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Abstract
PURPOSE—To measure the tear meniscus dynamics in aqueous tear deficiency dry eye patients
using optical coherence tomography (OCT).

DESIGN—Clinical research study of a laboratory technique.

METHODS—Twenty-five aqueous tear deficiency dry eye patients and thirty healthy subjects were
recruited. Upper and lower tear menisci of one randomly selected eye of each participant were imaged
during normal and delayed blinking using OCT. Measured parameters included upper tear meniscus
height and volume, lower tear meniscus height and volume, the blink outcome defined as the
meniscus volume change during blink action, and open eye outcome defined as the meniscus volume
change during open eye period.

RESULTS—During normal blinking, both tear meniscus height and volume before blink in dry eye
patients were significantly smaller than those in healthy subjects, except for the upper tear meniscus
volume. During normal blinking, the blink outcome and open eye outcome of lower tear meniscus
were significantly smaller in dry eye patients compared to healthy subjects. During delayed blinking,
the upper and lower tear menisci heights and volumes significantly increased in both groups.
However, dry eye patients had smaller increases than healthy subjects. During delayed blinking, the
open eye outcomes of upper and lower tear menisci were smaller in dry eye patients than healthy
subjects.

CONCLUSIONS—Dry eye patients appeared to have reduced tear meniscus dynamics during
normal blinking and smaller increases of meniscus volume during delayed blinking. Analysis of tear
meniscus dynamics may provide more insight in the altered tear system in dry eye patients.

INTRODUCTION
The tear system is dynamic and blinking plays the important role of distributing the tears on
the ocular surface so that physiologic equilibrium is maintained.1–3 Blinking redistributes the
tears to the ocular surface from the tear menisci around both upper and lower eyelids, and it
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facilitates tear drainage.3–5 Blinking may also influence tear evaporation.6 Dynamic changes
of the tear menisci are the result of the interaction between blinking and tears, which has been
studied in normal subjects.7 In dry eye patients, lack of the tears may result in abnormal tear
distribution on the ocular surface and irregular interaction during blinking. Distortion of the
tear dynamics and the tear distribution on ocular surface with each blink may contribute to
ocular discomfort and dryness, which are the prevalent complaints by dry eye patients with
aqueous tear deficiency (ATD).8–11 The tear system has been evaluated in many studies by
measuring tear breakup time, wetting of Schirmer strips, and determining lower tear meniscus
dimensions in aqueous tear deficiency dry eye patients.1,11–13 However, tear meniscus
dynamics during the blink cycle in dry eye patients remains untested, mainly due to the
difficulty of real-time imaging in capturing the alterations of the tear system. Knowledge of
these dynamics in dry eye patients may lead to better understanding of the etiology of the tear
deficiency and its resulting damage to the ocular surface. In this study, we used real-time optical
coherence tomography (OCT) to measure tear meniscus dynamics in aqueous tear deficiency
dry eye patients.

SUBJECTS AND METHODS
Twenty-five clinically diagnosed aqueous tear deficiency dry eye patients (15 women and 10
men, mean ± standard deviation age: 49.6 ± 17.4 years) and thirty healthy subjects (17 women
and 13 men, age: 31.0 ± 8.4 years) were enrolled. Dry eye patients who complained ocular
discomfort were evaluated and diagnosed at Bascom Palmer Eye Institute, University of Miami
Miller School of Medicine and Department of Ophthalmology, University of Rochester. They
had no ocular diseases except for dry eye, and no history of ophthalmic surgery and trauma.
The patients were recruited in aqueous tear deficiency dry eye group if they had Schirmer I
test score less than 5 mm in 5 minutes, tear breakup time less than 10 seconds, no Meibomian
glands or eyelid diseases through slit-lamp examination, and one or more of the dry eye
symptoms in the questionnaire occurring at least often.14,15 The healthy subjects, serving as
the control group, were recruited as they had no history of ocular discomfort, ocular diseases,
contact lens wear and had a Schirmer I test score more than 10 mm.

The specification of the custom-built OCT instrument and the experimental procedure were
described in previous studies.7,16,17 The repeatability of tear meniscus measurement with the
OCT has been proved.18 In present study, central air conditioning and two humidifiers
maintained the temperature at 15 to 25% and the relative humidity at 30 to 50%. Ambient room
light was used while imaging each subject. The subjects were evaluated by OCT after 10:00
am and were required not to use eye drops 24 hours prior to the visit. One randomly selected
eye of each subject was tested. The custom-built OCT instrument with real-time scanning at 8
frames per second made 12 mm scans at the vertical meridian across the corneal apex. The
subjects were asked to look at an external target while blinking normally (normal blinking).
The upper and lower tear menisci were monitored simultaneously using OCT. Then, two
consecutive normal blink actions with one blink interval (open eye period) were recorded. After
that, the subjects were asked to delay each blink as long as possible (delayed blinking), and
the video including two consecutive delayed blink actions with one blink interval were
obtained.

