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PURPOSE. To determine new referents, or cutoff levels for tear
film hyperosmolarity in the diagnosis of keratoconjunctivitis
sicca (KCS) and to assess their effectiveness in independent
patient groups.

METHOD. A meta-analysis was performed on published data for
tear osmolarity in samples of normal eyes and various subtypes
of dry eye, and pooled estimates of the mean and standard
deviations for normal and (all) dry eye subjects were deter-
mined. Diagnostic referents were derived from the intercept
between the distributions of osmolarity in the two samples and
from receiver operator characteristic (ROC) curves. This refer-
ent was tested for effectiveness of diagnosis in independent
groups with normal and dry eyes.

RESULTS. An osmolarity referent of 315.6 mOsmol/L was de-
rived from the intercept of the distribution curves, and 316
mOsmol/L from the ROC curve. When applied to independent
groups of normal and dry eye subjects a value of 316 mOsmol/L
was found to yield sensitivity of 59%, specificity of 94%, and an
overall predictive accuracy of 89% for the diagnosis of dry eye
syndrome.

CONCLUSIONS. Tear hyperosmolarity, defined by a referent of
316 mOsmol/L, was superior in overall accuracy to any other
single test for dry eye diagnosis (Lactoplate, Schirmer test, and
Rose Bengal staining), even when the other test measures were
applied to a diagnosis within the sample groups from which
they were derived. For overall accuracy in the diagnosis of dry
eye, the osmolarity test was found to be comparable with the
results of combined (in parallel or series) tests. (Invest Oph-
thalmol Vis Sci. 2006;47:4309–4315) DOI:10.1167/iovs.05-
1504

The ocular surface requires a complete tear film to maintain
its health and function; adequate production, retention,

and balanced elimination of tears is necessary for this process.
Any imbalance of these components can lead to the condition
of dry eye.1 A single biophysical measurement that captures
the balance of inputs and outputs from the tear film dynamics
is tear osmolarity. Osmolarity is the end product of variations in
tear dynamics. Normal homeostasis requires regulated tear
flow, the primary driver of which is osmolarity.2

It has been suggested that tear hyperosmolarity is the pri-
mary cause of discomfort, ocular surface damage, and inflam-
mation in dry eye.3–7 In studies of rabbit eyes, tear osmolarity
has been found to be a function of tear flow rate and evapo-
ration.8 Gilbard9 has shown, in rabbit conjunctival cell cul-
tures, that hyperosmolarity decreases the density of goblet
cells, and Nelson and Wright10 report a 17% decrease in goblet
cells for subjects with keratoconjunctivitis sicca (KCS). Armit-
age and Mazur11 found that granulocyte survival is significantly
decreased with increases in solute concentration.11 Rabbit
cells cultured in hyperosmolar states, above 330 mOsmol/L,
show significant morphologic changes12 similar to those seen
in subjects with KCS13–15 Hyperosmolarity-induced changes in
surface cells in KCS can be correlated with the amount and
distribution of Rose Bengal staining.9,16

The benefits of measuring tear osmolarity in the diagnosis
of dry eye disease have been undermined by the difficulties
of its measurement. These difficulties have hindered its
acceptance and general application in clinical practice. The
most commonly applied technique for measurement of tear
osmolarity is through observation of the change in the
freezing point of tear samples.3,5,16 –21 The major benefit of
this technique is that it requires only microliter samples of
tears (�0.2 �L). The instrument most frequently used is that
by Clifton Technical Physics (Hartford, NY) and is the
osmometer used in the seminal work of Gilbard and
Farris.3,5,6 –9,12,16,22 The disadvantages of the technique in-
clude the need for specialist expertise, constant mainte-
nance of equipment, the length of the procedure, a large
laboratory setup, and potential errors due to evaporation of
the test sample or reference standards.21,23

Ogasawara et al.24 determined osmolarity indirectly
through measurement of the electrical conductivity of tear
samples. The benefit of this technique is that tear film osmo-
larity is measured in real time, and in situ, so that no errors
occur during transfer or dilution of the tear fluid. The disad-
vantage, however, is that the sample size (up to 0.96 �L) is
dictated by the capacity of the sensor area. Also the placing of
a sensor on the ocular surface is invasive and can precipitate
reflex tearing. However, the development of new osmometers
(i.e., OcuSense, Los Angeles, CA, which requires 0.2-�L sam-
ples of tears placed into a disposable microelectrode array for
semiautomatic reading of osmolarity),25 may mean that the use
of electrical conductivity as a means to obtain tear film osmo-
larity will gain greater acceptance.

