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Tonicity of human tear fluid sampled from
the cul-de-sac
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SUMMARY A 'freezing point' depression technique was used to determine the osmolality of 384
samples of tear fluid originating from the middle of the lower tear prism and the lower cul-de-sac of
one eye of each of 12 young adults. Tear fluid from the cul-de-sac (mean 341.0 mosm/kg) was found
overall to be significantly hypertonic (p<00001) relatively to fluid from the tear prism (mean 315X5
mosm/kg). However, the difference between the two sampling sites was highly variable between
individuals, ranging from a maximum mean site difference of 64*5. mosm/kg for one of the six cul-
de-sacs found to be significantly hypertonic, to a mean site difference of 25-0 mosm/kg for one of
the two cul-de-sacs found to be significantly hypotonic. These results suggest that a unique localised
tear environment exists inside the lower cul-de-sac, which has several clinical consequences-for
example, for pharmaceutical absorption, ocular microbiology, and hydrophilic contact lens
performance.

Temporal and spatial variations in the osmolality of
human tear fluid have been observed across the
ocular surface by sampling of tear fluid in amounts of
approximately 02 [L from the mid point of the lower
tear prism' 2 and also from tear prism sites at other
locations.' While the surface tear fluid has been
shown in these studies to be osmotically hetero-
geneous in the open-eye state, it is not clear to what
degree and in which direction of magnitude the tear
fluids within less exposed parts of the ocular adnexa
(that is, within the cul-de-sacs) may vary from fluid at
the surface of the eye.
The routes and rates by which tear fluids in the cul-

de-sacs are turned over have received little experi-
mental attention but must be assumed to be different
and slower, respectively, than the normal flow of
surface tear prisms owing to probable 'entrapment'
of fluid inside the fornices. The purpose of the
present study was to test for osmotic differences
between tear fluids sampled from the lower tear
prism, being the reference point from which most
previous work has been performed, and the lower
cul-de-sac, from which samples could also be taken
without stimulation of reflex tearing.
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Material and methods

Tear fluid osmolality determinations were made with
a 'freezing point' osmometer capable of at least 1%
accuracy with fluid samples of approximately 0-2
[d.'4 The experimental technique was based on the
measurement of melting point of tear samples and its
relationship to tear osmolality. A pilot study was first
attempted by sampling with finely drawn micro-
capillary tubes the tear fluid at the middle of the
lower tear prism and then from the lower cul-de-sac
of the left eye of each of two young adults. While
subject 2 was asymptomatic, subject 1 had occasional
complaints of dry eye, though no ocular surface
staining with rose Bengal was biomicroscopically
noted (nor was staining noted on any subject).
Tear samples were each immediately loaded into

oil and simultaneously processed with a standard
calibration liquid,' a technique confirmed by Martin'
to give repeatable results realistic to the tonicity of
human tear fluid.' After analysis of the preliminary
data indicated that an osmotic difference between the
two sampling positions was probable, an expanded
series of osmolality determinations was performed
for the two sampling sites of each subject. A total of
184 osmolality determinations resulted from the
processing of these initial samples.
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Ten additional asymptomatic young adult subjects
were then added to the study, bringing the mean age
of the 12 subjects in the whole study to 25-3 years
(range 22 to 32 years). Each of the 10 additional
subjects submitted 10 pairs of tear samples (10
samples from the lower tear prism and 10 samples
from the cul-de-sac), every pair of samples consisting
first of fluid taken from the lower tear prism and then
also from the cul-de-sac. Sample pairs were taken at
least 15 minutes apart, and osmolality determina-
tions for both tear fluids of each pair of samples were
made simultaneously with the standard calibration
liquid.

