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Human hydration assessment is a key component for the prevention and proper treatment of heat-
related fluid and electrolyte imbalances within military, sports and clinical medicine communities.
Despite the availability of many different methods for assessing hydration status, the need for a valid
method or technology that is simple, rapid, non-invasive, universal (detects both hypertonic and
isotonic hypovolaemia) and is applicable for static (single point in time) and dynamic (change across
time) hydration assessment is widely acknowledged. The eye is one candidate body region that might
afford such a measure given the intricate balance between ocular dynamics (tear and aqueous humor
formation) and blood (plasma osmolality and volume), which is considered the criterion measure for
hydration assessment. The aim of this review is to introduce and discuss the potential for using ocular
measurements for non-invasive hydration assessment, including tear fluid osmolarity (Tosm), non-
invasive tear break-up time (NITBUT) and intraocular pressure (IOP). There is a relevant physiological
basis for testing the merit of ocular measures for human hydration assessment and recent data indicate
that Tosm and IOP may have utility. Further investigations are warranted to determine the degree to
which ocular measures can act as accurate and reliable non-invasive hydration status markers.
Published by Elsevier Ltd.
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1. Introduction (hypohydration) occurring in clinical, athletic and most military

situations results from a net loss of hypotonic body fluids stemming

Human hydration assessment is a key component for the preven-
tion and proper treatment of fluid and electrolyte imbalances
(Cheuvront and Sawka, 2005; Institute of Medicine, 2005; Mange
et al,, 1997; Sawka et al., 2007). The most common body water deficit

Abbreviations: Tosm, Tear fluid osmolarity; TBUT, Tear break-up time; NITBUT,
Noninvasive tear break-up time; IOP, Intraocular pressure
* Corresponding author. Tel.: +508 233 5607; fax: +508 233 5298.
E-mail address: samuel.n.cheuvront@us.army.mil (S.N. Cheuvront).

0306-4565/$ - see front matter Published by Elsevier Ltd.
doi:10.1016/j jtherbio.2011.12.006

from heat stress (sweating) and fluid restriction or fluid unavailability
(Cheuvront et al., 2010; Institute of Medicine, 2005; Mange et al.,
1997; Sawka et al., 2007). A rise in plasma osmolality is the hallmark
of this hypertonic-hypovolaemia (Cheuvront et al., 2010; Feig and
McCurdy, 1977), and the hypothalamus responds to these alterations
by increasing arginine vasopressin hormone (AVP), which reduces
urinary water loss and results in the production of more concentrated
urine (Andreoli et al., 2000; Robertson et al., 1973). These physiolo-
gical changes provide the framework for using blood and urine for
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hydration assessment. However, when substantial solute is lost, such
as during cold or high altitude exposure and in many medically
relevant scenarios (e.g., gastroenteritis, hyperemesis), less ‘free water’
(i.e. water lacking solute) is cleared (Mudge and Weiner, 1970; Nose
et al, 1988) and the resulting isotonic or hypotonic-hypovolaemia
can go undetected using the same measures (Cheuvront and Sawka,
2005; Institute of Medicine, 2005; Mange et al., 1997; Sawka et al.,
2007). Although no method can yet be universally applied to all types
of hypohydration (hypertonic, isotonic and hypotonic hypovolae-
mia), many methods for assessing hydration state have been used.
The optimal choice will depend on the nature of the fluid losses,
measurement circumstances (field versus laboratory), the potential
for confounding influences and the degree of acceptable invasive-
ness (risk/benefit) (See Cheuvront and Sawka, 2005 for a review of
these methods).

Currently, the most accurate methods to assess hydration status
in clinical, athletic, and military settings utilizes dynamic hydration
assessment from blood, urine, or cardiovascular (orthostatic)
markers (Cheuvront et al., 2010; Cheuvront et al., 2011; Cheuvront
and Sawka, 2005, Duvekot et al., 1994; Knopp et al., 1980; Levitt
et al, 1992; Mange et al, 1997; McGee et al, 1999). Although
change can provide good diagnostic accuracy it requires a valid
baseline, control over confounding variables, and often multiple
invasive blood or urine measures (Carvajal, 1980; Cheuvront et al.,
2010). Large population heterogeneity explains, in part, why few
hydration status markers demonstrate nosological sensitivity from a
more practical, static (single point in time) measure (Cheuvront
et al,, 2010; Levitt et al., 1992). There is currently no method or
technology that is simple, rapid, non-invasive (Armstrong, 2005;
Institute of Medicine, 2005), universal (detects both hypertonic and
isotonic hypovolaemia), and is applicable for static and dynamic
hydration status assessment (Cheuvront et al., 2010). For these
reasons, the Institute of Medicine (2005) encourages more research
to improve upon hydration assessment methods for the judicious
diagnosis and treatment of hypohydration.