The frames acquired immediately before and after each blink action were processed with
custom software as detailed in our previous studies.7,19 In brief, both upper and lower tear
meniscus variables were obtained, including upper and lower tear meniscus heights and cross-
sectional areas. Tear meniscus volumes in upper and lower tear menisci were calculated as
described in previous studies. The volume was calculated as the product of the meniscus cross-
sectional area, the constant eyelid length of 25 mm, and a factor of 0.75.19,20 Since we recorded
two consecutive blink actions, the meniscus variables obtained before the two blink actions
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were averaged. The meniscus variables obtained after the two blink actions were averaged as
the same way. Since the two consecutive blink actions formed one open eye period, the
meniscus variables at the beginning of open eye period were obtained after the first blink action.
Similarly, the meniscus variables at the end of open eye period were obtained before the second
blink action.7,19 The blink outcome was defined as the difference in meniscus volume before
and after blink action. The open eye outcome was calculated as the difference in meniscus
volume at the beginning and the end of the open eye period.19

All the data were analyzed electronically. Paired t-test was used to identify the differences in
tear meniscus variables between normal blinking and delayed blinking. Independent t-test was
performed to compare the meniscus variables between dry eye group and control group.

RESULTS
With normal blinking in dry eye patients, the upper tear meniscus height measured before and
after blink, and at the beginning of open eye period was significantly smaller than those in
controls (P < .05, Table 1, Fig. 3). However, there were no significant differences in upper tear
meniscus volume (P > .05). During normal blinking, lower tear meniscus height and volume
measured before blink and at the end of open eye period were smaller in dry eye patients
compared to controls (P < .05, Table 1, Fig. 3). The dry eye patients also had smaller blink
outcome and open eye outcome in lower tear meniscus volume (P < .05, Table 2, Fig. 4).

During delayed blinking, all variables of upper and lower tear menisci in both dry eye and
control groups were significantly increased compared to normal blinking (P < .05, Table 1,
Fig. 3). There were no significant differences in upper tear meniscus height and volume
between groups (P > .05). In contrast, the lower tear meniscus height and volume in dry eye
patients were significantly smaller than those in controls (P < .05, Table 1, Fig. 3). Furthermore,
the open eye outcomes of both upper and lower tear menisci were smaller in dry eye patients
compared to controls (P < .05, Table 2, Fig. 4). However, there were no significant differences
in blink outcomes between groups (P > .05).

DISCUSSION
Using a custom-built, real-time OCT instrument with a wide scan width, Wang and
associates16,18 were the first to image both upper and lower tear menisci simultaneously to
investigate the tear dynamics during the blink cycle. In normal subjects, the tear system is
highly dynamic and alterations in the menisci occurred during blinking.7 Using a similar
device, Shen et al.21 studied the tear menisci in dry eye patients and demonstrated the diagnostic
value of dry eye using OCT instrument. According to the published data in the measurement
of tear menisci in normal and dry eye patients using a similar device, a sample size of 10
subjects in each group would be enough to detect the true difference of the tear menisci with
detection power of 0.9, according to a software program (Gpower, Ver. 3.0) developed by
Erdfelder et al.22 In the present study, double the sample size would ensure the enough power
to detect the true difference of the tear meniscus changes by blinking. The present study extends
our understanding of tear meniscus dynamics in dry eye patients. As expected, smaller
dimensions of the tear menisci were found in dry eye patients, which is in agreement with
previous studies.13,23–25 The measured values of healthy subjects were in agreement with
that of other studies as well.23–31 Most importantly, the method has revealed the lower
outcomes of tears in dry eye patients, which means that the tear meniscus dynamics are reduced
compared to normal subjects. Potentially, OCT imaging of tear dynamics holds promise for
the development of a new, less invasive, more rapid, and more reliable diagnosis of dry eye in
routine clinical exams.

