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Abstract The surface of the eye needs to be wet constantly
to ensure its integrity in maintaining ocular comfort, clear
vision, and ocular health. This article presents new findings
in the tear dynamics of the human eye, with an emphasis on
the tear meniscus and tear film through the day and in
response to punctual occlusion and wearing of contact
lenses. Recent advances in imaging technique are briefly
discussed.
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Introduction

The tear system of the human eye involves tear secretion,
distribution, evaporation, and drainage [1, 2]. The system
apparently has some degree of autoregulation, which limits

the volume of tears on the ocular surface—not too much
and not too little—to maintain the integrity of the ocular
surface [1, 3•]. Being wet all the time throughout the day is
essential for ocular health, ocular comfort, and sharp vision
[3•, 4]. Nutrition for the ocular surface, especially for the
cornea, is transferred by the tears, and debris is also
removed through the tear system [3•, 5].

Three components hold the tears on the ocular surface:
upper and lower tear menisci and tear film on the ocular
surface (Fig. 1). These components are linked during
blinking and may be separated during the eye-opening
period. Some evidence has shown the linkage between
upper and lower tear menisci through the canaliculi all the
time [1, 3•, 5, 6]. Eye blinking redistributes the tears from
the tear meniscus to form the tear film [5, 6]. An abnormal
tear dynamic system resulting from the lack of tears and/or
excessive tear loss due to hyper-evaporation may result in
symptoms of dry eye [5, 7].

Regulation of the Tear System

Eye blinking makes the tear system highly dynamic with
each cycle of tear secretion: mixing, distribution, and
drainage [1, 2]. Tears from the upper and lower tear
menisci are redistributed to form the pre-corneal tear film
(PCTF) on the ocular surface during each blink [1, 8–10]
and thus protect the ocular surface [11]. Periodic renewal of
the PCTF on the ocular surface relies on an adequate supply
of tears and on the blinking pattern [12]. In dry eyes,
decreases in tear quantity and quality result in tear volume
insufficiency [13] and tear film instability [13–15], which
can potentially result in damage to the ocular surface [13,
14]. Patients with aqueous tear deficiency (ATD) also have
reduced tear meniscus dynamics [16]. However, not much
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is known about PCTF thickness in dry eye patients. This
lack of information is mainly due to the instability and
irregularity of the tear film itself and the inability to
evaluate this micrometer-thin tear film layer in cases of dry
eye.

Imaging Methods of the Tear Film and Tear Meniscus

As a noninvasive and noncontact method, optical coherence
tomography (OCT) has been used to diagnose dry eye [7]
and assess the tear meniscus dynamics in healthy and dry
eye patients [16]. Ultra-high resolution OCT (UHR-OCT)
has made it possible to visualize the PCTF (Fig. 1), tear
films on contact lenses, and further details of the ocular
surface [17••, 18, 19•]. Other methods for estimating the
tear film include interferometry [20•] and reflectance

spectra [21]. Tearscope was also used to quantitatively
estimate the thickness of the tear lipid layer [22].

A new technique for evaluating the tear film on contact
lenses has been demonstrated using optical reflectometry
technique [23]. We have configured an optical reflectometer
to evaluate the thickness of water film on the contact lens
and its thinning process. With white light illuminating on
the water and contact surfaces, the multiple air–water and
water–contact lens surface reflection and transmission
results in a spectral-dependent reflectance. The evaluation
of such spectral-dependent reflectance via an optical
spectrometer and the reflectometer software that performs
curve fitting using known water (or tear) and contact lens
complex refractive indices can reveal the water (or tear)
film thickness. The thickness variation as a function of time
results in the water film thinning process that can reveal the
tear dynamics of a contact lens wearer. The thickness
measurement resolution of the optical reflectometer is on
the order of nanometers to tens of nanometers, which is
much more accurate than all conventional OCT techniques.

Dry Eye and Tear Film

Dry eye is ocular surface disease resulting from the lack of
tear volume due to low tear secretion or excessive tear loss
caused by evaporation [24]. Ocular discomfort and irrita-
tion are common. With aqueous tear deficiency (ATD),
patients normally have lower tear volume on the ocular
surface, mainly on both upper and lower tear menisci
around the upper and lower eyelids [7]. Patients also have
slow tear dynamics as detected with OCT [16].

The PCTF plays a critical role in maintaining the
integrity of the ocular surface. It ensures the sharpest vision
[11], protects the ocular surface against infection [11], and
provides for lubrication to minimize or avoid the damage
from shear forces between the eyelids and the corneal
epithelium incurred during eye blinking [5, 25]. Evaluating
the quality and quantity of the PCTF helps us to estimate
the health of the ocular surface, especially in dry eye
disease [26]. Many measurements have been used to
determine the thickness of the PCTF [21, 27–30]. Using
invasive methods, the PCTF has been reported to be
between 4 [27, 28] and 8 μm [29]. Compared with the
limitation of the invasive procedures, noninvasive methods
may provide a better assessment of the PCTF. King-Smith
et al. [21] investigated the PCTF using interferometric
methods and reported that the normal tear film thickness is
approximately 3 μm. As another noninvasive method to
evaluate the PCTF, Chen et al. [17••] used UHR-OCT to
measure the dynamic changes of tear film on contact lenses.
UHR-OCT was considered a promising tool for measuring
the PCTF in dry eye patients.

