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Abstract
Purpose—To determine by optical coherence tomography (OCT) the effect of blinking on ocular
surface tear volume after instillation of artificial tears.

Design—Experimental study.

Methods—Normal human (n = 21) eyes were imaged to get dimensions of the tear film and menisci
during blinking. The imaging was done immediately and 5 minutes after the instillation of 35 µl of
mid-viscosity artificial tears (1.0% carboxymethylcellulose, Refresh Liquigel, Allergan, Irvine, CA).
The exposed ocular surface area and the lid lengths were used to calculate the volumes.

Results—Immediately after the instillation, total tear volume was increased (P<0.001) compared
to 5 minutes after the instillation with the major increases in the lower tear meniscus volume and tear
film volume. After the instillation, blinking caused tear loss in total tear volume due to the decrease
of the lower tear meniscus volume (P<0.05). In contrast, blinking increased the tear film volume
(P<0.05). At the end of eye opening period, tear film volume decreased and lower tear meniscus
volume increased significantly (P<0.05) with no significant changes in total tear volume (P>0.05).
During the blink cycle immediately after the instillation, net loss was evident in tear film volume,
lower tear meniscus volume and total tear volume (P<0.05).

Conclusions—Blinking plays a crucial role in distribution and removal of instilled tears. When
the tear system is overloaded, the increase in blink output helps restore balance.

Blinking plays an important role in distribution and drainage of tears.1–3 The dynamics of
instilled fluids into the eyes have been studied with radioscintigraphy and dye clearance
methods.4–8 Recovery of tear volume occurs by active expulsion of tears from the lacrimal
system. However, only the changes of total tear volume over brief periods of time were
investigated previously.4–8 The impact of each blink on the tear volumes in the menisci and
tear film on ocular surface remains unknown. With the advent of a newly developed, custom-
built anterior segment OCT, we were able to simultaneously measure in real-time the cross-
sectional areas of the upper and lower tear menisci along with tear film thickness.1,9,10 Based
on eyelid lengths and ocular surface area, tear volumes in both tear menisci and the tear film
can be calculated. In a previous study,1 the effect of blinking on tear volumes was reported
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under basal conditions and during reflex tearing. In this study, the goal was to further explore
the effect of blinking on tear volume after instillation of artificial tears.

SUBJECTS AND METHODS
The same group as reported in the previous study1 continued to be tested in this study. Twenty-
one young subjects (10 women and 11 men, mean age: 32.1 ± 8.7) with no history of contact
lens wear or any current ocular or systemic diseases were recruited in Rochester. The study
was conducted in a consulting room in which the temperature (15 to 25°C) and humidity (30
to 50%) were controlled using central air conditioning and two humidifiers as described
previously.9

One eye of each subject was randomly selected and imaged using the same anterior segment
OCT as described in other studies.1,9,10 In brief, after the subject completed the imaging session
at baseline and delayed blink period (reported previously),1 s/he continued to be tested in this
study. The subject was asked to look at an external non-illuminated target. A vertical 12 mm
scan across the central cornea (apex), including the upper and lower tear menisci
simultaneously, was performed. Thirty-five micro-liters of artificial tears (1.0%
carboxymethylcellulose, Refresh Liquigel, Allergan, Irvine, CA) were delivered using a pipette
into the lower fornix of the study eye that was immediately imaged by OCT. OCT images were
acquired continuously at 8 frames per second as the subject was asked to delay each blink for
as long as possible for a set of 3 blinks. To measure the length of the upper and lower eyelids
and the exposed ocular surface, the selected eye of each subject was photographed with a
reference scale using a digital camera mounted on another slit-lamp.