Yuan et al. Page 3

Am J Ophthalmol. Author manuscript; available in PMC 2011 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Changes in the regulated tear system, such as reductions in blink outcome and open eye
outcome, are the basis of the reduced tear meniscus dynamics in the dry eye patients. With
sufficient volume in healthy subjects, blinking spreads the tears onto the ocular surface, and
then upper and lower tear menisci possibly exchange content when they meet. The drainage
system removes tears by drawing the tears into the canaliculi by a negative pressure.3 During
the open eye period, freshly secreted tears are collected in the upper tear meniscus and
transferred into the lower tear meniscus via the connection at the junctions between upper and
lower lids.3,7 In dry eye patients, lower tear volume and reduced tear secretion were well
documented.11,13,23,24 This resulted in the reduced open eye outcome during normal blinking
in present study, since not much tears were added into the tear system compared to controls.
Extremely small blink outcome of lower tear meniscus may indicate the possible shutting down
of the drainage system. This helps to maintain the presence of tears on the ocular surface. Thus,
the system becomes less dynamic in response to the aqueous deficient situation.

Based on these observations, we hypothesize that there exists an auto-regulatory mechanism
in the tear system that adjusts ocular tear volume through changes in tear secretion and tear
drainage. With sufficient tear volume, the drainage opens and excessive tears are removed.
With deficient tear volume, shutting down of the drainage helps to preserve the tears. Although
the actual mechanism of the regulating system is unclear, some hints exist, which suggests the
presence of auto-regulatory mechanism of tear system. Francois et al.32 found that decreased
tear outflow results from a decrease of tear secretion, and suggested that tear drainage might
adjust to the tear production via sensitive receptors in the lacrimal sac. Tsubota and
Yamada33 developed a device covering the eye to evaluate the humidity in healthy and dry eye
patients. They suggested that tear production, drainage, and evaporation were interlinked and
maintained a low level of tears in dry eye patients. Though the dry eye patients adjust the
drainage and try to preserve tears to distribute tear film on ocular surface by blinking,1–3 the
decreased drainage may lead inappropriately to decreased production.32 This may result in a
vicious cycle that produces even fewer tears. Thus the tear system becomes less dynamic as
tear renewal slows down and the tear quality decreases, which is the main cause of dry eye
symptoms. This is also supported by the reduced values of fluorescein clearance test in dry eye
patients.34,35

The tear menisci act as reservoirs, and the tears newly secreted by the lacrimal gland first flow
to the upper tear meniscus and then to the lower tear meniscus via the lid junctions if no blinking
takes place.3,7 Thus the tear menisci are connected at the lid junctions during open eye period.
In the present study, the lower tear meniscus volume was larger than upper tear meniscus
volume, and the upper tear meniscus volume did not change significantly. Gravity and the
upper eyelid structure reduce the amount of tears that can be held.7 However, during normal
blinking, while the open eye outcome of lower tear meniscus volume was extremely small in
dry eye patients, the open eye outcome of upper tear meniscus volume in dry eye patients was
similar to that in controls. It suggested the upper tear meniscus held most of the newly secreted
tears, and the lower tear meniscus volume remain nearly unchanged. This indicates that the
tear menisci may be disconnected at the lid junction when the tear volume is extremely
deficient.

Delayed blinking usually causes reflex tearing, which occurred with significant increases of
the tear menisci as we expected in both groups. With increased tear volume in dry eye patients,
both blink outcome and open eye outcome recovered to some degree. This indicates that the
higher tear secretion was accompanied by higher drainage, which provides support for our
hypothesized autoregulatory mechanism of tear system. Since the blink outcomes were similar
between the two groups, the capability of drainage system appeared similar between dry eye
and control subjects. With increased tear secretion, the tear menisci seemed reconnected at the
lid junctions during open eye period, so that the open eye outcome of lower tear meniscus
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volume in dry eye patients significantly increased compared to normal blinking. However, the
meniscus volume in dry eye patients was still lower than that in controls. Additionally, the
open eye outcome of the upper tear meniscus volume in dry eye patients decreased, whereas
it increased in the controls. This may have been due to the smaller tear production in dry eye
patients compared to controls during delayed blinking. Farris et al.36 used to report that dry
eye patients were deficient in both basal and reflex tears. Secreted tears were transferred to the
lower lid as the tear menisci were reconnected, but the secretion rate was likely lower than the
tear flow rate. That may explain why the open eye outcome of upper tear meniscus volume
decreased to a minus value while the open eye outcome of lower tear meniscus volume
increased in present study.

