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Abstract
Objectives—To determine the pattern of variations in tear osmolarity and tear meniscus volume
in dry eye patients and in healthy control subjects over an 8-hour daytime period.

Methods—Ten normal subjects (5 males and 5 females with a mean age of 27 ± 7 yrs) and 10
dry eye patients (4 males and 6 females with a mean age of 36 ± 12 yrs) who had been diagnosed
on the basis of having an ocular surface discomfort index (OSDI) >12 and a tear breakup time of <
10 seconds or Schirmer’s test score of < 5 mm were included. The tear meniscus volumes of the
participants were measured using ultra-high resolution optical coherence tomography (OCT), and
tear osmolarity was measured using the TearLab Osmolarity System. Both measurements
protocols were conducted on the right eye of each participant every two hours beginning at
8:30AM and ending at 4:30PM. OCT imaging was performed first and was followed by
osmolarity testing.

Results—The mean tear osmolarity of the dry eye patients was 304.0 ± 10.8 mOsm/L, and the
mean tear osmolarity of the normal subjects was 298.0 ±14.2 mOsm/L (P > 0.05). Over the course
of 8 hours, the average measured osmolarities of the dry eye group varied by approximately 21.9 ±
13.5 mOsm/L (range, 6–43 mOsm/L), and the average measured tear osmolarities of the normal
group varied by approximately 21.0 ± 9.2 mOsm/L (range, 8–35 mOsm/L). At 2:30 PM, the
average volume of the tear menisci in the dry eye group was significantly lower than that of the
subjects in the normal group (P < 0.05). No correlations between the tear meniscus volumes and
tear osmolarities of either group were observed.

Conclusions—Variations in the tear osmolarities of individual dry eye patients and healthy
normal control subjects were documented over the course of 8 daytime hours. No relationships
between tear osmolarities and tear meniscus volumes were observed.
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Introduction
The tear system is highly dynamic, and the secretion, distribution, evaporation, and drainage
of tears all play important roles in maintaining the proper tear balance.1–3 Together, these
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functions can be thought of as constituting a “tear loop” that maintains tear homeostasis.
Tears are secreted by the lacrimal gland, and they are subsequently distributed over the
ocular surface during the process of blinking. They depart from the ocular surface via
evaporation and drainage into the lacrimal puncta.4 The disruption of any of the component
that are involved in maintaining the balance of the system may result in tear system
abnormalities and may eventually lead to symptoms of dry eye.3,5 Tear osmolarity and
volume are two key components of tear dynamics.6 The first-line method of dry eye
management is the use of artificial tears that ameliorate the altered tear dynamics by
decreasing the tear osmolarity7 and/or supplementing the tear volume.8 It has been
suggested that tear hyperosmolarity is one of the main causes of the dry eye symptoms and
objective signs.9–13 Measurement of tear osmolarity is considered to be an effective and
objective test that can be used in diagnosing of dry eye, regardless of the etiology of the
condition.3,14–17 Farris et al. proposed the use of tear hyperosmolarity measurement as a
possible gold standard for the diagnosis of dry eye.18

On the basis of both the observation that tear volume is reduced in dry eye patients in our
previous study19 and the observations of elevated tear osmolarity in dry eye patients that
were found in other studies,3,14,16 we postulate that there may be an inverse relationship
between tear volume and tear osmolarity. Thus, as the tear volume diminishes in patients
with dry eye, the osmolarity of the patient’s tears becomes elevated. However, this
relationship has not been well established. The upper and lower menisci contain
approximately 75%–90% of the total volume of the tears that are located on the ocular
surface.20 The use of a non-invasive optical coherence tomography (OCT) technique in the
measurement of tear menisci is now well established,21,22 and this technique has been used
in the both the evaluation and diagnosis of dry eye disease with high levels of repeatability
and sensitivity.23,24 Moreover, although there are clear diurnal variations in the tear
menisci,22 variations in tear osmolarity that occur throughout the day remain unclear and
continue to be a subject of debate (Dalton KN, Jones LW. Optom Vis Sci 2005;82:E-
abstract 055070).25–28 The goal of the present study was to measure the diurnal variations of
tear osmolarity and to assess the relationship between tear osmolarity and the volume of the
tear meniscus during daytime hours in both healthy subjects and dry eye patients.