Fig 1 Tears on the ocular surface. A healthy human eye was imaged
with ultra-high resolution optical coherence tomography on the
vertical meridian. The upper (UL) and lower (LL) lids, cornea (CO),
upper tear meniscus (UTM), and lower tear meniscus (LTM) were
clearly visualized. The enlarged sectional image shows the pre-corneal
tear film (TF), epithelium (EP), and stroma (ST) (bars=500 μm)
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The PCTF thickness of dry eye patients during normal
blinking was thinner than that in healthy eyes, as reported by
Palakuru et al. [12] and others [20•]. In dry eye patients,
reduced tear secretion is strongly evident [24, 31–33]. Smaller
tear menisci variables were found by Yuan et al. [16] in dry
eye patients compared with healthy individuals. Thus, the
deficient tear volume may form a thinner PCTF in dry eyes
[20•]. Wang et al. [8, 34] reported that the average thickness
of the PCTF was 3.3 μm in healthy eyes. Due to reflex
tearing, the balance of tear secretion and drainage in healthy
eyes is altered during delayed blinking [9]. Also, during
delayed blinking, the increased rate of secretion is accompa-
nied by a reduced rate of drainage [9, 10]. Consequently, the
tear menisci are increased significantly during delayed
blinking [12, 16]. In healthy eyes, Palakuru et al. [12] found
no significant difference in PCTF thickness between normal
and delayed blinks. However, the resolution of the time
domain OCT that they used was insufficient to detect the
small changes. In dry eye patients, the average PCTF
thickness determined by UHR-OCT was 5.7 μm immediately
after delayed blinking, which was higher than after normal
blinking. The increase in thickness during delayed blinking
may be associated with increases in the tear menisci.
Although the increase in tear menisci was smaller than in
healthy individuals during delayed blinking [16], the same
results were reported by Farris and associates [35], who found
that dry eye patients were deficient in basal and reflex tears.

During the interblink period, tear fluid secreted by reflex
appears in the upper tear meniscus, and then flows to the
lower tear meniscus via the lid junctions [1]. During this
period, there is no flow or transfer of fluid from the
marginal tears in the menisci to the corneal surface. This
indicates that the thickness of the PCTF depends on the
amount of tears in the menisci at the moment that the blink
starts. Due to the micrometer-thin PCTF itself, a small
increase in tears may give rise to a visible increase in the
PCTF, although under conditions of reduced tear secretion
in dry eye patients.

Tears with Blinking

Blinking plays a role in tear dynamics whether it is normal
or delayed [1, 3•, 6, 16]. During normal blinking, the upper
meniscus is smaller than the lower meniscus. Both upper
tear meniscus volume (UTMV) and lower tear meniscus
volume (LTMV) in healthy individuals decreased after
blinking compared with before blinking, and increased
during the open eye period. However, the UTMV showed
no significant changes in relation to blinking in healthy or
dry eyes, whereas blink outcome and open eye outcomes of
the lower tear meniscus were significantly smaller in dry
eyes compared with healthy eyes.

Reflex tearing occurs during delayed blinking, and
significant changes occur in the tear volume of the lower
tear meniscus, whereas few changes occur in the upper tear
meniscus. The inability of the upper tear meniscus to hold
much fluid may be due to its structure and the aid of
gravity, as the upper tear meniscus remained relatively
unchanged when limited tears were added. During delayed
blinking, the open eye outcomes of the UTMV and LTMV
were also significantly increased in healthy individuals and
greater than those of dry eye patients.

Blinking facilitates removal of excessive tears [3•, 6].
When a large amount of tears was added (eg, the instillation
of a drop of artificial tears), the upper and lower tear
menisci increased in volume, with most of the changes in
the lower tear meniscus [3•]. After the instillation, a
blinking-induced decrease in the LTMV caused tear loss
in total tear volume. However, the blink outcome of the
upper tear meniscus remained virtually unchanged. At the
end of the eye-opening period, LTMV increased signifi-
cantly, with no significant changes in total tear volume.
Immediately after the instillation, net loss was evident in
LTMV and total tear volume during the blink cycle, which
was defined as the period beginning with the action of
blinking and after the open eye period up to the next blink.
In short, the tear menisci appear to respond differently to
blinking when a large amount of tears is added as compared
with the addition of limited tears.

