy cornea and conjunctiva has become more and more obvious. All
adnexal structures, the tear system, the lids and the orbit as well as neuronal and
cellular components of the ocular surface itself are involved in tear production
and maintenance. They mechanically and immunologically protect the cornea and
conjunctiva, but also provide essential nutrients for the surface epithelia.

Any part of this complex functional unit may be altered either primarily or
secondarily to other disease and this can lead to tear film and ocular surface
changes called ‘dry eye’, which in turn often is an equally complex and multi-
factorial disorder. It includes mild forms, e.g. due to involutional changes of the
lacrimal apparatus — one of the most frequent diagnoses in everyday ophthalmic
practice — as well as rarer, but also more severe forms of the disease, which may
for example be due to thermal and chemical burns. The more severe the disease,
the more challenging therapy usually is, since the indication is not only com-
fort, but may be tectonic and optical.

In this book all aspects of this complex disorder and its treatment are dis-
cussed, with a major part focusing on surgical concepts. To suggest that surgery
in this context may be a therapeutic option makes eyebrows rise frequently.
® Is there an indication for surgery at all in dry eyes?

* Are all forms of dry eye suitable for surgery?

* Are there any techniques — other than punctal occlusion — available?

* [s there a substantial chance — if not to cure — to alleviate the consequences
of dry eye with surgical means?



The anatomical and functional unit of the ocular surface and the ocular
adnexae is the key to these questions. Especially in secondary ocular surface
disease, due to abnormalities of the ocular adnexa major pathomechanisms
include exposure, abrasion and malnutrition resulting from conjunctival scar-
ring, fornix shortening and severe aqueous deficiency. These conditions can all
lead to epithelial defects, which — due to impaired wound healing — persist and
progress. Hence, dry eye cannot only lead to severe discomfort or pain but also
to visual impairment or even blindness. Surgery in primary and secondary ocu-
lar surface disease/dry eye not only has to prevent disease progression but also
has to attempt symptomatic and visual rehabilitation.

However, the same pathomechanisms involved in the evolution also often
prevent successful surgical rehabilitation of the disease. Surgery for dry eyes
therefore not only aims to enhance lubrication, but also to improve function of
cornea, conjunctiva, eyelids and even the orbit, since these are vital parts of the
ocular surface functional unit. Hence this book not only describes techniques of
tear drainage occlusion or salivary gland transplantation, but also details proce-
dures for fornix reconstruction, correction of lid malpositions and exposure
keratopathy and techniques for visual rehabilitation of corneal blindness, e.g.
keratoplasty or keratoprosthesis. The functional unit of the ocular surface and
the common context of tear film abnormality provide the red thread to these
forms of clinical management.

Up-to-date concepts and techniques of a panel of well-established interna-
tional experts in the field lay the theoretic foundations and describe the interac-
tions of the ocular adnexae and surface, provide up-to-date guidelines on the
diagnosis and medical management of ocular surface disease in dry eye and
underlying adnexal disorders. Currently available published evidence and
evolving techniques to correct exposure, fornix shortening and aqueous defi-
ciency are discussed, which we hope the reader and hopefully eventually the
patient suffering from dry eye will find useful. Based on this potpourri of evi-
dence and new concepts, we are convinced that the answer to the initial ques-
tions is a firm “Yes™!
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The Normal Tear Film

John M. Tiffany

Nuffield Laboratory of Ophthalmology, University of Oxford, Oxford, UK

Abstract

Purpose: To survey briefly current knowledge on the normal preocular tear film.
Methods: Sections deal with: (1) Formation of the film, its physical dimensions and rates
of inflow and outflow of tears, and briefly the pathways of nervous control of tear production
in the main lacrimal gland and accessory lacrimal tissue. (2) The protein and electrolyte com-
position of the aqueous part of the tears derived from the lacrimal gland, as well as the acces-
sory secretions of the meibomian glands and conjunctiva; the ‘soluble’ or gel-forming
mucins from the conjunctival goblet cells are described as well as the membrane-spanning
epithelial mucins of the glycocalyx which take part in wettability and mucus binding. (3) The
functions of the film, including acting as a nutritional route for the anterior epithelium of the
cornea, and its protective roles in ocular lubrication and in scavenging and eliminating invad-
ing debris and microorganisms, plus specific antibacterial and immune functions. (4)
Problems of structure and stability of the film are discussed, and (5) the wide variety of tests
of tear function and quality, with discussion of which tests are suitable for the clinical envi-
ronment, and which laboratory-based tests can be useful in assessing the individual patient.
Results: The preocular tear film plays a vital role in nourishing, lubricating and protecting
the ocular surface. Many tests can be applied in either the clinical or the laboratory setting, to
determine whether the tears of the individual patient exert their physiological and antimicro-
bial functions at the normal level. Conclusions: Knowledge of the normal functions of the
film provides a basis for later consideration of clinical and surgical treatment of the dry eye.

Copyright © 2008 S. Karger AG, Basel

Importance of Film

In the open eye, the exposed surfaces of cornea and sclera are covered with
a very thin film of tear fluid. This has both protective and nutritional properties;
its thickness changes due to evaporation while the eye is held open, and during
prolonged eye-opening the film may break up to expose surface epithelial
cells directly to the air. The tear break-up time (TBUT) is an important clinical



<4—— Meniscus Punctum

<4— Precorneal film

Punctum

Space under lids Range of meibomian orifices
(upper and lower)

Fig. 1. Position of tear film. Left, sagittal section indicating different regions of the
tear film. Right, front view showing position of main lacrimal gland and other structures
influencing the tear film.

parameter in defining the normality of function of the eye. During normal life,
break-up will perhaps occur only comparatively rarely, as blinking is very rapid
and is a nearly automatic response to symptoms of drying. However, normal life
for many people now includes prolonged periods of computer or other visual
screen use, and it is known that the blink rate falls when paying close attention.
Hence the tear film may break up between blinks. The Corneal Protection Index
(CPI), defined as the ratio of TBUT to the length of the interblink, can be used
to indicate the boundary between normal and dry eye.