Materials and Methods
Ethical approval for this prospective study was obtained from the University of Miami
Institutional Review Board for Human Research. Written informed consent was obtained
from each participant prior to enrollment in the study, and the study was conducted in
accordance with the tenets of the Declaration of Helsinki. Study candidates underwent a
screening process that included a survey of general medical and ophthalmologic history, slit-
lamp biomicroscopy, a tear break-up time (TBUT) test, a fluorescein staining procedure, a
Schirmer I test with anesthesia, and an assessment of Meibomian dysfunction. Each subject
was also asked to complete two dry eye questionnaires including the Ocular Surface Disease
Index (OSDI)29 and another survey that was designed by Lin et al. and that consisted of 8
questions.30 Participants in the present study were diagnosed with dry eye on the basis of
specific signs and symptoms (an OSDI score that was >12 and a TBUT of <10 seconds or a
Schirmer test score of <5 mm). Normal subjects reported being healthy and having no
previous diagnosis of dry eye. None of the subjects had any current ocular or systemic
diseases such as conjunctival, scleral, or corneal diseases, glaucoma, diabetes mellitus, or
connective tissue diseases. Potential subjects who had a history of eye surgery, trauma, hard
contact lens wear within the previous year, or who were taking antidepressant or diuretic
medication at the time of the study were excluded. Soft contact lens wearers were asked to
stop wearing their lenses for at least 1 week prior to data collection. The use of artificial
tears was not allowed during the visit at which the tear meniscus volumes and tear
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osmolarities were measured. In total, 20 participants were recruited and were categorized
into 2 groups: dry eye patients and normal controls. The dry eye group comprised 10 dry eye
patients (4 males and 6 females) who had a mean (± SD) age of 36 ± 12 years and who had
mild or moderate dry eye according to their OSDI scores. The normal group comprised 10
healthy subjects (5 males and 5 females) who had a mean (± SD) age of 27 ± 7 years.

A custom-built, ultra-high resolution (~3 μm in tissue or water) spectral domain OCT
(UHR-OCT) device was used to image the tear menisci of human eyes in the present study;
specific details of this measurement technique have been described previously.21,31 Briefly,
the light source of the UHR-OCT had a broad bandwidth (100 nm) with a center wavelength
of 840 nm. The light source was connected to a telecentric light delivery system that was
driven by an X-Y galvanometer scanner, and the power that was delivered into the eye was
within a safe range.32,33 The scan depth was set to 2 mm with a width of up to 15 mm.
Custom software was used to capture the tear meniscus variables of the OCT images.21,22

Each eye that was tested was also photographed during the screening visit so that the eyelid
lengths could be obtained from two-dimensional digital images. The tear volumes of the
lower and upper tear menisci (the LTMV and the UTMV, respectively) were calculated by
the same method as has been previously described,21 and the total tear meniscus volume
(TTMV) was the sum of LTMV and UTMV.

We used the TearLab Osmolarity System (TearLab™ Corp., San Diego, CA, USA) to
measure tear osmolarity.14,16,34 Each tear sample was taken by touching the tip of a test card
to the surface of the lateral inferior tear meniscus. In total, 50 nL of collected tears were
taken up into the microchannels of each test card. The samples were analyzed, and the
results were displayed on a portable reader unit. According to the manufacturer, the device
had an osmolarity measurement range of 275 to 400 mOsm/L and a coefficient of variation
(CV%) of approximately 1.5%, resulting in an analytical standard variation of ± 5 mOsm/L.
Reusable electronic check cards, which had been provided by the manufacturer as a means
of procedural quality control, were used to verify the function and calibration of the device
prior to testing the patients. Osmolarity control solution testing was also performed for each
lot number of the test cards. Patients were seated such that their heads were positioned
laterally upward and were asked to look at the ceiling. To collect tears, the tip of the test
card was positioned just above the lower eyelid so that it touched the tear meniscus.