Measurements of the eye (e.g. tear quality, pressure) can be
influenced by both volume and osmolality changes in blood

A

Angle of Anterior Chamber

Anterior Chamber
Cornea
Lens
Pupil

Tear Film
Aqueous Humor

Posterior Chamber
Iris

Ciliary Body

B

Microvasculature
of Iris

Trabecular network
Canal of Schlemm

Ciliary Body

Lacrimal gland

Excretory
lacrimal duct

(Ashkenazi et al., 1992; Gaasterland et al., 1979; Patel and Blades,
2003; Visscher and Carr, 1944), the latter of which is the current
criterion measure for static hydration assessment of hypertonic-
hypovolaemia (Cheuvront et al., 2010; Feig and McCurdy, 1977); as
such, one or both hypovolaemia subtypes may be diagnosed with
non-invasive human eye measures (Fortes et al., 2011; Kayikcioglu
et al,, 1998; Martin et al., 1999). A paucity of research exists that
examines the potential for using ocular measures for hydration
assessment (Fortes et al., 2011; Hunt et al., in press; Kayikcioglu
et al., 1998) Therefore, the aim of this review is to discuss three
ocular measurements that may have the potential for use as
non-invasive hydration assessment markers, including tear fluid
osmolarity (Tosm), non-invasive tear break-up time (NITBUT) and
intraocular pressure (IOP).

2. Aspects of ocular anatomy and physiology applied to
hydration status assessment

A simplified schematic of human eye anatomy is drawn in
Fig. 1A. The tear film and aqueous humor are detailed hereafter
for a better understanding of how their measurement may be
used and interpreted for hydration assessment. The tear film is
composed of mucous, aqueous and lipid layers that act to
lubricate and protect the eyeball (Oyster, 1999). The lacrimal
gland (Fig. 1C) secretes electrolytes, water, protein and mucin into
the tear film under tight neural control (Dartt, 2009) (Fig. 2). This
occurs in two stages, firstly in the acinar cells and secondly in the
ductal cells. Acinar cells comprise about 80% of the lacrimal gland
and secrete primary lacrimal gland fluid that is isotonic and
reflects an ultra-filtrate of plasma (Mircheff, 1989). In support of
this contention, tear fluid has been reported to be isotonic with
plasma (Rolando and Zierhut, 2001); and, as such, it could be
hypothesized that a progressive increase in plasma osmolality
during hypertonic-hypovolaemia would be reflected in Tosm.
Ductal cells comprise about 10-12% of the lacrimal gland, are
estimated to contribute about 30% of lacrimal gland fluid, and

Fig. 1. (A) A simple cross-sectional eye schematic illustrating key parts of ocular anatomy. Intraocular pressure (IOP) is indicated by outward facing arrows in the anterior
chamber. (B) Close-up of the aqueous humor drainage system. Aqueous humor drains through the trabecular network into the canal of Schlemm. (C) Depiction of the

lacrimal gland.
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Fig. 2. Possible pathways by which hypohydration may alter intraocular pressure (IOP), tear break-up time (TBUT) and tear osmolarity (Tosm). Neural control is shown at
the level of the lacrimal gland and ciliary body in a box with a dashed line as this is likely to be independent of hydration. AVP=arginine vasopressin.

their main role is to modify the primary lacrimal gland fluid by
secreting electrolytes and water before transporting the lacrimal
gland fluid to the ocular surface (Dartt et al., 1981). Dense
innervation of the lacrimal gland by parasympathetic nerves
(Dartt et al., 1984) and the overwhelming evidence that loss of
parasympathetic innervation blocks lacrimal gland function
(Dartt, 2009) supports a predominant role for parasympathetic
activity over sympathetic activity in lacrimal gland fluid secre-
tion. The total volume of tear fluid in the external eye is ~10 pl
and unstimulated tear secretion has been reported to be between
0.15 and 1.2 ml each day (Mathers and Daley, 1996; Tiffany,
2008). A continuous tear film is required to fulfill its protective
role, thus thinning or breaking (i.e. rupture) of the tear film (tear
break-up) produces an irregular surface appearance. Autonomic
blinking serves as a way of rinsing and reforming the tear film.
The stability of the tear film is important for eye health and is
governed by its surface and chemical characteristics. The precise
mechanism underlying tear break-up is not known. Several
competing theories exist to explain the phenomenon of tear
break-up and the importance of the aqueous layer in stabilising
the tear film is well accepted (Holly and Lemp, 1977; Ruckenstein
and Sharma, 1986; Wong et al., 1996).