Position and Extent of the Tear Film

The term ‘tear film’ is normally used to describe the film of fluid covering
the corneal surface and contained between the lid margins (fig. 1). In fact we
should also include the film overlying the exposed bulbar sclera; however,
because this surface is rough and irregular it is much harder to obtain informa-
tion about its nature by the usual reflectance-based methods used for the
cornea, so this area is often ignored. At present we cannot even say with cer-
tainty that a uniform and continuous tear film is present over all the exposed
sclera. However this area is not negligible — in upward gaze it may contribute
60% or more of the total exposed area. It is also neglected because it is of much
lower importance than the cornea in the visual process, and because, having its
own blood supply, it recovers more readily from injuries and infections.

The exposed area is quite closely dependent on interpalpebral height,
which in turn is determined by the direction of gaze (exposure is considerably
greater in upward than in downward gaze, as the upper lid follows the move-
ment of the globe). Thus in downward gaze not all the cornea is exposed, along
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with a small area of sclera, while in upward gaze we may see all the cornea plus
a variable amount of sclera both above and below the limbus as well as larger
lateral areas. A rough linear relationship between area and palpebral height is
often used: Area (cm?) = 0.28 X (height in mm) — 0.44 [1]. A more precise
value can be obtained by computer analysis of images of the eye, allowing sep-
arate estimation of the areas of exposed cornea and sclera [2]. Typical values for
the area in normal level gaze are 2-3 cm?, of which 45-55% is cornea. These
figures help to strengthen the recommendation to those doing much computer
work, to keep the screen as low as possible to minimise ocular exposure and
drying because of the reduced blink rate.

The total area of the human conjunctival sac has been estimated as 16 cm?
[3]. If all this is covered by a layer of gelatinous mucus with a water content of
about 90%, say averaging 1 um thick, 1.44 pl of fluid would be contained.
Where the lids overlie the globe, it is possible that two such layers on the
apposed surfaces will be in contact, giving an effective fluid thickness of 2 pm.
However, it seems unlikely that in this case there would be free flow of fluid
(e.g. fresh tear fluid entering the upper conjunctival sac through the tear duc-
tules) although fluid transport could occur through a ‘squeegee’ mechanism in
blinking.

Formation of the Film

As the lids close during the blink, the upper and lower menisci are pushed
ahead of them and sweep up the fluid forming the preocular film, rather like a
windscreen wiper. In the opening phase of the blink, the viscosity of the tears
causes fluid to be pulled out of both menisci to create a new film, but opposed
to this is the negative pressure due to the concave tear meniscus. As long as the
lids are moving, fluid is spread, but when the lids become stationary there is
within 0.3—1 s a settling down or rearrangement whereby fluid is pulled back
into the meniscus while the bulk of the spread film remains intact. The region
closest to the meniscus is however considerably thinned and if fluorescein is
instilled, a ‘black line’ can be seen around the rim of the tear film. This line is so
thin that it contains too little dye to fluoresce, and it acts as a barrier to diffusion
or flow of fluid into or out of the film in the interblink period. Hence the film is
effectively isolated from the rest of the lacrimal system while the eye is open,
and is subject to different influences such as evaporative loss at these times. The
isolated film has been referred to as ‘perched’ because it covers the exposed eye
but is in a sense independent of the ocular adnexa [4].

Volume of Various Compartments
We can distinguish three distinct components of the fluid in the lacrimal sac:
the film itself, lying between the lid margins; the continuous line of meniscus
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around the lid margins, joining at the outer canthus and around the caruncle,
and the fluid under the lids.

It is still not clear what volume of tears lies under the lids, or whether this
should be included as part of the tear film. In the normal eye the lid margins
glide in contact with the globe during a blink, and it is thought that there is a
slight curvature inwards of the margin of the upper lid to give a ‘windscreen
wiper’ action sweeping the film forward as the lids close. This would suggest
that the exposed and the under-lid compartments remain separate; but King-
Smith et al. [5] discuss the possibility that the two compartments are connected
but that during the blink the upper meniscus changes position, being swept
down by the advancing lid margin.

Recent experiments on adding saline to severely dry eyes showed that fluid
was absorbed (presumably under the lids) before any lid margin meniscus
became visible, implying that the two compartments are connected [6]. The
mean under-lid volume was calculated to be 5—6 wl. The volume of tears in the
combined upper and lower menisci can be calculated from their total length
(about 50 mm) and cross-sectional area, assuming that their profile is a quad-
rant of a circle; using a mean value of 0.365 mm for the radius of curvature, the
normal meniscus volume is about 2.9 wl [7]. The volume of the preocular film
clearly depends on its thickness (see below), but taking commonly-agreed lim-
its of 3 and 10 wm and an area of 2 cm?, the volume is 0.6-2.0 pl with a mean
probably about 1.0 wl. Hence the total volume of tear fluid in the external eye is
roughly 10 pl. This does not include additional small amounts such as the fluid
over the caruncle.

Clearly there is considerable personal variation in this figure — differences
in form of the lid margins, slight inward or outward turning of the lids relative
to the globe, positioning of the puncta and height of the palpebral opening can
all affect the contained tear volume.

