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ABSTRACT

Purpose: Dry eye is often characterized by increased tear evaporation due to poor tear film quality, especially of
the lipid component of the tear film. Using an environmental chamber to induce environmental stress, this
study compared the effect of three lubricant eye drops on various aspects of tear physiology in a crossover
design (evaporation was the principal outcome measure).

Methods: Three eye drop formulas were tested: 0.5% carmellose sodium (Drop C), 0.5% carmellose sodium with
added lipid (Drop C-L) and 1.0% glycerine with added lipid (Drop G-L). Nineteen control and 18 dry eye
subjects used each product for 2 weeks, three times per day, in a random order, with a minimum 1-week
washout between treatment periods. Tear evaporation, break up time, osmolarity, tear structure (by
interferometry) and patient symptoms were assessed with the subjects adapted for 10 min in an environmental
chamber controlled at 20% relative humidity and 22 �C. The treatment effects were analyzed using general
linear model repeated measures analyses of variance.

Results: In dry eye subjects, evaporation, break up time, osmolarity and symptoms improved for all formulas
(p50.05). Normal subjects showed some improvements: evaporation with C-L, osmolarity with C and
symptoms with C-L and G-L. Change in evaporation was greater for both C-L and G-L versus C (p50.05), and
there was a trend for C-L to reduce evaporation more than G-L (p50.11). There were no significant treatment
effects on tear film structure.

Conclusion: Overall, the eye drop formula containing both carmellose sodium and lipid (C-L) produced a greater
treatment effect on tear evaporation than the other formulations containing only one of these ingredients. This
study also demonstrates the utility of a controlled environmental chamber in showing the difference in
performance between dry eye treatments.
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INTRODUCTION

Dry eye disease, a complex group of conditions, is
characterized by a dysfunction of one or more of the
components of the tear film, and in 60% or more of
patients there is the condition of evaporative dry eye.1

Often exacerbated by adverse environmental condi-
tions such as prolonged visual display unit use, low
relative humidity (RH) and/or excessive wind or air
conditioning,2–5 studies have shown that such envi-
ronments cause an increased rate of evaporation of the
ocular surface tear film in both dry eye6 and normal
subjects.7

To fully understand the effect of the environment
(specifically RH and temperature) on tear physiology,
it is vital to control exposure conditions. Environment
chambers work well in this instance, by controlling
environmental stress (i.e. lowering RH) and can be
used to assess the robustness of therapeutic interven-
tions.5,8–10

Many dry eye sufferers find symptomatic relief of
environmental dry eye symptoms through the use of
ocular lubricants.11–15 There are many ocular thera-
peutics on the market, with varying compositions.
Some formulations contain an oil-in-water emulsion,
intended to replenish both aqueous and lipid
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components of the tear film, leading to greater
stability and a longer-lasting therapeutic benefit.
This is achieved by the production of a more stable
oily layer at the air–tear interface, to help prevent the
evaporation of existing tears.12,16,17

The rationale of this study was to ascertain the
therapeutic effect of chronic application (three times
daily for 2 weeks) of three distinct types of artificial
tear formulas: (1) a standard aqueous drop containing
0.5% carmellose sodium (Drop ‘‘C’’); (2) a drop with
the same 0.5% carmellose sodium with added lipid
(Drop ‘‘C-L’’) and (3) a drop without a lubricant
polymer, containing 1.0% glycerine with added lipid
(Drop ‘‘G-L’’). These were tested in dry eye and
normal subjects exposed to conditions of environ-
mental stress (low RH). The effects were assessed in
terms of changes in symptoms and tear physiology,
with tear film evaporation as the principal outcome
measure.

METHODS AND MATERIALS

Study Design

This study was three-armed, crossover and double
blind in design. It was conducted according to the
principles contained in the Declaration of Helsinki.
Ethical approval was obtained from the Glasgow
Caledonian University Ethics Committee, the
Regional Ethics Committee (South East Scotland
Research Ethics Committee 2) as well as the
Medicines and Healthcare products Regulatory
Agency of the United Kingdom (MHRA (Ref CI/
2011/0007)). Written informed consent was obtained
from all participants after explanation of the study
procedures and requirements.