A typical tear film (Fig. 1A) is 7-9 pm thick with ~90% attributed
to the aqueous layer (Patel and Blades, 2003; Ruckenstein and
Sharma, 1986; Wong et al., 1996). However, reported values as low
as 3 um (King-Smith et al., 2000) and as high as 40 pm (Prydal et al.,
1992) have shown a discrepancy to the typical tear film model.
A thicker tear film is more stable (Wong et al., 1996), but changes in
the thickness of the aqueous layer cannot be measured directly.
Although there are numerous tests available to assess tear volume
and flow, they are either invasive (require surface contact with the
eye) or highly subjective measures with inadequate resolution for
measuring small changes in tear thickness common to marginal dry
eye (Patel and Blades, 2003).

An inadequate tear film can however, be evaluated using tear
film stability tests, such as noninvasive tear break-up time (NITBUT)
or the slightly more ‘invasive’ tear break-up time (TBUT). Tear
break-up time is defined as the elapsed time between a complete
blink and the appearance of a ‘break’ in the tear film is detected and
is typically recorded in seconds. Changes in tear film stability have
been measured in response to mild dehydration (Kayikcioglu et al.,

1998) under the presumption that a decrease in total body water
(TBW) may reduce aqueous layer formation (Fig. 2).

Alterations in hydration status may also affect aqueous humor
formation. The amount of aqueous humor present in the anterior
chamber is dependent on the rates of inflow and outflow
(Connors, 2009). Both of these variables are influenced by a host
of factors including the effects of various pressures (hydrostatic,
oncotic and osmotic) (Fig. 2), anatomical considerations, the most
important of which appear to be structures of the ciliary body in
the posterior chamber, and of the angle of the anterior chamber
(Fig. 1B).

The ciliary body is located at the root of the iris and is the
source of the aqueous humor. The aqueous humor flows from the
back of the iris in the posterior chamber through the pupil and
into the anterior chamber. The angle of the anterior chamber
houses the main portals that allow outflow of the aqueous humor
such as veins in the ciliary muscle (uveoscleral route) and the
canal of Schlemm, which leads to the episcleral veins (Oyster,
1999). Because the aqueous humor is a fluid that is confined to a
limited space, it exerts pressure on the surrounding walls in
which it is confined. This is known as intraocular pressure (IOP)
and serves the purpose of giving shape to the eye in the anterior
chamber (Connors, 2009). The process of aqueous humor produc-
tion by the ciliary body is under tight neuro-endocrine regulation
and out-flow at the canal of Schlemm is largely controlled by
parasympathetic and sympathetic nervous activity (Coca-Prados
and Escribano, 2007) that is likely to be largely independent of
changes in whole body hydration (Fig. 2). Nevertheless, due to the
intricate relationship exhibited between the various forces that
accompany hypohydration, it is quite possible that significant
changes in TBW may produce detectable changes in IOP (Fig. 2).

3. Tear fluid osmolarity (Tosm)

Measurement of Tosm can be made on a small tear fluid
sample of 0.1-0.2 pL using freezing-point depression or vapor-
pressure osmometers. In healthy individuals, Tosm is normally
between 275 and 308 mOsm L~! (Lemp et al., 2011). Previously,
studies report large variability (Benjamin and Hill, 1983; Gilbard
et al., 1978) that is likely due, at least in part, to inadequate
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sample volume and evaporation of tear fluid in the 3-5 min delay
from collection to measurement (Tiffany, 2008). Until very
recently, another obstacle to the general application of Tosm
measurement was the need for an experienced investigator who
could obtain the tear fluid without disturbing its basic composi-
tion: reflexive tearing can alter tear fluid composition (e.g. Tosm)
(Nelson and Wright, 1986). Common tear collection techniques
such as using glass capillary tubes or absorbing Schirmer papers
are uncomfortable, time-consuming and technically demanding
procedures that may irritate the ocular surface and initiate reflex
tearing (Esmaeelpour et al., 2008). Very recently, a non-invasive
tear collection and analyzing device has made it possible to
measure Tosm on a very small sample of tear fluid (50 nL)
(Benelli et al., 2010). The TearLab® osmolarity system utilizes a
single-use test card mounted on a hand-held pen, which both
collects the sample and initiates the measurement (Fig. 3). The
collection procedure is performed by resting the tip of the test
card on the lower tear meniscus, which takes only a few seconds,
is painless and requires little technical expertise; indeed, it is
possible to perform the collection on oneself looking in a mirror.
The pen is immediately docked onto the TearLab® platform
where an output is generated within 10 s using the principle of
electrical impedance.