Thickness of Precorneal Film

Estimates of tear volume involve knowing the thickness of the film. This is
not easy to measure, although several methods have been used over the years.
Simple methods include isolating an area of tear film by pressing the end of a
wide-mouthed syringe onto the eye and measuring the volume of fluid sucked
off [8], absorbing fluid over a known area by placing a disc of absorbent paper
on the eye [9], or measuring fluorescence intensity after adding a known amount
of fluorescein to the film [10]. More recently the variation of intensity of light
reflection has been analysed in three ways (varying angle, frequency or wave-
length). Ocular coherence tomography can measure corneal thickness with and
without a contact lens and estimate the film thickness by difference. All these
methods are summarised by King-Smith et al. [S]. Some estimates of tear film
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Table 1. Some reported thicknesses of

the precorneal tear film [data from 6] Method Thickness
pm
Absorbent discs 7
Fluorometry 4
Angle-dependent fringes 34-45
Wave-front fringes 2.7

Ocular coherence tomography 3.3

thickness by these methods are given in table 1. The film thickness over the ante-
rior surface of a contact lens is generally thinner than the precorneal film, and
less stable, although this varies with the contact lens material and depends on
factors such as degree of contamination of the lens surface by tear components.

Volume Flow of Tears Into and From the Eye

The volume of tears in the external eye at any moment is a balance
between the rate of inflow of fluid from the lacrimal gland, from the accessory
lacrimal tissue and by permeation of water from the corneal epithelium through
aquaporin-controlled channels. Removal of fluid is principally by drainage
through the puncta following each blink, and by evaporation from the open eye.
When the lids close, the upper and lower puncta press on each other and prevent
outflow, but as the lids open there is a drop in canalicular pressure and fluid is
sucked into the puncta from the marginal lacrimal lake [11]. Evidence for
absorption of water by the corneal or conjunctival epithelium is lacking,
although it is suggested that some or all of that passing down the canaliculi is
absorbed before it reaches the nose [12].

There is considerable variation in the rate of inflow of tears. It has often
been suggested that in the quiet eye there is a ‘basal rate’ of flow, augmented by
different degrees of stimulation; one variant is that the basal secretion is pro-
duced by the accessory lacrimal tissue (about 10% of the total) and stimulated
reflex or psychic tears by the main lacrimal gland, but there appears to be no
firm evidence for this. Another view is that all secretion is stimulated, that in
the quiet eye being produced simply in response to opening of the eye. Most
clinical estimates of tear flow rate are based on the Schirmer test and its vari-
ants; these are described below in ‘Clinical Tests’. Published values of the
‘unstimulated’ flow rate are usually around 1.2 wl/min or roughly 1.2 ml/day
(assuming a 16-hour waking cycle, since tear output is largely inhibited during
sleep), with a turnover rate of 16%/min [10]. However, using the Fluorotron
Master instrument, a much lower value was found of 0.15 wl/min (about
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0.15ml/day from each eye) with a turnover rate of 8.2%/min [13]. Stimulated
flow rates are much greater — up to 50 or 100 times more; 4050 pl in <1 min
has been reported with nasal stimulus by ammonia [14]. Since the myoepithe-
lial cells which surround the acini of the lacrimal gland contract in this process,
it seems possible that some of the released tears are preformed and the actual
secretory process may be somewhat slower than at first appears. It is not clear
whether there is a ‘maximum’ rate of secretion; sustained rates are generally
less than the 40—-50 pl/min already mentioned.

Regulation of Tear Production

The innervation of the lacrimal gland is complex. The reflex arc is particu-
larly important, involving fibres from the fifth cranial nerve in the cornea, conjunc-
tiva or surrounding tissues. There is also innervation by both the parasympathetic
and the sympathetic systems, inducing positive and negative control of secre-
tion respectively. The parasympathetic route indicates some of the complexity:
starting from the lacrimatory nucleus in the brainstem of the facial nerve (cra-
nial nerve VII), parasympathetic fibres follow the greater superficial petrosal
nerve to the pterygopalatine ganglion; the conventional view is that from there
the secretory fibres of the lacrimal nerve follow the zygomatico-cotemporal
nerve and join the lacrimal nerve of the ophthalmic division of cranial nerve V
and enter the lacrimal gland. However, there is evidence that a number of rami
orbitales pass from the pterygopalatine ganglion and some of these travel
directly to the lacrimal gland [15].

The innervation of the accessory lacrimal tissue is even less well known,
but it is assumed that it is controlled in the same way as the main lacrimal gland,
as they are histologically very similar.

Composition of the Tears in the Conjunctival Sac
and Origins of Secretions

Several different collection techniques have been used, but usually collec-
tion is from the lower meniscus, or sometimes from the conjunctival surface of
the slightly everted lid, or among the folds in the lower fornix. Some workers
have used absorbent sponges placed in the lower fornix, which is effective but
has the disadvantage of picking up mucus as well as fluid tears. It is still not
possible to collect from the actual film, e.g. by blotting the ocular surface, with-
out some damage to epithelial cells and contamination by cellular contents. One
should be clear whether the aim is to collect stimulated or unstimulated tears.
Stimulation of flow may be by bright lights, a cold stream of air on the cornea,
tickling inside the nose or tweaking nasal hair, or by exposure to specific
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lacrimatory substances such as onion vapour, ammonia or chloracetophenone.
If unstimulated tears are needed (for example, for osmolarity measurement),
with collection at the slit-lamp, one must avoid passing the light beam across
the pupil. We can classify the various components of the secretion as intrinsic or
accessory in origin.

Intrinsic Secretions

Intrinsic secretions are produced in the main lacrimal gland (and presum-
ably also from accessory lacrimal tissue since there is no apparent histological
difference between the two types of tissue).