There are some limitations in the present study. (1) The tear volume was estimated using a
constant value of the lid length as we did in a previous study.20 This could have resulted in
some measurement error. However, this may not impact the calculation of blink and open eye
outcomes or the small measurement error may not contaminate our data for conclusion.
Significant differences between the groups were evident even with the measurement error. (2)
Blinking rate is a factor of tear dynamics,4,5 but it is difficult to control. In addition, controlling
blink rate may alter the tear system of the subjects and induce errors in the calculation of the
open eye outcome. (3) The tear film was not directly visualized during blinking. Tear film
thickness, which is related to the tear meniscus and blinking, was not measured. Ultra-high
resolution OCT may be an ideal tool and future studies may focus on the tear film dynamics
and its interaction with tear meniscus in dry eye patients. (4) The two study groups were not
age-matched, which may induce errors. This will be considered in future studies. However, no
study reported that the tear meniscus variables were influenced by aging. Other possible errors
in the OCT methods have been discussed in detail elsewhere.16

In summary, aqueous tear deficiency dry eye patients had reduced tear meniscus dynamics
during normal blink cycle. During delayed blinking, they also had a smaller increase of the
tear volume than healthy subjects. The reduction of tear meniscus dynamics may be the result
of lower tear secretion and the possible reduction or shutting down of the tear drainage system.
Analysis of tear meniscus dynamics may provide more insight in the altered tear system in dry
eye patients.
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Figure 1. A diagram of the instruction for measuring tear meniscus variables during blinking
Two consecutive blink actions were recorded by OCT during both normal and delayed blinking.
The frames acquired immediately before (checkpoint A, C) and after (checkpoint B, D) each
blink action were processed to yield tear meniscus variables. The mean values of checkpoint
A and C were defined as the tear meniscus variables before blink. Similarly, the mean values
of checkpoint B and D were defined as the tear meniscus variables after blink. The tear meniscus
variables at the beginning and the end of the open eye period were obtained from checkpoint
B (after first blink) and checkpoint C (before second blink), respectively.
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Figure 2. Upper and lower tear menisci in a dry eye patient and a control subject imaged
immediately before normal and delayed blinks
The images obtained from a dry eye patient (Far left, Middle left) and a control subject (Middle
right, Far right) were demonstrated. Compared to normal blinking (Far left, Middle right), both
upper and lower tear menisci were swollen with delayed blinking (Middle left, Far right). The
tear menisci in the dry eye patient (Far left, Middle left) appeared smaller than those in the
control subject (Middle right, Far right). CO, cornea; UTM: upper tear meniscus; LTM: lower
tear meniscus; UL, upper eyelid; LL lower eyelid. Bars = 500 µm.
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Figure 3. Tear meniscus height and volume during normal and delayed blinking in dry eye patients
and control subjects
Both upper and lower tear menisci heights (Top right) and volumes (Bottom right) during
delayed blinking were significantly larger than those during normal blinking (Top left, Bottom
left) in both dry eye patients and controls (P < .05). The asterisks (*) indicate the tear meniscus
variables in dry eye patients were significantly smaller than those in controls (P < .05). UTM,
upper tear meniscus; LTM, lower tear meniscus; TMH: tear meniscus height; TMV: tear
meniscus volume.
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Figure 4. Blink outcome and open eye outcome of tear meniscus volume during normal and delayed
blinking in dry eye patients and control subjects
During normal blinking, dry eye patients had smaller blink outcome and open eye outcome of
lower tear meniscus volume during normal blinking (Middle right). Furthermore, open eye
outcomes of both tear menisci in dry eye patients were smaller during delayed blinking
compared to controls (Middle left, Far right). The asterisks (*) indicate the outcomes in dry
eye patients were significantly smaller than those in controls (P < .05). Vertical bars denote
95% confidence intervals. UTMV: upper tear meniscus volume; LTMV: lower tear meniscus
volume.
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Table 2

Blink outcome and open eye outcome of tear meniscus volume during normal and delayed blinking in dry eye
patients and control subjects.

UTMV (µL) LTMV (µL)

Dry eye Controls Dry eye Controls

Normal blinking

 Blink outcome

    Mean −0.03 −0.03 0.004* −0.06

    ± SD 0.07 0.11 0.06 0.15

 Open eye outcome

    Mean 0.04 0.04 −0.03* 0.05

    ± SD 0.13 0.13 0.13 0.12

Delayed blinking

 Blink outcome

    Mean 0.02 −0.01 −0.16 −0.43

    ± SD 0.11 0.14 0.46 1.97

 Open eye outcome

    Mean −0.01* 0.07 0.13* 1.29

    ± SD 0.14 0.17 0.36 3.08

UTMV, upper tear meniscus volume; LTMV, lower tear meniscus volume.

The asterisks (*) indicate the outcomes in dry eye patients were significantly smaller than those in controls (P < .05).
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