Image processing and data analysis were done at the University of Miami since two authors
(JRP and JW) took positions there. To determine the total corneal thickness, including the tear
film, eight OCT images corresponding to one second of time immediately before and after
blinking in two consecutive blinks were processed using custom-developed software. From
OCT images obtained immediately after instillation of the drop, true corneal thickness was
measured, and tear film thickness was estimated by subtracting the true corneal thickness from
the total thickness as described in our previous studies.9,10 The first OCT image showing both
upper and lower tear menisci before and after two consecutive blinks were processed. One
inter-blink interval was analyzed since two consecutive blinks defined the inter-blink interval.
To determine the exposed ocular surface area, upper and lower lid lengths were measured from
the two dimensional photographs of the eye using a reference scale. The values were multiplied
by a factor of 1.294 to compensate for the curved ocular surface as recommended by Tiffany
et al.11 The product of the tear film thickness and the exposed ocular surface area was taken
as the tear film volume.12,13 The products of upper and lower eye lid lengths and cross sectional
areas of upper and lower tear menisci were taken as the upper tear meniscus volume and the
lower tear meniscus volume, respectively.13,14 The sum of these three volumes was taken as
the total tear volume on the ocular surface.

The action of blinking and the following open eye period up to the next blink was defined as
a blink cycle.15 In the present study, “blink outcome” was defined as the difference in tear
volume before and after a blink. “Open eye outcome” was calculated by subtracting the tear
volume at the beginning of open eye period from that at the end of open eye period. The net
change during the blink cycle was the sum of blink outcome and open eye outcome.

Data analysis was conducted on a computer using Statistica software (StatSoft, Inc., Tulsa,
OK). Paired t-tests were used to determine whether there were pair-wise differences (P<0.05).
Pearson’s correlation was used to describe the relations among tear volumes.
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RESULTS
The changes due to blinking and open eye periods in each compartment were clearly visualized
(Fig. 1). Immediately after the instillation, tear volume was increased (paired t-test, P<0.001)
compared to 5 minutes after the instillation with all significant increases in the tear film and
tear menisci (P<0.05). The major increases were found in the lower tear meniscus volume and
(Fig. 2).

After the instillation, blinking caused tear loss in total tear volume due to the decrease of the
lower tear meniscus volume (paired t-test, P<0.05, comparing tear volumes before and after
blink). In contrast, blinking increased the tear film volume (P<0.05). There were no significant
differences in upper tear meniscus volume with blink (Fig.3A). At the end of eye opening
period, tear film volume decreased and lower tear meniscus volume increased significantly
(P<0.05) with no significant changes in total tear volume (P>0.05) (Fig. 3B). During the blink
cycle immediately after the instillation, net loss was evident in tear film volume, lower tear
meniscus volume and total tear volume (P<0.05) (Fig. 3C). Five minutes after the instillation,
no significant differences in the tear menisci and film volumes were detected. (Fig. 3A–C).
Immediately after the installation of the artificial tears, the blink outcome (loss) of lower tear
meniscus volume (r = −0.61, P<0.05) was negatively correlated to the total tear volume and
the blink outcome (gain) of the tear film volume (r = 0.66, P<0.05) was positively related to
the total tear volume.

DISCUSSION
We have found, in a previous study, that the tear volume in a normal tear system is 3 microliters,
and that this volume is sufficient to maintain optical and physiological integrity at the ocular
surface.1 This figure of the basal tear volume is slightly lower that the values reported by
Mishima et al.13 The use of fluorescein in their study might have resulted in reflex tearing.
With each blink, the tears are mixed and redistributed.16 Movement of the eyelids acts as a
pump by compressing the canaliculi and lacrimal sac and promotes the drainage of tears.3 To
keep a dynamic balance, the tear volume in the tear system must maintain a relatively steady
state.13,17,18 Under normal circumstances, the drainage system itself is thought to contain a
negligible volume of tears.3 This assumption is supported by our data presented in the previous
study1 and the present study. At baseline, the tear volume in all of the tested compartments
remained approximately the same with little gain or loss during the blink cycle.1 It appears that
only a small quantity of tears in the tear film and menisci is needed for keeping the ocular
surface wet during inter-blink periods. The baseline values were re-established within 5
minutes after the instillation of artificial tears (Fig. 1–2). While blinking and eye opening have
little effect on normal tear volume, spreading during blinking and evaporation during the open
eye period may cause minor variations in tear distribution. The mechanism of maintaining
surface wetness and ocular comfort with such a small amount of tears remains a mystery.
Clearly, tear quality may play a major role in this mechanism.