Aqueous Component

The aqueous part of the tears forms the bulk of the lacrimal secretion; it is
actively secreted, and linked to the secretion of proteins (see below, (Major
Proteins’). Although there is some input via aquaporin-controlled water chan-
nels in the corneal or conjunctival epithelium, its main source is the lacrimal tis-
sue, where it is produced by the acinar epithelium and collected by the ductules.
There is some modification and reabsorption in the ductules before delivery via
the main lacrimal ductules to the outer upper fornix. It is possible by everting
the temporal portion of the upper temporal lid and by finger pressure prolaps-
ing the lacrimal gland slightly into the fornix to see one or two of the orifices,
and if fluorescein is added then clear rivers can be seen in the fluorescing tears
indicating the position of their orifices. During sleep or prolonged eye closure,
the output of both proteins and water from the lacrimal gland changes (see
below, ‘Major Proteins’).

The rate of secretion of lacrimal fluid varies considerably between the
quiet eye and active stimulation (see ‘Volume Flow of Tears into and from the
Eye’). The ageing lacrimal gland suffers progressive fibrosis and loss of func-
tional acinar tissue so its output gradually falls, creating tear film conditions
similar to the earlier stages of the aqueous-tear-deficient form of dry eye.

Salts

Electrolytes are actively secreted by acinar and ductal epithelium of the
lacrimal gland, and can be seen from the relative proportions of various ions not
to be a serum filtrate (table 2) [16]. The pH of tears usually lies within the range
7.2-7.6 but may be higher on prolonged eye-opening through loss of CO,; the
value in neonates is about 6.8. Tears exert a buffering action due to their content
of bicarbonate ion, proteins and other components, although the turnover rate
has also been shown to be part of the response to pH challenge [17].

The osmolarity of the tears is determined almost entirely by their electrolyte
content, since the molarity of even the major proteins is low in comparison. For
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Table 2. Tonic composition of normal

human tears [data from 16] on i?qulsfntlrfllt ton
Na* 128.7
K* 17
Ca** 0.32
Mg* 0.35
HCO;3 12.4
Cl- 141.3

Table 3. Major protein composition of normal human tears

Protein Approx. molecular Concentration
size, Da mg - ml™!

Lysozyme 14,000 2.07
Lipocalin (‘tear-specific prealbumin’) 17,500 1.55
Lactoferrin 90,000 1.65

slgA 385,000 1.93

Albumin 68,000 0.04

IgG 53,000 0.004

normal unstimulated tears the generally accepted value is 302 = 6 mosm - kg™!
[18].

Major Proteins

Human tears contain four major proteins (each 15-20% or more of total
protein) — lysozyme, lactoferrin, lipocalin and secretory IgA (table 3). The pro-
tein of unknown function previously referred to as ‘tear-specific prealbumin’ is
now known as tear lipocalin, a member of the lipocalin superfamily of small
proteins with lipid-binding properties [19]. There is some evidence for interac-
tions between lipocalin and both lysozyme and lactoferrin [20]. Lysozyme,
lactoferrin and lipocalin are secreted by the acinar tissue of the lacrimal gland.
The secretory form of IgA, in contrast, is produced by interstitial plasma cells
embedded in the gland but external to the acini; the IgA dimer, consisting of
two monomeric IgA molecules held together by a J or joining piece, are trans-
ported through the acini and the secretory component characteristic of com-
pleted sIgA is added (fig. 2). Control of secretion of lacrimal gland proteins
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< IgA
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/ membrane
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Fig. 2. Assembly of sIgA in lacrimal gland. IgA and J chain are synthesised and
assembled in the plasma cells and transported through the acinar epithelial cells where they
pick up the secretory component and are secreted into the ductal lumen. This process is inde-
pendent of the secretion of water, electrolytes and tear proteins by the ductal cells.

appears to be linked to that of water: when output of water falls, so also does
production of the proteins, and the concentrations of lysozyme, lactoferrin and
lipocalin appear fairly constant. During sleep, as mentioned above, fluid secre-
tion declines, and after about 2 h may approach zero. Output of sIgA, however,
continues as the plasma cells producing this protein are not under the same con-
trol as the lacrimal gland, and the same amount of sIgA in a greatly reduced vol-
ume of aqueous appears as a steep concentration rise. At the same time,
polymorphonuclear leukocytes accumulate, with the result that the tear film
under the closed lids becomes much reduced in volume, sludgy and turbid, and
has been described as being in a state of subclinical inflammation [21].

IgG and serum albumin are frequently also reported in tears, but since their
levels vary with severity of disease or irritation it is considered that these proteins
are not normal constituents but indicate leakage from conjunctival blood vessels.

The accessory lacrimal glands, making up 10% of all lacrimal tissue, are
distributed at a number of sites within the conjunctiva. They have historically
been named as the glands of Wolfring, Krause, etc. but appear to be histologi-
cally identical to the main lacrimal gland and to have similar innervation [22].
All the major lacrimal proteins have been identified immunochemically in this
tissue [23]. Although the reflex response to irritation is less pronounced, the tis-
sue can produce enough lacrimal fluid to maintain an adequate tear film in the
quiet eye even in the absence of the main lacrimal gland.

Accessory Secretions

Several components are added to the aqueous tears within the conjunctival
sac, and it is the combination of all these which produces the physiologically
functional tear film and influences its formation and stability.
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Lipids

A complex mixture of lipids is delivered from the meibomian glands
opening on the lid margin at the mucocutaneous junction. These glands are
large, tubuloacinar structures lying within the tarsal plate and related to the
sebaceous glands of skin; although the surrounding tissue is richly innervated,
no specific fast-acting nervous stimulation is known, and they appear to be
free-running, secreting lipid continuously. As with sebaceous glands of skin,
modification of systemic hormonal status may affect output, but the response
is on a scale of months. Compression of the tarsal plate in blinking causes a
small amount of oil to be squeezed out of each gland, but repeated heavy or
forcible blinking can deplete the supply within the duct of the gland so that
delivery is reduced until synthesis catches up with excretion. Conversely,
during sleep there is no squeezing of the glands, so the elastic ducts fill up
until some critical pressure is reached and excess leaks out onto the closed
lid margins, where it either flows or is rubbed away, or forms flakes on the
lashes [24].