The development of new instruments for measuring human
tear film osmolarity with potential for clinical application make
it appropriate to reconsider the utility of osmolarity as a differ-
ential diagnostic feature of KCS.25 The suggestion of Farris26

that tear osmolarity measurement offers a possible gold stan-
dard for the diagnosis of the disease needs re-examining in the
light of these developments. This study was undertaken to
determine new referent, or cutoff, for tear film hyperosmolar-
ity in the diagnosis if KCS, by applying a meta-analysis to
previously published measurements of tear osmolarity. These
new referents were then assessed in an independent patient
group.
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METHODS

Meta-analysis of Human Tear Film Osmolarity

Over the past 27 years, several studies have measured tear film osmo-
larity in normal eyes and eyes with KCS3,5,16,17,19,20,22,24,27–34; most of
the studies used the freezing-point depression measurement tech-
nique. Data from these studies, collated in Table 1, were subjected to
a meta-analysis.35 Studies were included in Table 1 in which the
original available information (mean, standard deviation, and sample
size) facilitated combining or pooling of the data. The data were
combined to obtain an overall mean and standard deviation for tear
osmolarity in normal subjects and in those with KCS.

The estimates of the 95% confidence interval (CI) of the mean for
the pooled samples of normal subjects and all subjects with KCS (Table
1) are shown in Figure 1. As two of the studies in the meta-analysis20,33

report values for osmolarity in subtypes of KCS (aqueous tear defi-
ciency, meibomian gland dysfunction [MGD]; shown in Table 2), the
95% CI for these subtypes are also shown in Figure 1.

Deriving a Referent for Tear Osmolarity in the
Diagnosis of KCS from the Meta-analysis

Normal distribution curves were derived (Fig. 2) for the pooled sam-
ples in the meta-analysis of normal subjects and those with KCS

described in Table 1, and the cutoff value of the intercept between the
curves was found.36 In addition the receiver operator characteristic
(ROC) curves for this meta-analysis data set were derived (Fig. 3).37

This ROC curve gave a second referent, or cutoff, that maximized
sensitivity and specificity in differentiating persons with KCS from
normal subjects.

Testing the Effectiveness of Tear Hyperosmolarity
in the Diagnosis of KCS

The osmolarity referent derived by the intercept method and from the
ROC curve was then applied to a second independent sample of
normal subjects and those with KCS, referred for clinical evaluation to
the dry eye physiology laboratory at Glasgow Caledonian University
Eye Clinic, to determine the sensitivity and specificity in this sample.
This sample comprised 25 normal subjects and 47 arthritic subjects
with aqueous-deficiency dry eye (17 subjects) and primary Sjögren’s
syndrome (30 subjects), the data for which have been reported previ-
ously (Craig JP, et al. IOVS 1995;36:ARVO Abstract 4823). To this
group were added a further 30 subjects with dry eye in whom tear
physiology, including osmolarity, had been measured as part of their
clinical management (Table 2). This additional group included 7 with
MGD, 16 with aqueous-deficiency dry eye, and 7 with primary
Sjögren’s syndrome. Ophthalmic diagnosis (by two of the authors: KR

TABLE 1. Human Tear Osmolarity Recorded in Studies Reported in the Literature
between 1978 and 2004

Study Test
Normal Subjects

(n)
KCS

(Sum of Subtypes)