After all of the subjects had been screened and categorized, they were scheduled for testing.
The testing appointments for all of the subjects were scheduled so that they took place at the
same time of day. At 8:30 AM (±15 minutes), a non-invasive UHR-OCT technique was
used to image the upper and lower tear menisci in the right eye of each subject. Five minutes
after imaging, the baseline tear osmolarity in the right eye of each participant was measured
in the manner described above. Both the OCT imaging and tear osmolarity measurement
procedures were repeated every 2 hours over the course of the next 8 hours. A total of 5
measurements were taken for variable in each eye.

The data were analyzed with a statistical software package (Statistica; StatSoft, Inc., Tulsa,
OK, USA) and were presented as the means ± standard deviations. For each eye, the
maximum difference in tear osmolarity over the course of the 8-hour measurement period
was calculated by subtracting the lowest osmolarity reading from the highest, regardless of
the time at which either reading occurred. Independent sample t-tests were used to determine
whether there were between-group differences in any of the variables. Repeated
measurement analyses of variance (Re-ANOVAs) and post hoc analyses were used to
determine whether there were any differences among the 5 measurements of the tear menisci
volumes and tear osmolarities of each eye. Pearson’s correlation coefficients were calculated
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to analyze the relationships between the tear meniscus volumes and tear osmolarities over
time. A P value of < 0.05 was considered statistically significant for all analyses.

Results
The average osmolarities of all of the samples that were collected over the course of the
study period were 304.0 ± 10.8 mOsm/L (range 287 to 342 mOsm/L) for the group of dry
eye patients and 298.0 ±14.2 mOsm/L (range 278 to 342 mOsm/L) for the group of normal
subjects (P > 0.05). The average tear osmolarity in the normal group was significantly lower
at 12:30 PM than it had been at 8:30 AM (P < 0.05, Figure 1). Additionally, there were no
significant differences between both groups at any time points. Contrarily, there were no
significant changes in the average tear osmolarity of the dry eye group during the entire
study period (P > 0.05, Figure 1). Over the course of the 8-hour study period, the mean
maximum difference in the tear osmolarity of the dry eye subjects was 21.9 ± 13.5 mOsm/L
with a range of 6 – 43 mOsm/L (Figure 2), and the mean maximum difference in the tear
osmolarity of the group of normal subjects was 21.0 ± 9.2 mOsm/L with a range of 8 – 35
mOsm/L.

Both the upper and lower tear menisci were visualized in both eyes of all 20 subjects. None
of the changes in the volumes of the menisci that occurred over the course of the 8-hour
study period were significant for either group (Table 1, Figure 3). From 8:30 AM (baseline)
to 10:30 AM, there were no significant differences in either the total tear meniscus or lower
tear meniscus volumes between the dry eye group and the normal group. However, at 2:30
PM, there were significant differences in the total tear meniscus volumes of the two groups
(P <0.05, Figure 3A). From 12:30 PM until 2:30 PM, the lower tear meniscus volumes of
the normal group were greater than those of the dry eye group (P < 0.05, Figure 3B). There
were no significant differences in the upper tear meniscus volumes of the two groups at any
time (Figure 3C). In addition, no correlations between the tear meniscus volumes and tear
osmolarities were found in either group (R2 <0.036, P > 0.05, Figure 4).

Discussion
The individual daytime variations in the tear osmolarities of both the normal and dry eye
groups indicate the dynamic nature of the tear system. Any factors that interrupt the
secretion, distribution, evaporation, or drainage of tears may interfere with the dynamic
balance of the tear system and may result in variations of both tear osmolarity and tear
volume.3 This may be the reason that the nature of diurnal changes in tear osmolarity
remains unclear and a subject of debate.25–28 Terry et al. reported that the tear film is
hypertonic during waking hours and that it is isotonic with the blood serum during sleep.25

Uniacke et al. found that tear osmolarity increased during the day, declined in the evening,
and was isotonic with the blood serum during sleep.26 For the normal subjects in the present
study, a decrease in tear osmolarity relative to baseline levels was evident by 12:30 PM, but
no significant changes in tear osmolarity occurred in the dry eye group. These data are
consistent with the findings of von Bahr et al.; they reported that there were no variations in
tear osmolarity that were associated with sleep/wake cycles.27,28 Dalton et al. (Dalton KN,
Jones LW. Optom Vis Sci 2005;82:E-abstract 055070) used a novel nanoliter osmometer to
evaluate the tear osmolarities of a group of subjects that included both healthy people and
dry eye patients. They found that although there was little variation in the average tear
osmolarity over the course of a day, the degree of variation within an individual could be
significant.