In the lid-opening phase after a blink, a fresh air/water interface is rapidly
generated, and oil (or at least the more surface-active components) spreads onto
the tear film, probably forming a largely monomolecular film. It is thought that
this initial spreading is followed by a second phase in which a fluid but less
surface-active fraction spreads over the first to produce a multilayered oil film
structure. Its thickness can be estimated from its interference colours (e.g. as
seen with the Keeler Tearscope®); normal thickness is in the range 40-90 wm.
The surface tension gradient created within the film by this spreading may
cause Marangoni flow, pulling aqueous tears from the upper and lower menisci
and thickening the overall tear film.

The meibomian oil contains several phospholipids, principally phos-
phatidylcholine and phosphatidylethanolamine, which with a small amount of
free fatty acids and cholesterol make up the surface-active fraction. The non-
polar fraction consists largely of wax esters (fatty acid + long-chain fatty alco-
hol) and cholesterol esters; branching in many of the acyl chains ensures that
the melting range of the mixture is close to lid-margin temperatures [25].
Together, they form a layer shown to retard the evaporation of water from the
surface of the tear film. Recently a model has been proposed for the structure of
the oil film [26].

Lipids of non-meibomian origin have also been found in the tears,
although reports are still incomplete. A mixture of non-polar lipids, mainly tri-
acylglycerides, a small amount of phospholipid, and a substantial proportion of
unidentified glycolipids has been described [27]. Since no free lipids are found
in tear fluid, it is presumed that these are bound to lipocalin, which is the only
major protein with strong lipid-binding characteristics [28].
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Polypeptide backbone

O-glycan region

— Cysteine-rich region

Fig. 3. Structure of different classes of mucin. Left, soluble type (e.g. MUCSAC gene
product); the central section contains tandem repeats of polypeptide and O-linked glycans
forming the ‘bottle-brush’, while the ends have cysteine-rich regions which cross-link to
other molecules to build the gel. Right, representation of a membrane-spanning epithelial-
bound type (e.g. MUC1) which does not form gels.

Mucins

Mucins are a complex class of glycoproteins with a very high carbohydrate
content; their main characteristic is the ‘bottle-brush’ structure of a polypeptide
backbone with many ‘tandem repeats’ of amino acid sequences and a high pro-
portion of serine, threonine and proline, with a large number of oligosaccharide
side chains O-glycosidically linked to Ser or Thr. They are the products of the
family of MUC genes, and are of two main types: secreted or ‘soluble’ mucins
of which the most important in the eye is MUC5AC, a gel-forming mucin pro-
duced in conjunctival goblet cells, and epithelial mucins, where the polypeptide
backbone has a membrane-spanning region anchoring it to the plasma mem-
brane of epithelial cells of cornea or conjunctiva, such as MUC1 [29] (fig. 3).
The epithelial mucins (principally MUCI, 4 and 16) form the glycocalyx visi-
ble in transmission electron micrographs of the ocular surfaces, and a major
function appears to be the anchoring of a gelatinous layer of secreted mucin so
that a lubricating layer is present on all the surfaces gliding over each other dur-
ing blinks or ocular movements. Mucins typically contain more than 50% car-
bohydrate, and water makes up more than 90% of mucin gel.
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Minor Components and Small Molecules

Tears contain a large number of small molecules and minor components
which can protect the corneal surface or which are produced in response to spe-
cific conditions such as inflammation. Defensins are a family of small proteins
(M, about 8,000) with antimicrobial properties (see below, ‘Antimicrobial
Protection’). Several cytokines associated with inflammation (IL-1a and IL-13,
IL-6 and IL-8) have been identified in normal tears [30]. However it is not
always clear whether these factors are derived from the lacrimal gland or
secreted by the conjunctival epithelium, or by leakage from the surrounding
blood vessels. Enzyme activity of various kinds can be detected in tears,
although the amount of the appropriate protein may be very low. Thus, catalase,
superoxide dismutase, and glutathione peroxidase have been reported, among
others, and are presumed to have an antioxidant protective role [31].

A number of systemic drugs can be detected in the tears. The actual source
(conjunctival vessel leakage, transport through corneal epithelium, or lacrimal
gland secretion) is not always obvious. If corneal, this could imply a specific
membrane-associated transport mechanism, or an ability to pass the tight inter-
cellular junctions, and this latter is thought to be related to the lipid solubility of
the drug. Thus, phenobarbital, carbamazepine and methotrexate, which all have
reasonable lipid solubility, have been detected in tears at levels comparable to
those in serum, whereas ampicillin is less lipid-soluble and is found only at a
very low level compared to serum [32]. Acetaminophen is excreted in the tears
at comparable levels to serum [33]. It is known that systemic cytosine arabi-
noside can cause keratitits, and this is thought to follow secretion into the tears.
Rifampicin and its metabolites appear in tears, which may be coloured red-
orange and cause staining of contact lenses.

Functions of the Film

Nutritional Aspects

Because of the requirement for transparency, the cornea has no blood sup-
ply. Delivery of gases and nutrients by diffusion from blood vessels at the lim-
bus would be too slow, so these are supplied directly from the tear film; the film
acts as a coupling medium for oxygen from the air (as is clear from the com-
parative performance of contact lenses with differing D, values). A similar
function takes place on the endothelial side of the cornea from the aqueous
humour of the anterior chamber. In the open eye the tears, being in contact with
air, are assumed to be saturated with oxygen (i.e. 155 mm Hg); however, when
the eye is closed, oxygen must be supplied by diffusion from the blood in the
conjunctival vasculature (55mmHg), so the metabolic status of the corneal
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epithelium changes markedly between the two states [34]. It should be noted
that in the closed eye the coupling medium to the cornea must actually be the
film of tear fluid filling the space under the lids. The thickness of this is not
exactly known, and it is also assumed that there is a relatively thick mucous
layer filling most of this space, caused by the apposition of the mucous layers
covering both cornea and tarsal conjunctiva.