Mishima et al.32 FPD 304 � 1.5 (33) 329 � 4.7 (6)
Gilbard et al.5 FPD 304 � 10.4 (33) 343 � 32.3 (30)
Terry and Hill27 VP 310 � 5.7 (6) —
Gilbard and Farris16 FPD — 365 � 77 (20)
Farris et al.34 FPD 304.4 � 7.2 (219) 329.6 � 17 (123)
Benjamin and Hill17 FPD 318 � 31 (6) —
Farris et al.3 FPD 304 � 8 (180) 326 � 20 (111)
Farris22 FPD 302 � 5 (51) 324 � 11 (51)
Gilbard et al.31 FPD — 317 � 2.4 (29)
Gilbard33 FPD 304 � 0.3 (23) 314 � 1.0 (31)
Craig and Tomlinson17 FPD 303.5 � 13 (100) —
Mathers et al.20 FPD 303 � 10 (72) 313.7 � 13 (146)
Ogasawara et al.24 Con 296.4 � 30 (17) 324 � 41 (16)
Iester et al.28 FPD — 349.5 � 19 (58)
Isekei et al.29 FPD 283.3 � 11.3 (56) —
Thai et al.30 FPD 302.1 � 11.9 (19) —
Average tear osmolarity All 302 � 9.7 (815) 326.9 � 22.1 (621)

Data were recorded in freezing-point depression (FPD) and vapor pressure (VP) osmolarity tests in
normal subjects and those with all types of keratoconjunctivitis sicca (KCS).

FIGURE 1. The spread of data ob-
tained in studies of human tear osmo-
larity between 1978 and 2005 in nor-
mal subjects and patients with KCS.
Data are shown for the range of os-
molarities and the estimates of the
95% CI of the means for normal sub-
jects and all groups of patients with
KCS. Also shown are CIs for the esti-
mates of the means for subtypes of
patients with KCS in studies in which
these are reported. DE, aqueous de-
ficiency dry eye; MGD, meibomian
gland dysfunction; SS, Sjögren’s syn-
drome. Data shown are from Mathers
et al.,20 Gilbard,33 and Craig et al.
(IOVS 1995;36:ARVO Abstract 4823),
together with original data from the
present study.
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and CP) was on the basis of an ordered series of assessments including
reports of dry eye symptoms (usually, dry, burning, or sticky eyes)
recorded together with the time of occurrence, tear break-up time, and
tear quality by slit lamp examination, Schirmer II test over 5 minutes
with open eye test and proxymethacaine anesthesia and ocular surface
staining with a single, mixed drop (fluorescein with proxymethacaine).
Blood tests for autoantibodies were performed when necessary. The
mean and SD of the tear osmolarities in the Glasgow samples of normal
and subtypes of dry eye can be seen in Table 2, the normal distribution
curves are shown in Figure 4.

Further information, in addition to determining the sensitivity and
specificity of a test, about the efficiency of any diagnostic criterion for
disease is obtained by calculating the predictive ability and the accu-
racy of prediction of that criterion when applied to diagnosis.38 The
predictive ability is the combination of the predictive value of a
positive test (the proportion of positive tests that identify a disease as
present) and the predictive value of a negative test (the proportion
of negative tests correctly identifying normal individuals). The ac-
curacy of a test is the proportion of all tests that give correct
classification.38 These predictive values were calculated for a new
referent which was then applied to the meta-analysis and Glasgow
Study patient samples.

RESULTS

Efficacy of a Referent Tear Osmolarity in the
Diagnosis of KCS

The cutoff of the intercept between the distribution curves of
the normal and KCS subjects in the meta-analysis studies was
found to be 315.6 mOsmol/L; the ROC curve gave a second and
similar referent of 316 mOsmol/L. The sensitivity and specificity
of a referent of 316 mOsmol/L was 69% and 92% in the sample
from which it was derived. The referent applied to the indepen-
dent sample of normal and KCS subjects referred to the Dry Eye
Physiology Laboratory at Glasgow Caledonian University Eye
Clinic, yielded sensitivity and specificity in the diagnosis of dry
eye of 59% and 94%. As expected, the efficiency of diagnosis (in
terms of sensitivity) in this independent sample was less than
when the osmolarity referent was applied to the sample from
which it was derived (the meta-analysis data in Table 1).