Diurnal Variation of the Tear System

The tear system is subject to diurnal variation [4]. Tear film
is essential to the maintenance of the eye’s health, comfort,
and optical quality. The tear film must be renewed with
each blink. Structural failure of the tear film results in
symptoms of “dry eye syndrome,” such as ocular discom-
fort and visual distortion.

In healthy individuals, the tear system is highly dynamic,
and alterations in the tear menisci occur during blinking. In
the Shen et al. [4] study, both upper and lower tear menisci
increased at eye opening after overnight sleep compared
with the baseline before sleep and kept increasing up to
10 min, which indicated that there is a diurnal change in the
upper and lower tear menisci in healthy individuals.

The deficient tear volume may change the tear dynamics
in dry eye patients and make them different from those of
healthy individuals. Shen et al. [7] measured the upper tear
meniscus in dry eye patients for the first time using real
time OCT. In their study, both upper and lower tear menisci
were found to be decreased in ATD patients compared with
healthy individuals. They also found that lower tear
meniscus variables were more sensitive and specific than
the upper ones in the diagnosis of ATD patients.
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Using a similar device, Yuan et al. [16] investigated the
tear meniscus dynamics during the blink cycle in ATD
patients. They also reported that tear meniscus volume
decreased in ATD patients during the normal blink cycle. In
addition, ATD patients had a smaller increase in tear
volume than healthy individuals during delayed blinking.
These results may suggest that lower tear secretion and the
possible reduction or shutting down of the tear drainage
system in ATD or other types of dry eye may be induced by
the reduction of tear meniscus dynamics.

Tear Dynamics After Punctal Occlusion

Chen et al. [36] investigated the tear meniscus volume in
dry eye after punctal occlusion using real time OCT. They
occluded both upper and lower puncta with collagen plugs
on 1 eye each in 20 dry eye patients and 20 healthy
individuals. Both UTMV and LTMV increased in dry eye
patients after punctal occlusion; however, short-term punctal
occlusion (10-day period) had no effect on tear volume in
healthy individuals. These results may suggest that an
autoregulatory mechanism exists in the tear system. This
mechanism leads to reduced tear secretion after punctal
occlusion and prevents flooding of the eye with tears. Chen
et al. [37•] also compared the effectiveness of upper punctal
occlusion and lower punctal occlusion in dry eye treatment.
They occluded with collagen plugs on one eye’s upper
punctum and the contralateral eye’s lower punctum in 20 dry
eye patients and 20 healthy individuals. They found that
subjective symptoms were relieved and objective signs were
improved in dry eye patients after mono-occlusion of the
upper or lower punctum. The effectiveness of upper and
lower punctal occlusion is similar. Very recently, Hosaka et
al. [20•] investigated the tear film thickness in ATD patients
using tear interferometry and compared it with that of
healthy individuals, finding that ATD patients had thinner
tear film thickness. After punctal occlusion surgery, tear film
thickness increased in the ATD patients.

Tear Dynamics in Contact Lens Wearers

Wearing contact lenses alters the tear system [17••, 18, 19•,
38, 39]. Chen et al. [38, 39] investigated the tear meniscus
volumes in soft contact lens wearers with dryness symp-
toms. They recruited three groups: SCL wearers with self-
reported dryness, asymptomatic wearers, and asymptomatic
non–lens wearers. In a short time study (30 min of lens
wear), they found lower volumes of tear menisci in contact
lens wearers with dry eye symptoms. The lower tear
menisci may have contributed to the dryness in contact
lens wearers. In the daily lens wear study (10 h), they found

that tear meniscus volume decreased gradually during lens
wear in both symptomatic and asymptomatic wearers. The
comfort rating also decreased after 10-hour lens wear.
These results also suggest that the reduction of tears may
contribute to the discomfort in contact lens wearers.

Wang et al. [18] demonstrated the visualization of post-
lens tear film in vivo using UHR-OCT. A very recent report
from Gonzalez-Meijome et al. [19•] also showed that high-
resolution OCT is a promising tool for visualizing the
relationship among the contact lens, tear film, and ocular
surface. Chen et al. [17••] determined the dynamic pre- and
post-lens tear film thicknesses using UHR-OCT. They
reported that the thickness of the PCTF was about 2 μm.
They also showed that artificial tears did not increase the
post-lens tear film.

Conclusions

This article has highlighted the watery eye with an
emphasis on new findings on tear dynamics in healthy
individuals and dry eye patients. It appears that the tear
system is regulated with fine tuning to maintain the
minimal tear volume for wetting the ocular surface through
the formation of the PCTF. The relationship and interaction
between the tear meniscus and tear film facilitated by
blinking play roles in the health of the ocular surface. The
distorted tear dynamics due to both tear deficiency and
excessive tear evaporation may cause dry eye symptoms.
Intervention with artificial tears, punctual occlusion, and
contact lens wear may further alter the tear system with
apparent differences in responses between healthy individuals
and dry eye patients.
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