There is a reserve capacity in removing excessive tears out of the tear system as shown in the
present and other studies.1,15,21,22 Theoretical calculations based on mathematical models of
tear drainage channels demonstrated that tear output and/or drainage rate due to blinking
increases by factors that ranged from 3 to 50 for overloaded tear volume compared with that
at the basal condition.15 By overloading the tear film with repeated instillation of saline solution
over a period of time, Sahlin and associates reported a blink output of 2 µl in the horizontal
position and 4 µl in the upright position.21,22 It has been showed that blink output was
significantly increased during reflex tearing due to delayed blinking1 and after the instillation
of the drop. The magnitudes of the tear output due to blinking appear to be dependent on the
total tear volume. More output due to blinking possibly through the drainage or other
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mechanism like evaporation was evident with higher tear volume. Since the major tear volume
was found in the lower tear meniscus, we hypothesize that the tear volume in the lower tear
meniscus may regulate the drainage system for tear removal. Further studies are needed to
investigate this proposed relationship.

Although the tear film and the tear menisci are physically and functionally interconnected,9,
23 they appear to respond differently to blinking under different conditions as evident in our
previous study1 and the present study. When limited tears were added continuously into the
system as occurs during delayed blinking, the lower tear meniscus swelled first while other
compartments, including the tear film and the upper tear meniscus, remained relatively
unchanged. 1 However, when a large amount of tears was added, as occurs when a drop was
instilled, all compartments increased in volume, with the majority of the changes in the lower
tear meniscus and tear film (Fig. 1). Under the both conditions, blinking appears to play almost
no role in upper tear meniscus volume since it remained almost unchanged. However, under
the latter condition with excessive tears, blinking caused the increases in both upper tear
meniscus volume and tear film volume. Under both conditions, blinking caused a decrease in
lower tear meniscus volume, possibly mainly due to drainage and evaporation. Clearly,
blinking causes fluid redistributions among compartments and activates the drainage system
to remove excessive fluid. It is not clear about the role of evaporation during such short period
of the blink since no such measurement was conducted in this study. In addition to the loss of
tears from the lower tear meniscus volume, the lower tear meniscus volume appears to supply
fluid to the tear film and upper tear meniscus if excessive tears are present. A portion of the
4.9 µl decrease in lower tear meniscus volume after the blink was due to redistribution to the
tear film and upper tear meniscus as shown by simultaneous increases in those compartments
after blinking. With the limited tears available during delayed blinking tested in a previous
study,1 it appears that both upper and lower tear menisci provide fluid to the tear film. Tear
film volume may also depend on other sources. King-Smith et al.24 proposed that the tear film
thickness may also depend on the amount of fluid under the lid, and blinking causes the
deposition of the fluid. In our previous study, tear film thickness was increased when artificial
tears was added into lower tear meniscus.10 However, in the present study and our previous
study,1 the fluid underneath the eyelid was not investigated.

During the open eye period, tear secretion, redistribution due to gravity, evaporation, and
drainage occur. This period is of much greater duration than the blink itself, and most of the
tear drainage may occur in the very first instant during the opening of the lid. The tear volume
during the open eye period has been reported mainly influenced by tear secretion, evaporation
and absorption.16 Redistribution of tears also affects the tear volume in different compartments.
16 The tear film begins to thin during the open eye period.24,25 This complex process involves
mechanisms such as evaporation, dewetting, pressure-gradient flow, Marangoni flow, and
gravity.25 Flow in the middle of the film has been suggested to be mediated by gravity which
is proportional to the thickness of the tear film.12 Thus the change in volume of the tear film
during normal blinking could be negligible because of large flow resistances in thin films.12