The predictive value of a positive test for the Glasgow
sample was 63% and the predictive value of a negative test,
93%; giving an overall accuracy of 89% (Table 3) assuming a
prevalence of 15% for dry eye.39–41 The overall accuracy in the

TABLE 2. Human Tear Osmolarity Recorded by Freezing-Point Depression Osmolarity Tests in Studies in
Which Osmolarity in Subtypes of KCS Were Measured

Study
Normal Subjects

(n) KCS (Subtypes)

Gilbard33 304 � 0.3 (23) LGD: 316.2 � 0.9 (19)
L/MGD: 317.2 � 1.1 (3)
MGD: 311.5 � 1.1 (9)

Craig and Tomlinson* 305 � 7 (25) DE (RA): 323 � 15 (30)
SS (RA): 331 � 21 (17)

Mathers et al.20 303 � 10 (72) DE: 313 � 9 (37)
MGD: 314 � 14 (109)

Tomlinson and Khanal1 — DE: 324.1 � 20.8 (16)
SS: 327.8 � 14 (7)
MGD: 327.1 � 25.1 (7)

LGD, lacrimal gland dysfunction; MGD, meibomian gland dysfunction; DE, aqueous-deficiency dry
eye; SS, Sjögren’s syndrome; RA, rheumatoid arthritis.

* IOVS 1995;36:ARVO Abstract 4823.

FIGURE 2. The normal distribution
curves human tear osmolarity ob-
tained in normal subjects and pa-
tients with KCS reported in the liter-
ature between 1978 and 2004. A
referent or cutoff value for dry eye
obtained from the intercept of these
curves is at 315.6 mOsmol/L.
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independent sample was not changed from the accuracy of the
referent when applied to the sample from which it was derived
(meta-analysis studies; Table 1).

DISCUSSION

The difficulty of using a single parameter, tear osmolarity, to
diagnose KCS lies in the overlap of levels of this parameter in
normal and dry eyes (Fig. 1), which makes the choice of a
referent, or a cutoff, difficult. Farris34 observed in his study that
a significant overlap of values occurred between 293 and 320
mOsmol/L. This is reflected in the pooled analysis of all the
data from Table 1 and is in spite of the highly significant
difference between the sample means and the wide separation
of the 95% CI for the estimates of these means (Fig. 1). Unfor-
tunately, it is in the range of 290 to 320 mOsmol/L that the

determination must be made as to whether the osmolarity of a
tear sample is abnormal. Gilbard et al.5 chose 312 mOsmol/L as
a osmolarity referent for KCS on the basis of maximizing
diagnosis and avoiding underdiagnosis. This value gave a sen-
sitivity of 94.7% and a specificity of 93.7% in the determination
of dry eye against diagnosis by a combination of dry eye tests.5

However, the original selection criteria for these subjects had
included osmolarity. This introduced a selection bias into the
study42 and contributed to the high sensitivity demonstrated
by Gilbard et al.5 Also the sensitivity and specificity of the
referent in the study by Gilbard et al. was not tested in an
independent patient sample.

In the present study, we considered other approaches to
determining an osmolarity referent for KCS and its effective-
ness in the diagnosis of dry eye. A referent was derived from
the intercept of the distribution curves for normal and dry

FIGURE 3. The ROC curves for the
sensitivity and specificity of data ob-
tained from the grouped analysis of
studies of tear osmolarity between
1978 and 2004. The ROC curve is
shown for osmolarities between 300
and 322 mOsmol/L.