Subject Enrollment

Participants were initially enrolled by poster adver-
tisement. Two groups of participants were recruited;
those with dry eye and a group of age- and sex-
matched normal controls. The initial dry eye inclusion
criteria were 510 s using a Hir-Cal grid for non-
invasive tear break-up time (NITBUT);18 and510 mm
in 5 min for Schirmer (without anesthetic). The
Schirmer value of less than 10 mm was in order to
include mild dry eye cases. Our cutoff of 10 mm
represents a severity level 2 in the DEWS Report.
A cutoff of 5 mm is a level 3 or severe/Sjogren’s dry
eye. In addition, a grade of 1, 2 or 5 using the grading
scale of Thai et al.19 for thin-film interferometry and a
score of �10 on the OSDI Questionnaire.20 All test
results had to exceed the above values. A negative
response to any of these tests placed participants in
the ‘‘normal’’ category.

A total of 38 participants were recruited for
the study, 19 in each group (based on a power
calculation (http://www.cs.uiowa.edu/�rlenth/
Power/) obtained from pilot data from a previous
study).21 Due to loss to follow up, the final number
included in the analysis was 37; 19 controls (7 male, 12
female; mean age� SD 30� 12 years) and 18 dry eye
participants (7 male, 11 female; mean age� SD 41�14
years).

Environmental Conditions

Participants were subjected to conditions in a con-
trolled environment chamber (Weiss Gallenkamp,
Loughborough, UK) located in Vision Sciences at
Glasgow Caledonian University, Glasgow, UK. The
environmental chamber is an isolated room 2.19 m
wide, 2.3 m deep and 2.3 m high in which temperature
and RH can be controlled between 5 �C and 35 �C and
5–95%. All measures were carried out after patient
adaptation periods of 10 min to environmental condi-
tions of 22 �C at a RH level of 20%.21 These conditions
differed from those normally found in the United
Kingdom where ambient external humidity levels are
between 70% and 90% (Met Office – MIDAS Land
Surfac http://badc.nerc.ac.uk/view/badc.nerc.ac.
uk__ATOM__dataent_ukmo-midas) and internal
levels within our facility between 35% and 50% RH.
Therefore the study conditions stressed the tear film,
particularly of dry eye patients, leading to an increase
in evaporation of around 33%.22,23 The chamber’s low
environmental condition could have had an effect on
tear film osmolarity (presumably higher in most
subjects due to increased evaporation), but this
effect should be equal between conditions for each
subject (the advantage of a crossover design) and
is unlikely to have affected the conclusions of
the study.

Test Parameters

Tear Film Evaporation
Tear film evaporation rate was determined with a
Servo-Med EP-Evaporimeter.24 This measures the RH
and temperature at two sensors separated by a known
distance, above the evaporative surface. The ocular
surface evaporation was calculated from measure-
ments of fluid loss with the eyes open and closed to
eradicate the contribution of sweat from the facial skin
in the eye region.

Interferometry
The structure and quality of the tear film was assessed
by observing the interference fringes of the lipid layer
and recorded with a miniature slow motion video
camera.19 The grading scale developed previously in
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our laboratory by Thai et al.19 was utilized to grade
the tear film distribution.

Non-invasive Tear Break Up Time
The HIR-CAL grid system18 based on a modified
Bausch and Lomb keratometer was used to measure a
non-invasive tear break up time. The HIR-CAL grid
was focused on the pre-corneal tear film and the time
before the first distortion of the grid image was
observed: three measurements were taken and the
mean calculated.