The tears transport oxygen to the corneal epithelium, and remove meta-
bolic carbon dioxide. Comparatively few other nutrients are found in signifi-
cant quantities. It is suggested that glucose is supplied to the cornea entirely
from the posterior or endothelial side, and that the corneal and conjunctival
epithelia are impermeable. Tear glucose levels are low, and little changed in dia-
betics; reports of higher levels may be due to local tissue damage and assay of
released glucose. Lactate and pyruvate are also found, indicative of the meta-
bolic activity of corneal tissue. The growth factors EGF and TGF-a have also
been detected [35].

Protective Roles
These can briefly be classified in two distinct areas:

Physical Protection

Many threatening or noxious attacks on the eye are averted by the rapid
blink reaction, or by aversion (head turning or brow lowering); some lighter
invading materials such as airborne dust, hairs or bacteria may be reflected
from the surface of the tear film, especially hydrophilic particles which have
been observed to bounce off the oil film [36]. The mucous gel coating of ocular
surfaces traps, absorbs and immobilises many particles and microbes, and
removes them from the eye as part of the mucous thread which is swept down
into the lower fornix and eventually extruded onto the skin of the inner canthus
[37]. The lubricating action of the mucous layer also prevents shearing damage
to the surface epithelium at the high speeds (as high as 20 cm/s) achieved dur-
ing the blink [38].

Lipocalin is the principal lipid-binding protein in tears, and a role for this
protein has been suggested in scavenging excess lipid from the ocular surface
or the surface of the mucous layer to avoid the development of non-wettable
patches that would lead to tear film break-up [39]. As yet this has not been sup-
ported by analytical studies.

Antimicrobial Protection

Several of the components of tears have antimicrobial functions. Lysozyme
is well known for its muramidase activity in the outer cell wall of Gram-positive
bacteria, while both lactoferrin and lipocalin have iron-sequestering properties
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which inhibit siderophilic bacteria [40, 41]. Secretory IgA exerts immunologi-
cal protection after priming of the plasma cells against specific microorganisms
and viruses; priming can be via mucosa-associated lymphoid tissue in the con-
junctiva or elsewhere [42, 43]. Recently a group of small protective peptides
known as defensins have been identified in the tears by immunochemical
means. Several members of the « and B families of defensins were identified in
normal tears, lacrimal gland, and inflamed conjunctiva. These have a broad
spectrum of antimicrobial activity (bacteria, fungi and viruses) and are claimed
to accelerate epithelial healing [44].

All these factors need to be considered in relation to ocular surgery, espe-
cially physical aspects such as the placement of inflow ductules and puncta/
canaliculi for drainage, avoidance of distortion of surface or conformation of
lids on globe, and the removal or remodelling of conjunctiva.

Structure and Stability of the Precorneal Film

Many structural models of the preocular tear film have been proposed
over the last 50 years. These are mainly based on the three-layered structure of
Wolff [45], which has a layer of gelatinous mucus in contact with the epithelial
surface (since modified largely on the basis of electron-microscopical evi-
dence to include the surface glycocalyx), the bulk of the thickness made up of
an aqueous solution of the proteins and other water-soluble molecules, and a
surface layer of meibomian oil. More recently, a model has been proposed
for the rat involving only two layers, in which the bulk of the film was aque-
ous/mucous plus an oil layer, with no differentiation into separately identifi-
able aqueous and mucous layers [46]. A somewhat similar model is suggested
for the mouse [47]. It is not clear whether either of these models should also be
expected for the human, and space does not allow an extensive review of the
aspects of all the available models. Despite much work on the human tear film
and in many species of animal, we have not yet arrived at one consistent model
which can satisfactorily explain all aspects of formation, stability and function
of the film.

In view of the nutritive and protective properties of the tear film, it is
clearly desirable for it to cover the exposed surface of the eye throughout the
eye-open period between blinks. Evaporation can be measured, but we should
remember that most evaporative loss will be from the film, while the bulk of the
available fluid is in the menisci or under the lids, and it is from these compart-
ments that samples are collected for analysis [7].

Hence local changes in osmolarity may be greater than usually thought,
and corresponding effects on film stability may be masked.
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The main test of tear film stability is the break-up time (BUT), i.e. the time
taken after the last complete blink for signs of rupture and dewetting of the film
to be detected. Tests differ in whether they are invasive (instillation of fluores-
cein to show break-up as black spots, FBUT) or non-invasive (detection of dis-
tortions of the reflected image of a grid from the cornea, NIBUT), and the value
taken to indicate the borderline between normal and unstable or dry eye may
vary according to method: between 5 and 180 s (ca. 5-20's for FBUT [48], or ca.
10-30s for NIBUT [49]). However, other factors such as number of repeat mea-
surements, time of day or racial characteristics of the subject can also influence
the outcome [50]. Perhaps the most reliable use of BUT is in assessing the effec-
tiveness of clinical treatment. FBUT is widely considered to have poor repeata-
bility, although this may depend on the quantity of fluorescein introduced, since
this can itself affect tear film stability. NIBUT also shows considerable variation
when the same subject is measured on successive days, and also for repeated
measurements on the same day, although this may be due to increased tearing in
response to holding the eye open for long periods. Nevertheless, BUT is a valu-
able guide to tear film stability. It is considered satisfactory to take the mean of
three successive measurements (in the case of FBUT, adding as little fluorescein
as possible).