FIGURE 4. The normal distribution
of human tear osmolarity measured
in normal subjects and in those with
KCS in two studies performed in our
laboratory in Glasgow in 1995 and
2005. These curves are both nor-
mally distributed and have an inter-
cept at 316.8 mOsmol/L.
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eyes, and from the receiver operator characteristic (ROC)
curves of the data. The derived referent of 316 mOsmol/L
classified 41% of dry eyes as normal in the independent sample.
An improvement in identification of dry eye in this sample of
subjects can be achieved by decreasing the referent for hyper-
osmolarity (Table 3) to the 312 mOsmol/L suggested by Gil-
bard et al.5 and Farris et al.3 This change improves the sensi-
tivity and reduces the false-negative rate, but the specificity and
overall accuracy decline significantly. Increasing the referent’s
value maximizes accuracy (Craig JP, et al. IOVS 1995;36:ARVO
Abstract 4823), but leads to misdiagnosis of almost half of KCS
subjects as normal (Table 3). Therefore, the choice of different
referents for diagnosis of KCS by osmolarity changes the rela-
tive of sensitivity and specificity (Table 3). The choice will also
be influenced by physiological factors (the osmolarity at which
cell damage occurs43). In the case of potentially fatal condi-
tions, high sensitivity is required in diagnosis, but for condi-
tions such as dry eye with chronic, long-term morbidity, high
specificity would be preferred, to avoid increasing burdens on
healthcare delivery systems.

Another problem in considering the sensitivity, specificity,
and predictive ability of any single test, or set of diagnostic
criteria in dry eye diagnosis, is that these parameters are af-
fected by the manner in which they are obtained and the
population being diagnosed. The population effect is due to
the multiple etiologies of the disease and the criteria used to
define dry eye in the test sample. These effects are obviated
when the samples are large, as in the meta-analysis in this
study, but may have affected the diagnostic efficacy of a test or
tests applied to the (smaller) number of patients in the Glas-
gow sample. In most reports (Craig JP, et al. IOVS 1995;36:
ARVO Abstract 4823)5,26,44 the effectiveness of a test or tests is
calculated by using the criteria on the population from which
the referent was originally derived; thus overestimating effec-
tiveness when applied to the diagnosis of future cases. This
overestimate is compounded if the measurement is one of the
criteria in the diagnosis of the disease.5,26,42 Ideally, in deter-

mining the utility of a measurement in the diagnosis of disease,
a referent, or cutoff, for the disease should be developed on an
investigational group of subjects and then tested successively
on an independent sample of subjects. This gives a better
estimate of its utility in diagnosis in a general population of
subjects.

In Table 3 the effectiveness of osmolarity as a diagnostic test
for KCS is compared with several other dry eye tests, both
individually and in combination, as reported by other investi-
gators.3,5,26,44–47 When comparing individual test results, the
greatest accuracy appears to be for the lysozyme diffusion test
of van Bijsterveld,45 but it is probable that this test was admin-
istered to a severely affected population,26 leading to spectrum
bias and an overestimate of sensitivity in the results reported.42

This population would not be typical of a general population in
which differential diagnosis is normally required. Nelson and
Wright47 report high sensitivity with impression cytology, and,
although this is a test involving one technique, it requires a
series of criteria to be met for diagnosis. Farris26 has ques-
tioned the 100% sensitivity level reported for this test, as series
tests are normally more specific than sensitive.

Osmolarity as a single test of tear physiology offers the
ability to define and differentiate KCS and “normal” subjects
with a relatively high degree of accuracy (90%) for referents in
the range between 312 and 322 mOsmol/L (Table 3). A level of
316 mOsmol/L gives high sensitivity, specificity, and predictive
accuracy, in the situation where it is applied to diagnosis of
subjects in the population from which it was derived (Table 3,
meta-analysis samples). It has overall accuracy comparable to
the results reported by Farris et al.3 and Gilbard et al.5 but
lower sensitivity, specificity, and predictive values of positive
and negative tests. However, in the studies by Gilbard et al. and
Farris et al.3,5 it must be remembered that osmolarity was an
original criteria in patient selection for the osmolarity referent
determination. In other comparisons of the effectiveness of
diagnosis of single tests for KCS in the population from which
referents were derived, the osmolarity of 316 mOsmol/L com-

TABLE 3. A Comparison of the Effectiveness of Various Individual and Combined Diagnostic Tests in the Differential Diagnosis of KCS

Test Cutoff
Sens.
(%)

Spec
(%) PV� PV� Accuracy

False
Positive

Osmolarity
Meta-analysis Osm 316 69 92 60 94 89 31
Glasgow Studies Osm 316 59* 94* 63* 93* 89* 41*