Invasive tear sampling in the lateral tear meniscus may affect both the accuracy and
repeatability of tear osmolarity measurements. This may explain the lower osmolarities and
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the absence of differences between normal and dry eye groups reported by others.9,14–16,35

In addition, an awareness of the positioning of the test card tip on the ocular surface may
unintentionally induce a hypersecretory reflex in some subjects,14,37 especially in subjects
with low tear volumes who require longer sampling times to collect an appropriate quantity
of tears. Reflex tearing during the test may cause some sampling-induced variations in tear
osmolarity. Tear osmolarity also varies according to the angle at which the TearLab chip is
positioned (Wunderlich K, et al. IOVS 2011;52:ARVO E-Abstract 3797) and the sampling
site.37 Wunderlich et al. found that the tear osmolarity values that were obtained with the
same TearLab chip varied significantly when it was positioned at each of three different
angles. Tears from many locations of the ocular surface have been sampled including the
meniscus, the conjunctival fornix, the temporal side, and the medial and outer parts of the
conjunctival sac. Gaffney et al.38 predicted that the tear film would have a higher osmolarity
than tears in the menisci of both normal and dry eye patients. In the present study, we
sampled tears from the lateral lower tear meniscus. In future studies, determining the
osmolarities of the tear film itself and of the upper tear meniscus may provide a deeper
understanding of the complex relationships between the tear sampling location and
osmolarity.

Opinions regarding the tear osmolarity that can be considered a reliable measure for the
diagnosis of dry eye vary among different investigators.3,39–41 Gilbard et al.39 found the
mean tear osmolarity of dry eye patients was 365 ± 77 mOsm/L, whereas Iester et al.40 and
Mathers et al.41 reported values of 349.5 ± 19 mOsm/L and 313.7 ± 13 mOsm/L,
respectively. In a meta-analysis, Tomlison et al.3 found that an osmolarity of 316 mOsm/L
yields an accuracy of 89% in the diagnosis of dry eye. Recent studies of dry eye that have
measured tear osmolarity using the TearLab Osmolarity System14,16 have found that the
mean tear osmolarities of the mild-to-moderate and severe dry eye participants were 315.0 ±
11.4 mOsm/L and 336.4 ± 22.3 mOsm/L, respectively.14 On the basis of these cut-off
values, some of the subjects in the present study could be regarded as having dry eye even
though they did not meet the categorization criteria that we used in screening for dry eye.
The goal of the present study was to identify the individual variations in tear osmolarity and
to examine the relationship between tear osmolarity variations and variations in the volumes
of the tear menisci. Neither tear osmolarity nor tear meniscus volume was used to determine
the study groups, which may be the reason that we found a lack of significant differences in
osmolarity measurements between the two groups. Nevertheless, variations in tear
osmolarity were evident and may need to be considered in future study designs.

Although the tear meniscus volumes of the participants in the dry eye group were smaller
than those of the normal subjects, the approximate daytime homeostasis of the tear menisci
was evident in both groups. Shen et al.22 investigated diurnal changes in the tear menisci of
20 young, healthy subjects, and found that the volumes of the menisci were stable during the
daytime. Thus, under normal circumstances, each component of the tear loop contributes to
the maintenance of the dynamic balance of the tear system. However, the LTMV was
significantly lower in the dry eye group compared with the normal group in the early
afternoon. Although none of the volume changes that occurred during the study period
within either group were significant, the gradual and subtle increase in the average lower
meniscus volume of the normal group and the equally gradual and subtle decrease in the
average lower meniscus volume of the dry eye group resulted in the significant differences
that were found between the two groups. This is in agreement with the findings of other
studies, such as one by Shen et al.23 in which real-time OCT was used to measure the tear
menisci in patients with aqueous tear deficiency (ATD) dry eye. They found that the tear
menisci of ATD patients were smaller than the menisci of healthy subjects. A similar result
was reported by Chen et al.19 These data indicate that there are differences in the tear
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balance of the two groups, which suggests that dry eye patients may have a partially
impaired ability to maintain a proper balance of tears by means of self-regulation.