Results

An analysis of variance' performed unweighted with
respect to the additional number of measurements
recorded for subjects 1 and 2 (F(1,360)=37 58,
p<0-0001) revealed that, for the population, the
mean osmolality of tear fluid taken from the cul-de-
sac (341.0 mosm/kg) was significantly higher than
that taken from the lower tear prism (315.5 mosm/
kg). The main effect of subject was significant
(F(11,360)=15*52, p<00001), as was also the inter-
action between subject and sampling location
(F( 11,360)=2 74, p<0-0021).
The mean tear fluid osmolalities with standard

deviations for the two sampling sites of each subject
and of the population are shown in Table 1. Analyses
of variance were computed from the data from each
subject alone and from the population (as noted
above); the corresponding critical statistics are
shown in Table 1. Single asterisks have been placed

Table 1 Mean tearfluid osmolalities in mosm/kg (SD in
parentheses) for samples taken from the lower tear prism and
cul-de-sac of 12 subjects. F values and probability levels for
the differences between site means ofeach subject, and of the
population, are also shown

Subject Mean n Mean n F (df l, df 2) p Value
lower prism cul-de-sac

1 344.0 (61-7) 51 408-5 (57-6) 32 22-53 (1,81) 0.(0)01*
2 326.5 (50-3) 57 370.0 (65-4) 44 14-37 (1,99) 0.(X)03*
3 304-0 (13-1) 10 280-5 (14-8) 10 14-15 (1,18) 0.(0)14*
4 311.0 (19-7) 10 330(5 (24-3) 1) 3-88 (1,18) 0.0643**
5 323-5 (42-8) 10 314-0 (36.5) 1(0 0-29 (1,18) 0-5999
6 3270 (35-8) 10 30200(11*1) 10 4 46(1,18) 0.0490*
7 293-0 (43-7) 10 337.5 (26-4) 1i) 7-59 (1,18) 0.0130*
8 2770 (39-8) 10 29900(30-7) 1(0 1-91 (1,18) 0.1834
9 2440 (56-0) 10 253.0 (49.9) 1(0 0-14 (1,18) 0(7088
10 297.0(40-4) 10 303.0 (55-9) 1(0 0(08(1,18) 0(7864
11 267-0(51-7) 10 308X0(529) 1(0 308(1,18) 0.0964**
12 3(6-0 (16-8) 10 337-5 (21-6) 10 13-07 (1,18) 00-()20*
All 315S5 (54-6) 208 341-0(66-1) 176 3758(1,360) 0.0001*

*Comparisons significant to at least the 0-05 level.
**Comparisons significant to at least the 0()10 level.

next to the statistics of those subjects for which the
mean tear fluid osmolalities of the two sampling sites
were found to be significantly different to at least the
0-05 level. Two asterisks have been placed next to
those statistics indicating significance to at least the
0-10 level. The mean osmolalities for each subject are
plotted in Fig. 1, and a linear correlation between
the mean cul-de-sac and tear prism values of
the 12 subjects shown in Table 1 (12 pairs of mean
data points) resulted in a correlation coefficient of
+0 72.

Discussion

Osmotic variations of human tear fluid have been
reported between several collection sites at the tear
fluid prisms surrounding the exposed ocular surface.
Tear fluid at these sites may be vulnerable to environ-
mental influences, such as ambient humidity,
temperature, and flow of air across the surface of the
eye, in addition to the effects of pollutants and reflex
tearing. Less vulnerable to outside influences,
perhaps, might be tear fluid within the cul-de-sac,
where the immediate environment may be more
stable as in a more 'closed' system.

In comparison with the osmolality of tear fluid
sampled from the lower tear prism, a standard site
from which tear osmolality determinations have been
routinely made, the fluid from the lower cul-de-sac
was generally hypertonic over the population of
subjects shown in Table 1 and Fig. 1. Tear fluid from
the lower cul-de-sac was 8% (25.5 mosm/kg) more
hypertonic, on average, than that of the lower tear
prism established in rooms averaging 230C and 43%
relative humidity. This site difference should be
considered on the conservative side, because on
opening of the lower cul-de-sac for sampling some
mixture from the lower tear prism could have occur-
red, thus possibly reducing the average tonicity of
fluid sampled from the cul-de-sac.
The subject means for the two collection sites were