312 66* 84* 42* 93* 81* 34*
318 55* 97* 76* 92* 91* 45*
322 48* 99* 89* 92* 91* 52*

Gilbard/Farris3,5,16,26,33,34 Osm 312 94.7 93.7 73 99 90 6.3
Other Single KCS Tests

Lucca46 Lacto �90 35 70 17 86 65 65
Sch �1 mm/min 25 90 31 87 80 75

Goren, Goren44 RB Any 25 90 31 87 80 75
Van Bijesterveld45

Lysozyme diffusion test �21.5 mm lysis 98.8 98.5 92 99.8 99 1.2
Nelson Wright47 IB-GCD � 350/mm2

Impression cytology Epi area �1000 �m; IP-GCD � 100/mm 100 87 58 100 89 0
Combined KCS Tests

Farris6

Parallel: Osm or Sch 312; 1 mm/min 90 85 51 98 86 10
Series: Osm � Lacto 312;�90 35 100 100 90 90 65
Craig and Tomlinson†

Discr function osm, evap, lipid �0.4 96 87 57 99 88 4

* The effectiveness of osmolarity referent values (Osm) in the diagnosis of KCS on independent samples of normal subjects and patients with
dry eye. Comparisons are made with results from lactoplate (Lacto), Schirmer (Sch) and Rose Bengal (RB) tests and values of goblet cell diversity
(GCD) from impression cytology performed on the epithelial (Epi), infrabulbar (IB), and infrapalpebral (IP) regions. evap, evaporation.

† IOVS 1995; 36:ARVO Abstract 4823.
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pares very favorably in sensitivity, specificity, predictive ability,
and overall accuracy (Table 3).

Farris26 has taken the data reported by Goren and Goren44

to compare the effectiveness of individual tests, as well as to
describe their effect when used in combination, either in
parallel or in series, in diagnosis (reproduced in Table 3). Tests
in parallel, increase sensitivity at the expense of specificity and
in series, the reverse applies.26 The highest sensitivity and
specificity are obtained for a combination, in parallel, of tear
osmolarity with Schirmer strip wetting and in series, for osmo-
larity and the Lactoplate test (Table 3). As all these sensitivities
and specificities are obtained with a test or tests applied to the
patient samples from which the referents were derived, the
single osmolarity test value of 316 mOsmol/L was assessed for
diagnostic efficacy in the population from which it was de-
rived. In this application, osmolarity alone gives a better overall
accuracy than the best parallel combination tests, but the false
negative rate of 31% with the single test was not as low as that
of the parallel combination. This benefit is offset by the parallel
combination offering only 51% predictive accuracy in a posi-
tive test.

Another statistical technique which may offer improved
performance when using combination of tests in the diagnosis
of dry eye disease is the discriminant function analysis.48,49

This approach has been adopted by Craig and Tomlinson (IOVS
1995;36:ARVO Abstract 4823) in dry eye diagnosis, giving a
sensitivity of 96% and specificity of 87% when applied to the
sample from which the discriminant function was derived.
Discriminant function analysis incorporating multiple dry eye
parameters also needs to be tested in independent patient
samples.

The measurement of tear film osmolarity arguably offers the
best means of capturing, in a single parameter, the balance of
input and output of the lacrimal system. It is clear from the
comparison of the diagnostic efficiency of various tests for
KCS, used singly or in combination, that osmolarity provides a
powerful tool in the diagnosis of KCS and has the potential to
be accepted as a gold standard for the disease. The advent of
new technology, making clinical testing of this feature of tear
physiology simple, practical, and inexpensive could provide an
impetus to its adoption in the diagnosis of KCS.

References

1. Tomlinson A, Khanal S. Assessment of tear film dynamics: quanti-
fication approach. Ocul Surf. 2005;3:81–95.

2. Mathers WD. Why the eye becomes dry: a cornea and lacrimal
gland feedback model. CLAO J. 2000;26:159–165.

3. Farris RL, Gilbard JP, Stuchell N, et al. Diagnostic tests in kerato-
conjunctivitis sicca. CLAO J. 1983;9:23–28.

4. Lemp MA. Report of the national eye institute/industry workshop
on the clinical trials in dry eyes. CLAO J. 1995;21:221–228.