However in thicker tear films, gravity may play a significant role in thinning.12,26 In the present
study, this was evident by significant reduction in tear film volume at the end of the open eye
period after drop instillation. The tear film was also redistributed into the lower tear meniscus,
most like due to fluid flow. The flow towards the lower tear meniscus appear to be aided by
gravity whereas the flow towards the upper tear meniscus is against the force of gravity.12 This
explains the unequal changes in upper and lower tear menisci during open eye period. With a
large amount of instilled tears as tested in this study, a greater decrease of tear film volume at
the end of open eye period occurred compared with that during delayed blinking.1 This
indicates great fluid redistribution occurs between the tear film and tear menisci when the
system is overloaded.
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It appears that there is a threshold of total tear volume that is required to increase the tear film
volume. Thus, tear film thickness may not change when the total tear volume is less than
approximately 5 – 7 µl.1 Because normal tear volume is about 3 µl,1 it may require doubling
the production of tears to increase tear film thickness, as showed during delayed blinking1 and
immediately after drop instillation. Further studies are warranted to examine this viewpoint.
Different effects of blinking may exist with different artificial tears with different viscosities.
The mid-viscosity artificial tears were used in the present study for the demonstration of the
effect of blinking when the system was overloaded. Further studies may be needed to examine
the differences of the blinking effect on other artificial tears.

We have developed a novel method measuring the tear volumes with our real-time OCT and
studied the effort of the blinking on artificial tears for the first time. There are some limitations
in the present study. For estimating tear volume, we assumed that the tear meniscus area was
similar throughout the length of the lid. In the same way, the tear film was assumed to be of
uniform thickness over the entire exposed ocular surface. We were not able to measure tear
film thickness at locations other than the central cornea. The variations of the corneal thickness
may also introduce some errors in the measurement of the tear film thickness. Further ultra-
high speed OCT with three- dimensional imaging modality may be used to image the entire
tear film on ocular surface might be used to avoid the error. This modality is current not
available. The values of the upper and lower eyelid lengths and the ocular surface area measured
from two dimensional images were multiplied by factor 1.29411 to compensate for the curved
ocular surface. These assumptions and corrections might have induced some errors in
estimating the tear volume. Other possible errors associated with the OCT imaging technique
have been discussed elsewhere.9,10

In conclusion, blinking plays an important role in the redistribution and removal of tears so
that a dynamic balance can be maintained. When the tear system is overloaded with mid-
viscosity artificial tears, the increase in blink output promotes the recovery of the tear volume
to baseline. OCT is a promising method for the estimation of tear volume and its changes
associated with blinking. The method may be useful in the development of new diagnostic
methods for dry eye and in evaluating the efficacy of treatments for tear related eye diseases.
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Figure 1. OCT images obtained during blinking
A vertical 12 mm OCT scan was performed across the corneal apex during blinking
immediately after instillation of artificial tears (Images A–C) and 5 minutes later (Images D–
F). Changes in tear film (TF), upper tear meniscus (UTM) and lower tear meniscus (LTM)
were noted after blinking and open-eye period. Cornea (CO), upper eyelid (UL) and lower
eyelid (LL) are also shown. Bars denote to 500 µm.
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Figure 2. Compartmental tear volumes of the exposed ocular surface
Using optical coherence tomography, the tear volumes in the lower tear meniscus (LTMV),
tear film (TFV) and upper tear meniscus (UTMV) were obtained immediately after the
installation of artificial tears (Refresh Liquigel) and 5 minutes later. All volumes of the LTMV,
TFV and UTMV were greater immediately after instillation than 5 minutes later (P<0.05). Note
the volume changes in the TFV and LTMV before and after blink, indicating tear flows between
the tear film and tear meniscus.
UTMV: Upper tear meniscus volume.
TFV: Tear film volume;
LTMV: Lower tear meniscus volume.
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Figure 3. Changes of tear volumes measured by OCT
(Right) Blinking caused tear loss from total tear volume (TTV) and lower tear meniscus
volume (LTMV) immediately after instillation of the artificial tears (P<0.05). In contrast, it
caused the tear gain in the TFV after the instillation (P<0.05). (Middle) After the open eye
period, LTMV gained volume immediately after instillation (P<0.05). TFV lost volume
significantly (P<0.05) immediately after instillation. (Left) For the entire blink cycle, net loss
was evident in tear film volume (TFV), LTMV, and TTV immediately after the instillation
(P<0.05). Five minutes after the instillation, no significant differences in the tear menisci and
film volumes were detected. Red asterisks denote to significance differences at 0.05 levels and
vertical bars denote 95% confidence intervals.
UTMV: Upper tear meniscus volume.
TFV: Tear film volume;
LTMV: Lower tear meniscus volume;
TTV: Total tear volume.
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