Tests on Tears

There are many tests which can be used to assess tear film composition or
function. These may be classified as subjective, where some element of judge-
ment is required on the part of the observer, such as in grading the extent or
severity of a sign, on some predetermined scale such as 04, as —/+ or + to
+++; or objective, involving use of methods or equipment capable of giving a
more precise value. A further division is between those tests which can be car-
ried out under clinical conditions (although the results may be interpreted else-
where), and those where samples are examined in the laboratory or the patients
themselves are examined outside the clinic.

Clinical Tests

Apart from the basic tear break-up test, these include estimating tear vol-
ume from the Schirmer paper strip test [51]. The recommended Schirmer strip
is of Whatman No. 41 filter paper 5 mm wide and 35 mm long, with the termi-
nal 5mm bent to hook over the lid margin. The test can be applied in various
forms, which measure different aspects, but the nomenclature is confusing. The
test can be with or without anaesthetic. Schirmer’s original test (Schirmer I)
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is without anaesthetic and does not include stimulation, other than that due to
the inserted paper. The 5-min wetting length is taken to represent the basal
unstimulated flow. A wetted length of 15 mm or more is taken to indicate nor-
mal production. A variant of this is the Jones test [52] which also measures the
basal rate, but uses anaesthetic and is carried out in subdued lighting conditions
to minimise reflex tearing. The normal response is a wetted length of 10 mm or
greater. If the basal rate is normal but the reflex response to stimulation is
thought to be defective, Schirmer II can be applied, which uses anaesthetic but
includes stimulation of reflex tearing by nasal irritation with ammonia vapour,
onion vapour or a cotton applicator. A reading of Smm or less in Smin is
indicative of aqueous-deficient dry eye. There are numerous variants of the
original Schirmer tests; despite many reservations about its meaning, it is still
generally accepted that it gives useful information. The cotton-thread test is a
variation of the Schirmer test, using a loosely-twisted thread which is less irri-
tating to the eye (and less likely to provoke reflex secretion); the steady-state
output of the lacrimal gland is being assessed, whereas without anaesthetic (and
hence with the irritation of insertion of the paper) the reflex response of the
lacrimal gland is probed. The disadvantage of the thread method is that because
it does not provoke tearing, it measures only the fluid already available in the
conjunctival sac [53].

The normality of tear volume is also estimated from meniscus height [54]
or meniscometry [55] where meniscus curvature is calculated from reflection of
a striped target.

The measurement of evaporation itself is possible under clinical condi-
tions, but no commercial instrument exists. One instrument, which calculates
evaporation rate from the rate of rise of humidity inside an eyecup, is currently
used in assessment of dry eye patients in the clinic [56].

The use of the Fluorotron Master to measure turnover time or clearance
rate of tears from the eye has been mentioned above in ‘Volume Flow of Tears
Into and From the Eye’.

The thickness of the lipid layer is assessed from the interference colours
seen on reflection of light using an instrument such as the Keeler Tearscope
[57]. Meibometry, in which the lid margin is blotted with a tape and the change
in transmission of the tape due to the oil picked up is measured, can give infor-
mation about the availability of oil, and if the lid margin is first cleaned of oil,
about delivery from the glands [24, 58]. This is in fact the only currently avail-
able objective measure of meibomian gland output.

Laboratory Tests
These are generally more time-consuming or involve the use of more com-
plex equipment than clinical tests. Samples of tears or other secretions must be
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taken, paying attention to the collection site or conditions. Thus the protein com-
position may be analysed by high-performance liquid chromatography, although
this will show only the major proteins and not minor components, which may
have to be detected by assaying collected column effluent fractions for enzyme
activity or other functions. Alternatively, polyacrylamide gel electrophoresis can
give detailed information about the protein composition of tears.

Tear osmolarity is a good indicator of high rates of evaporative loss, and
can be measured on collected tear samples. The Clifton nanolitre osmometer
(depression of freezing-point principle) is still considered the ‘gold standard’
method despite its many practical difficulties; the Wescor vapour pressure
osmometer is simpler and could be used in the clinic, but may have a consider-
able reading error with tear samples <1 wl, which one must use to avoid reflex
lacrimation and dilution of the tear film during collection [59]. A simple, rapid
and very sensitive commercial instrument is promised, but was not available at
the time of writing.

Tests of Quality

Whereas one can, by detection of deviations from normal composition,
conclude that the tears are of less than the required quality to maintain stability
and function, it is much harder to devise tests to establish whether the perfor-
mance of a sample of whole tears is of the required quality. Perhaps the only
such test is tear ferning. A small sample of fluid tears (about 2 1) is placed as a
droplet on a clean microscope slide and allowed to dry, then examined under the
microscope [60]. Viewed at X50 to X100, feathery patterns of salt crystals are
seen, and the degree of complexity of these correlates well with other measures
of tear quality or performance. Although often called the ‘mucus ferning’ test, it
is in fact less dependent on mucus content than on the balance of electrolytes
[61], but much more exploratory work needs to be done before it can be con-
sidered altogether reliable.

Compositional tests as indicated in ‘Laboratory Tests’ can be applied to
show that some assumed ‘best’ or ‘normal’ assembly of components is present.
But this is complicated in that it changes to some extent with age or other phys-
iological states (e.g. the menstrual cycle). Vital staining can also give informa-
tion about the completeness of the film. Thus, in the same way that fluorescein
is used to indicate breaks in the epithelial surface, staining with rose bengal is
considered to depend on breaks in the mucous layer covering the ocular surface,
revealing the unprotected and presumably unlubricated epithelial surface
beneath [62].

Physical properties such as viscosity or surface tension can be measured if
adequate volumes of tears are available, and can indicate the normality of the
tears [63, 64].
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Conclusions

The normal tear film is metabolically functional, protective, and nutritive.