Because it is difficult to quantify the tear osmolarity and the tear meniscus volumes of the
ocular surface, relatively little information has been made available regarding the
relationship between these two parameters in dry eye patients and in normal subjects.
Previous studies have reported that tear osmolarity and meniscus volumes were correlated
with ocular comfort and objective signs of dry eye, respectively,9–13,21,42,43 so it seems
logical that there would be some relationship between the tear osmolarity and meniscus
volumes. However, we did not find evidence of such a relationship for either group in the
present study. This is in agreement with the findings of Stahl et al. who showed that
although the heights of the tear menisci in patients with nasolacrimal duct obstructions
decreased after they received dacryocystorhinostomies, their tear osmolarities were
unaffected.44 Thus, we postulate that compared with tear volume, which was inferred on the
basis of our measurements of tear meniscus variables, tear osmolarity may be more affected
by both tear secretion and tear evaporation than by drainage.

The very large individual variations in tear osmolarity that were observed in the current
study may be another reason that we were not able to find any correlation between tear
osmolarity and meniscus volume. Moreover, this result may simply be a consequence of the
small number of subjects in each group and the lack of severe dry eye patients in the present
study. A larger study population may be required to detect a true difference between the tear
osmolarity of dry eye patients and that of healthy individuals.

The present study has some limitations. It is possible that the initial examination that was
conducted to establish baseline values may have affected the subsequent measurements. We
measured used a non-invasive OCT technique to measure the tear meniscus variables in a
dimly lit room prior to conducting the more invasive procedure for measuring tear
osmolarity. The interval of approximately 5 minutes that elapsed between the two
measurements should have largely alleviated any error that may have arisen due to the
interaction between the two measurements. Measurement errors and other possible error
sources have already been discussed.23

In summary, variations in the tear osmolarities of individual dry eye patients and normal
subjects were documented during an 8-hour daytime period. The volume of the tear
meniscus appeared to be an indicator that could be used to discriminate between dry eye
patients and normal subjects. No relationship between the measured tear osmolarities and
meniscus volumes was evident.
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Figure 1. Daytime variations in tear osmolarity
For normal subjects, tear osmolarity had fallen to levels that were significantly lower than
baseline levels by 12:30 PM. Contrarily, there were no differences in the tear osmolarity
values of the dry eye group at any of the 5 time points (P > 0.05). * indicates P < 0.05
compared with the baseline osmolarity value. Bars indicate 95% confidence intervals.
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Figure 2. Variations in tear osmolarity
In both the dry eye and normal groups, the differences between the minimum and the
maximum tear osmolarities that were measured for each subject during the course of the 8-
hour study period fell within a wide range of values. The solid line indicates the average of
the maximum differences in the tear osmolarity values of the members of the dry eye group;
the dashed line indicates the average of the maximum differences in the osmolarity values of
the members of the normal group.
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Figure 3. Daytime variations in tear meniscus volume
Both the average total tear meniscus volume (A) and the average lower tear meniscus
volume (B) of the dry eye group were significantly less than respective volumes of the
normal group at 2:30 PM. In addition, significant differences between the lower tear
meniscus volumes of the two groups were apparent at 12:30 PM. (C) There were no
significant between-group differences in the mean upper tear meniscus volumes at any time
point. TTMV, total tear meniscus volume; LTMV, lower tear meniscus volume; UTMV,
upper tear meniscus volume. * indicates P < 0.05 in comparison to the dry eye group. Bars
indicate 95% confidence intervals.
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Figure 4. Analyses of correlations between tear osmolarity, LTMV and TTMV
No correlations between the tear meniscus volumes and the tear osmolarities were observed
for either the dry eye group or the healthy normal subjects (P > 0.05). LTMV: lower tear
meniscus volume; TTMV: total tear meniscus volume.
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