Using the TearLab® osmolarity system, one recent study
showed that increases in plasma osmolality during exercise-
evoked dehydration and subsequent overnight fluid restriction

Fig. 3. Tear fluid collection procedure using the TearLab® osmolarity system.
Reprinted with permission (Fortes et al., 2011).

were reflected in increases in Tosm (Fig. 4) (Fortes et al., 2011). In
addition, decreases in plasma osmolality during a fluid intake trial
were also reflected in decreases in Tosm providing confidence
that the changes in Tosm reflect changes in hydration and not an
exercise artefact (Fortes et al., 2011). A large correlation was
observed between Tosm and plasma osmolality (r=0.72,
P < 0.01), however the mechanism(s) for the observed association
of Tosm and plasma osmolality remains to be elucidated (Fortes
et al., 2011) (Fig. 2); for example, it remains a matter of conten-
tion whether tear fluid represents a direct filtrate from plasma
(Ubels et al., 1994). Using Tosm as a hydration assessment tool
may be especially appealing to clinicians because the procedure is
less-invasive compared with plasma osmolality, requires little
expertise to perform, and provides a rapid reading. Biological
variation analysis also suggests that Tosm change values may be
diagnostically useful for hydration assessment (Fortes et al.,
2011). It remains to be seen how Tosm responds to isotonic-
hypovolaemia or if it can be applied successfully in an outdoor
sports medicine setting where sunlight, wind, movement convec-
tion, sweat (in the eyes) and other factors may complicate Tosm
measurements.
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Fig. 4. Plasma osmolality (A) and tear osmolarity (B) responses to progressive
exercise-heat induced dehydration to 1%, 2% and 3% body mass loss, subsequent
overnight fluid restriction (08:00h) and rehydration (11:00 h) during fluid
restriction (FR @) and with fluid intake to offset fluid losses (FI ©O). Values are
means and SD (n=14). HSD indicates Tukey’s honestly significant difference value
(P < 0.05). Significantly different from pre-exercise (*P < 0.05, **P < 0.01). Signifi-
cant between trial differences (#P < 0.05, ##P < 0.01). Reprinted with permission
(Fortes et al., 2011).
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4. Tear break-up time (TBUT)

The time a tear takes to break-up, which is also an indicator of
tear film stability, can be assessed via two main methodologies.
One version is invasive (TBUT) while the other is non-invasive
(NITBUT). Both assessments depend on the same underpinning
physiology. The criterion measure is NITBUT (Holly and Lemp,
1977; Norn, 1986; Patel and Blades, 2003). The Keeler Tearscope-
Plus® is one type of hand-held slit lamp that can be used to assess
NITBUT when combined with magnifier and coarse grid acces-
sories (Guillon, 1998). The principle of operation relies on the
intact tear film acting like a mirror upon which a grid image can
be projected. A thinning (or break) of the tear film is detectable
as random distortions or discontinuities in the grid image. The
time interval between a blink and the first appearance of grid
distortion is taken as the NITBUT (Guillon, 1998; Mengher et al.,
1985a; Patel and Blades, 2003). On the other hand, TBUT is the
measure whereby a fluorescein stain is utilized to visualize the
break in the tear film. This stain tends to decrease tear film
stability thus shortening the time reported compared to NITBUT
(Mengher et al., 1985b; Norn, 1969). In one study, where both
measures were obtained on the same individuals, TBUT and
NITBUT were not in agreement (Cho and Douthwaite, 1995).
NITBUT of 20-30s is considered normal and a time of <10s
is also used as a threshold for clinical dry eye diagnosis (Mengher
et al,, 1986). However, reported TBUT varies within the literature
based upon methodology (Cho et al, 1992), ethnicity (Cho
and Brown, 1993), diurnal variation (Patel et al., 1988), recovery
from eye surgery (i.e. Lasik) (Albietz et al., 2002; Aras et al., 2000)
and the choice of which eye is used first in assessment. The
choice of which eye is tested first can confound results since the
duration of eye opening influences subsequent reflex tearing
(Mengher et al., 1985a,b). All of these variables lead to equivocal
conclusions regarding the reliability of TBUT assessment for
clinical purposes.