Problems arise if its stability is compromised by anatomical factors such as the
improper meeting of lids or the closeness of their fit to the globe, blockage of
the drainage routes, surface roughness or epithelial damage. Inflammation
involves the secretion into the conjunctival sac of many additional components,
of both tissue and serum origin, and these can materially alter the physiological
functioning of the tears. These factors must all be taken into consideration in
planning surgical procedures.
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Abstract

Background: This chapter gives an overview about the structures and physiology of
the ocular surface and its adnexa and focuses in a second part on the possible meaning of eye-
associated lymphoid tissue (EALT) in a context with the development of dry eye. Methods:
Sections deal with (1) anatomy of the ocular surface, lacrimal gland, eyelid and nasolacrimal
ducts. (2) The meaning and importance of the lacrimal functional unit and the function of the
mucosal innate immune system are briefly summarized. (3) Finally, the occurrence and the pos-
sible function of EALT is discussed with regard to tolerance induction and dry eye. Results:
The epithelial surface of the eye and its specialized glandular infoldings produce the compo-
nents of the tear film, which include water, protective antimicrobials, cytokines, lipids as well
as mucins and trefoil factor family (TFF) peptides. Antimicrobials, mucins and TFF peptides
perform a number of essential functions which, collectively, provide protection of the ocular
surface. Their production changes in cases of dry eye. The development of EALT is a common
feature frequently occurring in symptomatically normal conjunctiva and nasolacrimal ducts.
Conclusions: The production of antimicrobials, mucins and TFF peptides can be linked with
cell signaling, tear film rheology, and antimicrobial defense at the ocular surface. Changes in
the production of such peptides and proteins in cases of dry eye support the assumption that
these peptides and proteins are involved in the pathophysiological events that occur at the ocu-
lar surface and lacrimal apparatus. Whether special types of bacteria, viruses, or other factors,
e.g., immune deviation, are responsible for the development of EALT in humans requires fur-
ther investigation in prospective and experimental studies.

Copyright © 2008 S. Karger AG, Basel

Anatomy

The ocular surface and its adnexa comprise the cornea, the conjunctiva
with bulbar, fornical and palpebral parts, the main lacrimal gland, the glands of



the eyelids, i.e. meibomian, Moll’s, and accessory lacrimal glands and the naso-
lacrimal system with the upper and lower puncta, the paired lacrimal canaliculi,
the lacrimal sac and nasolacrimal duct. The nasolacrimal ducts collect the tear
fluid from the ocular surface and convey it into the nasal cavity whereas all
other structures contribute to formation of the preocular tear film. The tear film
serves to protect and lubricate the ocular surface, as well as to provide the major
refractive surface for the visual system.

The preocular tear film (see chapter 1 by J.M. Tiffany) contains water,
protective antimicrobials, cytokines, lipids, and mucins and can be divided in
three components: a lipid component, an aqueous component, and a mucus
component. The lipid component is secreted by the meibomian glands in the
eyelid and forms the superficial layer of the tear film. The aqueous com-
ponent contains electrolytes, water, and a large variety of proteins, peptides
and glycopeptides and is primarily secreted by the lacrimal gland as well as the
accessory lacrimal glands (glands of Krause; glands of Wolfring) of the
lids. The mucus component is the product of conjunctival goblet and epi-
thelial cells, corneal epithelial cells and acinar as well as excretory duct
cells of the lacrimal gland, which have recently been shown to produce mucins

(fig. 1).

Ocular Surface

The apical surface of the ocular surface epithelia, both corneal and con-
junctival (fig. 2a, b), provide a specialized interface between the tear fluid and
the epithelium that stabilizes the fluid layer. That interface includes the undulat-
ing membrane ridges on the apical cell’s apical membrane, termed microplicae,
and emanating from their apices, a layer termed the glycocalyx. Membrane-
bound mucins (MUCs 1, 4 and 16) of corneal and conjunctival epithelial cells
are present in the glycocalyx layer (figs 1b, c, 2a, b); soluble mucins
(MUCS5AC) from conjunctival goblet cells (figs 1b, 2b) [for review, see 1] as
well as MUCs 5B and 7 from lacrimal glands are in solution in the tear film
[2-5]. Both MUC5B and MUC7 have been shown to bind bacteria [for review,
see 1] and contribute to innate immunity of the tear film. Beside MUCSAC,
conjunctival goblet cells secrete the trefoil factor family (TFF) peptides TFF1
and TFF3 [6]. TFF peptides are, together with mucins, typical constituents of
mucus gels that influence the rheological properties of the tear film, promote
migration of corneal epithelial cells, have antiapoptotic properties, and induce
cell scattering [for review, see 7]. Conjunctival and corneal epithelial cells are
able to react against pathogens by the production of inducible antimicrobial
peptides [8, 9]. Moreover, in certain disease states the corneal cells are able to
produce TFF3 [10].
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Fig. 1. Structures of the eyelid. a Overview. Sagittal section through a eyelid.
tm = Tarsalis muscle; t = tarsus; ppo = palpebral part of orbicularis muscle; Mg = Meibo-
mian gland; white arrow = excretory duct of Meibomian gland; Mo = Moll’s gland; black
arrows = sections through eyelashes. b—e Representative magnifications of the areas marked
by a large black arrow in figure 1a. b Conjunctival epithelium in the area of the tarsal plate
near the fornix. The epithelium consists of columnar epithelial cells with integrated goblet
cells (arrows). Tight connective tissue of the tarsus underlies the epithelium. ¢ Conjunctival
epithelium in the area of the tarsal plate near the rim of the eyelid. A non-cornified squamous
epithelium covers the underlying tarsal plate. Parts of the Meibomian gland are visible. d The
magnification shows an accessory lacrimal gland (Krause’s gland; Kg). 