5. Gilbard JP, Farris RL, Santa Maria II J. Osmolarity of tear micro
volumes in keratoconjunctivitis sicca. Arch Ophthalmol. 1978;96:
677–681.

6. Gilbard JP, Rossi SR, Gray KL. A new rabbit model for keratocon-
junctivitis sicca. Invest Ophthalmol Vis Sci. 1987;28:225–228.

7. Gilbard JP, Rossi SR, Gray KL. Tear film and ocular surface changes
after closure of the meibomian gland orifices in the rabbit. Oph-
thalmology. 1989;96:1180–1186.

8. Gilbard JP, Dartt DA. Changes in rabbit lacrimal gland fluid osmo-
larity with flow rate. Invest Ophthalmol Vis Sci. 1982;23:804–806.

9. Gilbard JP. Tear film osmolarity and keratoconjunctivitis sicca.
CLAO J. 1985;11:243–250.

10. Nelson JD, Wright JC. Conjunctival goblet cell densities in ocular
surface disease. Arch Ophthalmol. 1984;102:1049–1051.

11. Armitage WJ, Mazur P. Osmotic tolerance of human granulocytes.
Am J Physiol. 1984;247:C373–C381.

12. Gilbard JP, Carter JB. Sang BN, et al. Morphologic effect of hyper-
osmolarity on rabbit cornea epithelium. Ophthalmology. 1984;91:
1205–1212.

13. Abdel-Khalek LMR, Williamson J, Lee WR. Morphological changes
in the human conjunctival epithelium in keratoconjunctivitis sicca.
Br J Ophthalmol. 1978;62:800–806.

14. Maudgal PC. The epithelial response in keratitis sicca and keratitis
herpetica: an experimental and clinical study. Doc Ophthalmol.
1978;45:223–227.

15. Beitch I. The induction of keratinization in the corneal epithelium;
a comparison of the “dry” and vitamin A deficient eyes. Invest
Ophthalmol. 1970;9:827–843.

16. Gilbard JP, Farris RL. Tear osmolarity and ocular surface disease
in keratoconjunctivitis sicca. Arch Ophthalmol. 1979;97:1652–
1656.

17. Benjamin WJ, Hill RM. Human tears: osmotic characteristics. In-
vest Ophthalmol Vis Sci. 1983;24:1624–1626.

18. Benjamin WJ, Hill RM. Tear osmotic differences across the ocular
surface. Graefes Arch Clin Exp Ophthalmol. 1986;224:583–586.

19. Craig JP, Tomlinson A. Effect of age on tear osmolality. Optom Vis
Sci. 1995;72:713–717.

20. Mathers WD, Laing JA, Sutphin JE, et al. Model for ocular tear film
function. Cornea. 1996;15:110–119.

21. Nelson JD, Wright JC. Tear film osmolality determination: an eval-
uation of potential errors in measurements. Curr Eye Res. 1986;5:
677–681.

22. Farris RL. Tear osmolarity variation in the dry eye. Trans Am
Ophthalmol Soc. 1986;84:250–268.

23. White KM, Benjamin WJ, Hill RM. Human basic tear fluid osmola-
lity. I. Importance of sample collection strategy. Acta Ophthalmol
(Copenh). 1993;71:524–529.

24. Ogasawara K, Mitsubayashi K, Tsuru T, et al. Electrical conductiv-
ity of tear fluid in healthy persons and keratoconjunctivitis sicca
patients measured by a flexible conductimetric sensor. Graefes
Arch Clin Exp Ophthalmol. 1996;234:542–546.

25. Sullivan B. Clinical resorts of a first generation lab-on-chip nanoli-
tre tear film osmometer. Ocul Surf. 2005;3:S31.

26. Farris RL. Tear osmolarity: a new gold standard? AEMB. 1994;506:
495–503.

27. Terry GE, Hill RM. Human tear osmotic pressure. Arch Ophthal-
mol. 1978;96:84–96.

28. Iester M, Orsoni GJ, Gamba G, et al. Improvement of the ocular
surface using hypotonic 0.4% hyaluronic acid drops in keratocon-
junctivitis sicca. Eye. 2000;14:892–898.