Osmolarity
Tear osmolarity was measured using the OcuSense
TearLab Osmometer.25 Employing a single use,
disposable test card mounted to a collection pen,
tear samples are obtained by passive capillary action
from the inferior-temporal tear meniscus. The pen
monitored the collection process and provided an
audible and visual signal when the sample of tear was
complete. The pen was then docked into the reader,
which calculated and displayed the osmolarity
result.25 All subjects had their osmolarity measured
on both eyes at the first visit. The eye with the higher
recording at that time was designated as the ‘‘test eye’’
and was measured at all subsequent visits.

Questionnaire
Symptomatology was evaluated with the validated
OSDI questionnaire.20 This is made up of 12 questions
relating to dry eye symptoms, and assesses these on a
scale of 0 to 100, with higher scores representing
greater disability. A cut of score of �10 was used for
dry eye symptoms.20

Study Protocol
Once enrolled in the study, the participants were
randomly allocated the use of each of three drops; C
(0.5% carmellose sodium (Refresh Tears� Lubricant
Eye Drops, Allergan, USA)), C-L (0.5% carmellose
sodium with added lipid (Optive PlusTM Lubricant
Eye Drops, Allergan, USA)) or G-L (1.0% glycerine
with added lipid (Refresh Ultra� Lubricant
Eye Drops, Allergan, USA)). Participants used each
product for 2 weeks, three times per day, with a
minimum 1-week washout between treatment peri-
ods. All test parameters were measured at baseline
and at 14� 2 days after initial use of each of the drops.
At least 1 h had elapsed since the last drop instillation
and all measurements were taken between 10 am and
4 pm.

Statistical Analysis

All statistical analyses were performed with the SPSS
Version 18 (SPSS Inc., IBM Software, Portsmouth, UK)
statistical software package. Descriptive statistics

(reported as means� standard deviation) were com-
pleted. To determine the relationship of the tear
physiology measures before and after treatment with
each of the three solutions, repeated measures anal-
yses of variance (ANOVA) were used. Shapiro–Wilk
normality testing was carried out before ANOVA was
applied. Data was found to be normally distributed in
this study, a general linear model (GLM) was adopted
with the symptoms or tear physiology measures as
the between-effect variables and time and patient type
(dry eye or control) as the within-effect variable.
These analyses allowed comparisons of the effect of
treatment on individual physiological measures, as
well as comparisons between therapies.

RESULTS

Comparisons of Symptoms and Tear
Physiology Measures Before and After
Treatment

A pattern of improvement in the tear physiology
measures was observed over the treatment periods
with all the solutions (Tables 1 and 2).

Comparisons of the tear physiology measures
before and after treatment with the three solutions
showed significant statistical changes after treatment
for the following: (decreased) tear evaporation rate
(with Drop C-L in controls (p¼ 0.010) and all solutions
in dry eye (p¼ 0.0001) (Figure 1); (improved) symp-
toms (OSDI score) (with Drop C-L (p¼ 0.013) and
Drop G-L (p¼ 0.011) in controls and all solutions for
dry eye (p¼ 0.001); NITBUT (no change in controls
and all solutions in dry eye (Drop C (p50.0001), Drop
C-L (p¼ 0.002) and Drop G-L (p¼ 0.008)) (reduced)
are osmolarity (Drop C for controls (p¼ 0.031) and all
solutions for dry eye (Drop C¼ 0.003, Drop C-L
(p50.0001) and Drop G-L (p¼ 0.001)). No significant
changes in the tear stability by interferometry were
found for either subject group with any treatment
(p40.05).

Comparison of the Effects of Different
Treatments on Symptoms and Tear
Physiology Measures

Statistical analyses of the effectiveness of treatments
with the three formulas for all participants were
undertaken by applying a GLM repeated measure
ANOVA (Table 3 and Figure 2).

Significant differences between the effects of the
study treatments were found only for changes in tear
evaporation rate; evaporation change (decrease) was
greater with Drop C-L compared to Drop C
(p50.0001) and with Drop G-L compared to Drop C
(p¼ 0.016). The change (decrease) with Drop C-L
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FIGURE 1. Estimated marginal means of evaporation rate pre and post treatment for each therapy. (a) Dry eye patient data.
(b) Control patient data. The before and after data for other measures can be seen in Tables 1 and 2.