positively correlated (Fig. 1), with a correlation
coefficient of +0 72, and statistically significant
differences between the mean tonicities of the two
collection sites were found for 8 of the 12 subjects.
The site difference was greatest for subject 1 (the 'dry
eye' patient who also had the highest tear fluid
tonicities), for whom the cul-de-sac fluid was 408 5
mosm/kg, or 19% (64.5 mosm/kg) more hypertonic
than fluid from the lower tear prism. Relatively
hypertonic cul-de-sac fluid was statistically support-
able for six of the subjects (subjects 1, 2, 4, 7, 11, and
12), the cul-de-sac osmolality for these subjects
ranging as low as 308-0 mosm/kg for subject 11. The
minimum statistically significant site difference was
6% (19 5 mosm/kg) in the case of subject 4, for which
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Fig. 1 The mean tearfluid osmolalities for the lower cul-de-
sac (CDS) and lower tearprism (LTP) ofeach ofthe 12
subjects have been plotted. An open circle represents a site
comparison in which cul-de-sac and lower tearprism mean
values were not significantly different. A filled circle
represents a site comparison significant to at least the 0.10
kvel, while afilled circle surrounded by an annulus
represents a site difference significant to at least the 0 05 level.
The dashed line indicates where osmolalities ofthe two sites
would be equal (CDS=LTP), producedfor comparison with
the actual mean data points and the solid linear regression
line for those points, which had a correlation coreficient of
+0-72.

the cul-de-sac fluid was more hypertonic than the tear
prism average.
A reversed relationship was found for two sub-

jects, in that hypotonicity of the cul-de-sac fluid was
statistically supportable relative to tear fluid of the
lower tear prism. The cul-de-sac fluid was 8% hypo-
tonic for subjects 3 and 6 (site differences of 23-5 and
25-0 mosm/kg, respectively, in Table 1). Site differ-
ences were not statistically significant for subjects 5,
8, 9, and 10.

Cul-de-sac tear fluid therefore has a unique
osmotic environment, tending to hypertonicity in
most cases relative to the tear fluid tonicity of the
lower tear prism. One might have expected, how-

ever, a general hypotonicity due to reduced evapora-
tion of cul-de-sac fluid relative to tear prism fluid
exposed to air, as did in fact occur for subjects 3 and
6. This hypothesis has been offered earlier for
another 'closed' tear environment, that being the
hypotonic shift of tear prism fluid found after sleep.8
More likely for the six subjects with hypertonic cul-

de-sac fluids, however, are the effects of a possible
reduction of aqueous tear circulation within the cul-
de-sac area in comparison with the ocular surface.
Accounts of tear fluid eliminations" are not neces-
sarily inclusive of fluids within the cul-de-sacs, and
the efficiency of the elimination routes may vary
between individuals. In addition, basic and reflex
aqueous tear fluids primarily originate from struc-
tures of the upper eyelid and are possibly less prone
to replenish the compartment of the lower cul-de-sac.
It is therefore plausible that tear fluid within the
lower cul-de-sac is less stirred than fluid from the
ocular surface, with higher accumulations of ionic
and other small-particle by-products from enzymatic
breakdown of mucous strands9 123' and from the
surrounding epithelial cell layers. Even for the four
subjects not showing statistically significant site
differences the competing effects of stagnation and
reduced evaporation on tonicity within the cul-de-sac
may have offsetting each other.
The presence of unique tear fluid 'compartments'

within the lower cul-de-sac of individuals raises many
questions related to future clinical studies. Could
these tear compartments be more reliable indicators
of incipient dry eye, being generally more hypertonic
and perhaps less alterable by outside elements, than
their ocular surface counterparts? Are not epithelial
lesions in dry eye the cause of heightened tear
osmolality (and not vice versa), given that human
epithelial cells in the cul-de-sac seem to withstand a
much higher tear fluid osmolality in some subjects
than previously thought? Could disturbances of the
cul-de-sac fluid have more effect on the stability of
the ocular and palpebral surfaces during contact lens
wear or on pathological states than previously recog-
nised, since this fluid interacts with a more expanded
and vascularised tissue than does the precorneal tear
film? In addition, tear fluid osmolality may indicate
the effectiveness of tear elimination in the lower cul-
de-sac, and it may influence microbiological distribu-
tions around the eye as well as the hydration,
retention, and drug delivery characteristics of various
types of ocular inserts.
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