29. Iskeleli G, Karakoc Y, Aydin O, et al. Comparison of tear-film
osmolarity in different types of contact lenses. CLAO J. 2002;28:
174–176.

30. Thai LC, Tomlinson A, Pearce EI. Tear film changes in the initial
and mid term adaptation to contact lens wear. Ocul Surf. 2005;3:
S119.

31. Gilbard JP, Rossi SR, Azar DT et al. Effect of punctual occlusion by
Freeman silicone plug insertion on tear osmolarity in dry eye
disorders. CLAO J. 1989;15:216–218.

32. Mishima S, Kubota Z, Farris RL. The tear flow dynamics in normal
and in keratoconjunctivitis sicca cases. Excepta Med. 1971;1801–
1805.

33. Gilbard JP. Human tear film electrolyte concentrations in health
and dry eye disease. Int Ophthalmol Clin. 1994;34:27–36.

34. Farris RL, Stuchell RN, Mandel ID. Basal and reflex human tear
analysis: I. Physical measurements: osmolarity, basal volumes and
reflex flow rate. Ophthalmology. 1981;88:852–857.

35. Everitt BS. Cambridge Dictionary of Statistics in the Medical
Sciences. Cambridge UK: Cambridge University Press, 1995.

36. Minitab. State College, PA; Coventry, UK: Minitab Inc.
37. Bland M. An Introduction to Medical Statistics. Oxford, UK: Ox-

ford University Press; 1990:277–279
38. Wassertheil-Smoller S. Biostatistics and epidemiology. New York:

Springer-Verlag; 1990:66–74.
39. Shein OD, Munoz B, Tielsch JM, et al. Problems of dry eye among

the elderly. Am J Ophthalmol. 1997;124:723–728.
40. Moss SE, Klein R, Klein BEK. Prevalence of and risk factors for dry

eye syndrome. Arch Ophthalmol. 2000;118:1264–1268.

4314 Tomlinson et al. IOVS, October 2006, Vol. 47, No. 10



41. Chia EM, Mitchell P, Rochtchina E, et al. Prevalence and association of
dry eye syndrome in an older population: the Blue Mountains eye
study. Clin Exp Ophthalmol. 2003;31:229–232.

42. Knottnerus JA, van Weel C, Muris WM. Evaluation of diagnostic
procedures. BMJ. 2002;324:477–480.

43. Gilbard JP, Rossi SR, Gray KL, et al. Tear film osmolarity and ocular
surface disease in two rabbit models for keratoconjunctivitis sicca.
Invest Ophthalmol Vis Sci. 1988;29:374–378.

44. Goren MB, Goren SB. Diagnostic tests in patients with symptoms of
keratoconjunctivitis sicca. Am J Ophthalmol. 1988;106:570–574.

45. van Bijsterveld OP. Diagnostic tests in the sicca syndrome. Arch
Ophthalmol. 1969;82:10–14.

46. Lucca JA, Nunez JN, Farris RL. A comparison of diagnostic tests for
keratoconjunctivitis sicca: lactoplate, Schirmer and tear osmolar-
ity. CLAO J. 1990;16:109–112.

47. Nelson JD, Wright JC. Impression cytology of the ocular surface in
keratoconjunctivitis sicca. In: Holly FJ, ed. The Preocular Tear
Film in Health, Disease and Contact Lens Wear. Lubbock, TX:
Dry Eye Institute, Inc.; 1986:140–156.

48. Trabachmik BG, Fiddell L. The discriminate function analysis. In:
Rothman JL, ed Using Multivariatic Statistics. 2nd ed. New York:
Harper Collins Publishers; 1989:528–531.

49. Fisher RA. Use of multiple measurements in taxonomic problems.
Ann Eugen Land. 1936;7:179.

IOVS, October 2006, Vol. 47, No. 10 Tear Film Osmolarity in Dry Eye Diagnosis 4315