TABLE 3. Change in symptoms and tear physiology measures (mean� SD of difference of pre–post therapy values for each subject)
with each therapy.

Drop C Drop C-L Drop G-L

DE Control DE Control DE Control

Evaporation 11.12� 10.58 � 1.17� 7.83 21.07� 10.91 4.45� 6.69 19.31�13.52 �0.43� 9.63
NITBUT �2.36� 2.12 0.26� 4.65 �3.3� 3.98 �0.95� 8.31 �1.75� 2.45 0.89� 8.75
Interferometry �0.55� 1.42 �0.15� 2.60 �0.50� 1.65 �0.10� 0.57 �0.77� 1.59 0.37� 0.95
Osmolarity (Osm) 15.39� 8.65 10.58� 11.05 23.78� 6.24 4.95� 4.77 22.45� 2.42 �4.64� 12.77
Symptoms (OSDI score) 7.29� 5.98 1.32� 1.2 8.68� 6.05 3.62� 3.78 7.64� 4.47 2.08� 1.08

These changes are shown for the dry eye (N¼ 18) and control (N¼ 19) groups.

TABLE 1. Pre and post symptoms and tear physiology measures (mean� SD) for the dry eye group (N¼ 18) with each therapy.

Drop C Drop C-L Drop G-L

DE DE DE

Pre Post Pre Post Pre Post

Evaporation (g/m2/s) 49.91� 24.18 38.78� 18.91 50.29� 19.86 29.21� 13.6 54.99� 22.24 35.68� 15.84
NITBUT (s) 6.33� 2.16 8.69� 2.31 6.55� 2.50 9.88� 3.77 6.92� 1.24 8.66� 2.35
Interferometry (Grade) 1.39� 0.69 1.94� 1.30 1.72� 0.89 2.22� 1.35 1.28� 0.57 2.06� 1.30
Osmolarity (Osm) 329� 7 314� 16 326� 6 302� 12 329� 18 307� 15
Symptoms (OSDI score) 23.1� 15.3 15.9� 9.29 22.8� 14.8 12.2� 8.73 21.4� 13.8 13.8� 9.35

TABLE 2. Pre and post symptoms and tear physiology measures (mean� SD) for the control group (N¼ 19) with each therapy.

Drop C Drop C-L Drop G-L

Controls Controls Controls

Pre Post Pre Post Pre Post

Evaporation (g/m2/s) 16.88� 8.55 18.06� 13.83 15.68� 7.43 11.22� 4.66 14.95� 6.40 15.39� 10.93
NITBUT (s) 15.78� 4.78 15.52� 7.02 17.10� 4.29 18.05� 8.18 15.47� 4.18 14.57� 7.58
Interferometry (Grade) 3.79� 0.42 3.94� 2.61 3.68� 0.48 3.78� 0.42 3.63� 0.76 3.26� 1.14
Osmolarity (Osm) 305� 20.6 295� 9.5 299� 16 296� 11 297� 22 302� 9.5
Symptoms (OSDI score) 4.17� 4.17 2.85� 2.96 5.59� 5.14 1.97� 2.35 3.73� 3.44 1.64� 2.36
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compared to Drop G-L was significant at the 11% level
(p¼ 0.105).

Statistical comparisons of the treatment effects of
the solutions when used by dry eye patients alone
showed a significantly greater reduction in evapora-
tion with Drop C-L (p50.0001) and Drop G-L
(p50.0001) than with Drop C (Figure 2).

DISCUSSION

Dry eye in the majority of cases is characterized by
increased tear film evaporation – particularly in
evaporative dry eye, but it is also a feature of many
cases of aqueous deficiency dry eye.1,22,23 This
increase is due to poor tear film quality, especially of
the lipid component of the tears. This inability of the
lipid layer to effectively prevent tear fluid loss from
the ocular surface is exacerbated by adverse environ-
mental conditions such as low humidity. Dry eye
patients are frequently prescribed artificial tears to
help supplement the reduced volume of the tears in
the dry eye. These supplements can take a number of
forms26,27 some of which are intended to enhance the
lipid layer of the tear film. The primary objective of
this study was to compare the effect of sustained
treatment with three forms of lubricant eye drops on
tear physiology and patient symptoms in normal
control and dry eye subjects. Tear film evaporation
was the principal outcome measure in the study.

The use of all formulations significantly improved
tear evaporation rate, tear break up time, osmolarity
and symptoms in dry eye patients – in line with other
recent studies.28 Some improvements may also be
seen in control subjects.11,16 To determine the differ-
ential effects of treatment with Drop C, Drop C-L and
Drop G-L, the changes in tear parameters, post
treatment were compared. The change in evaporation

was greater for both Drop C-L (42%) and Drop G-L
(34%) than Drop C (22%, p50.05), and there was a
trend for Drop C-L to reduce evaporation more than
Drop G-L (p50.10). There were no significant differ-
ential treatment effects on the tear film structure (by
interferometry) or osmolarity.

The observed decrease in evaporation of up to 42%
as a result of the frequent use of eye drops containing
a lipid component supports the therapeutic strategy
of inhibiting excess evaporation through enhance-
ment of the layer. In prior studies of changes in tear
film evaporation, some aqueous drops of varying
composition have demonstrated reductions similar to
our finding of 22%. McCann et al.16 found a signif-
icant reduction over a 3-month period in tear evap-
oration with a sodium hyaluronate solution by �26%,
an hydroxypropyl methylcellulose (HPMC) contain-
ing solution reducing evaporation by �21%; and
Uchiyama et al.29 reported a 13.2% reduction in tear
film evaporation rate at 25–35% RH following a single
application of a HP-Guar containing drop. In contrast,
Khanal et al.30 reported a 7% increase in evaporation
following 1 month of use of a Hypromellose eye drop.

With lipid-containing drops, prior reports have
shown some similarity to the present findings:
McCann et al.16 observed a 45% reduction with an
emulsion drop from a high baseline value; while
Khanal et al.30 reported 22% reduction with a formula
similar to the presently-tested G-L under ambient
environment test conditions.

The target reduction in evaporation sought in
therapy for dry eye is in the order of 46% for
evaporative cases and 24% in aqueous tear deficiency;
this is based upon a recent meta-analysis of the inputs
and outputs of the lacrimal system indicating that the
evaporation rates in the normal average 13.57� 10�7
g/cm2/s, those for aqueous tear deficiency
17.91�10�7 g/cm2/s, and in evaporative dry
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FIGURE 2. A comparison of the differences between treatment effects of solutions (change in evaporation) pre- and post treatment.
(a) Dry eye patient data. (b) Control patient data. Dashed lines show regression line for each treatment.
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25.34� 10�7 g/cm2/s.22 Thus, the current observation
of 42% reduction with Drop C-L under stressed
conditions should provide a clinically useful improve-
ment in tear film function.

Both of the tested lipid-based formulas, C-L and
G-L, contain the same lipid, castor oil; the key
difference in the case of C-L may be the presence of
the established demulcent polymer carmellose
sodium (although there are other differences in
excipients). In prior studies, carmellose sodium has
been shown to improve signs and symptoms of dry
eye31,32 and has demonstrated some superiority over
other polymeric demulcents, including hyaluronic
acid solutions.33 It is likely that the presence of
carmellose sodium in the C-L formula has improved
overall tear stability, as demonstrated in these earlier
studies, leading to additional positive effects on tear
evaporation.

It is not clear from the current literature what the
optimum type or amount of lipid should be in a
lubricant eye drop designed to enhance the lipid layer
in evaporative dry eye patients. In the current inves-
tigation, Drop C-L contains the same type (castor oil)
but less total quantity as drop G-L, suggesting that
only a relatively small amount of lipid may be needed
to adequately improve lipid layer function. Other
lipid formulations have made use of mixtures of
mineral oils (Soothe, Bausch & Lomb. Rochester, NY,
USA; Systane Balance, Alcon, Fort Worth, TX, USA),
or alternatively soybean oil and phospholipid
(Emustil, SIFI). Clinical comparisons between these
formulas have been limited: Scaffidi and Korb34 did
demonstrate greater lipid layer thickening with a 5.5%
mineral oil emulsion compared with a 1.25% castor oil
emulsion, at least over a relatively brief time after
drop instillation. However, no differences in overall
clinical benefit were reported in that contra lateral eye
study. Clearly, further comparative work addressing
the effect of lipid containing tear supplements on
standard signs and symptoms of dry eye would be
useful.

The literature reports that the thickness of the lipid
layer in the healthy eye ranges between 50 and
180 nm.35,36 Similarly, the exposed area of ocular
surface has been reported to range from 2.25 to
3.75 cm.2,37 Therefore by simple calculation, the total
volume of lipid in the tear film of the healthy eye
ranges from approximately 0.01 to 0.07mL. In a 50 mL
eye drop, this amount is equivalent to a lipid content
of 0.15% by volume (or less); therefore formulations
containing 1% lipid or greater may be supplying
excess lipid that could contribute to blur or irritation.
In a recent multi-center clinical trial comparing the
overall clinical performance of formula C-L with G-L
(reported at ARVO 2012 by Simmons et al.21), reports
of blur, visual disturbance and instillation site pain or
discomfort were reduced with C-L (with 51% oil)
versus G-L (with41.0% oil).

The present study demonstrated a reduction in
osmolarity in dry eye subjects with all therapies, with
Drop C-L showing the greatest decrease (7%; from
326 mOsm/l to 302 mOsm/l). This reduction in osmo-
larity with therapeutic intervention correlates well
with a recent study, which reported a 9% reduction in
variation of osmolarity from 341 to 307 mOsm/l post
treatment (cyclosporine A) over a 3-month study
period.28 Of the 18 dry eye subjects participating in
this study, all demonstrated a response to each
therapy (Drop C, Drop C-L and Drop G-L) by a
decline in tear hyper-osmolarity; with a large
proportion demonstrating a ‘‘normalization’’ of osmo-
larity (5308 mOsm/l) after 3 months of treatment
(respectively 38%; 56% and 56% of dry eye patients
had iso-osmolarity with Drop C, Drop C-L and Drop
G-L). This agrees with previous reports examining the
clinical utility and variability of objective tests over
time, and supports the hypothesis that efficacious dry
eye therapy should achieve a stable and low tear film
osmolarity.28

In contrast, for normal subjects, changes with
treatment in osmolarity varied greatly, from a
decrease of 10.58 mOsm in the C group to an increase
of 4.64 mOsm in the G-L group, with a high degree of
variability. Under the conditions of environmental
stress used in the present study, this suggests that
there may be considerable variability in the degree of
adaptability of the lacrimal feedback system in these
normal subjects.

Previous reports have shown tear osmolarity
reduction after therapy can be accompanied by an
improvement in symptoms.28,38 This was also shown
in the present study, with all formulations improving
patient symptoms, particularly those complaining of
dry eye. The improvement in OSDI scores was found
to be higher with Drop C-L than with the other two
therapies, in both dry eye and control patients. As in
the tear evaporation results, this may be due to the
inclusion of both carmellose sodium and lipid in this
formula. Further, the reduced level of lipid in this eye
drop compared to other formulas may have improved
its level of patient acceptance and tolerability, as
reported in larger clinical trials with the same
formula.39

CONCLUSION

Overall, the eye drop formula containing both
carmellose sodium and lipid produced a greater
treatment effect as measured by decreased tear film
evaporation than the other solutions containing only
one of these ingredients. This study also demonstrates
the utility of a controlled environmental chamber in
providing the ‘‘stress test conditions’’ for investigating
the differences in in-eye performance of dry eye
therapies.
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