In an eye with otherwise healthy mucous, aqueous, and
lipid layers, a reduction in TBW might impair lacrimal function
and shrink the aqueous tear layer enough to decrease TBUT
(Fig. 2). If dehydration were to reduce the aqueous layer to 1
pm thickness, the undermined tear stabilising influence of
Marangoni-flow, which is generated from surface tension gradi-
ents, would reduce TBUT by 30%, similar to values observed with
aqueous deficient dry eyes (Lemp et al., 1971). Indeed, while ‘dry
eye’ is a common medical condition with a multitude of potential
causes, abnormalities in lacrimal gland secretion explains the
etiology of aqueous deficient dry eye (Holly and Lemp, 1977,
Patel and Blades, 2003). Sjogren’s syndrome is an extreme
example of an autoimmune disorder that attacks moisture-
producing glands like those of the mouth (salivary) and eyes
(lacrimal), resulting in both dry mouth and dry eyes syndromes.
The absence of tears in crying children ( <3 years old) is also
among the top four clinical predictors of severe pediatric dehy-
dration (Friedman et al., 2004). However, the only study (Kayikcioglu
et al,, 1998) that examined the effects of dehydration on tear
break-up time found no effects but the level of dehydration was
marginal (—1.5% body mass) and the choice of TBUT techni-
que (fluorescein stain) may have artificially shortened the tear
break-up time (Mengher et al., 1985b; Norn, 1986), thus masking
any effects. Therefore, since no investigations have examined
NITBUT, careful assessments using this methodology should be
carried out to determine if NITBUT is predictably altered by
hypohydration. Based upon the list of confounding variables
presented and the inherent variability within the measure
(Brown and Cho, 1994; Cho, 1993; Cho and Douthwaite, 1995),
NITBUT would appear to have greatest potential for dynamic
hydration assessment.

5. Intraocular pressure (IOP)

IOP can be measured through multiple methods all of which
utilize the same underlying principal. IOP measurement is accom-
plished by deforming the cornea with the presumption that the
higher the IOP, the harder the cornea will be to deform via a
forward pressing force from a finger, plunger or a puff of air
(Qyster, 1999). The most common assessment, which is consid-
ered the criterion measure, is the Goldmann tonometer (Kass,
1996). The Goldmann tonometer is not without limitations as it
requires an expert to make the measurements as well as a topical
anesthetic (fluorescein). However, recently tonometers that are
less invasive and are more user friendly (not requiring a medical
expert) have demonstrated promising results and these can be
used in both lab and field settings (Abraham et al., 2008). IOP
measurement is important during ocular examinations for
presence of ocular hypertension (IOP >21 mmHg), which could be
indicative of developing glaucoma (Hollows and Graham, 1966).

IOP in a normal population is approximately 16 +3 mm Hg,
with a positive skew towards higher values (Hollows and Graham,
1966). A number of factors can affect IOP such as age (Hollows
and Graham, 1966), diurnal variation (David et al., 1992; Henkind
et al., 1973; Sacca et al., 1998; Wilensky, 1991), exercise intensity
and modality (Risner et al., 2009), cold exposure (Ortiz et al.,
1988), high altitude exposure (Bosch et al., 2010), change in PCO,
(Hvidberg et al., 1981) and change in body position (Hvidberg
et al,, 1981). However, the most pertinent extrinsic factor is that
acute fluid ingestion can increase IOP 2.2-2.7 mmHg, thus giving
support for this measure’s potential to assess hydration status
(Brucculeri et al., 1999; Drance, 1963; Martin et al., 1999; Moura
et al., 2002; Read and Collins, 2010).

In a healthy eye, TBW reduction might result in a significant
decrease in IOP due to the close association between composi-
tional changes in blood and aqueous humor (Fig. 2) (Gaasterland
et al,, 1979). Thermal dehydration, resulting in hypertonic-hypo-
volaemia, will lead to increased plasma osmolality and increased
total circulating protein concentration, which will lead to changes
in both osmotic and oncotic forces, respectively (Ashkenazi et al.,
1992). Furthermore, fluid and electrolyte losses resulting in
isotonic-hypovolaemia lead to larger extravascular fluid losses
(Mange et al.,, 1997; McGee et al., 1999), decreases in blood
pressure and subsequent decreases in intraocular pressure from
reduced hydrostatic forces. This is commonly seen after diuretic
use, such as carbonic anhydrase inhibitors, which are commonly
prescribed to glaucoma patients (van der Valk et al., 2005; World
Heath Organization; 2009). Both types of hypohydration could
affect aqueous humor formation/removal and inevitably influence
IOP. Thus, hypohydration may decrease aqueous humor volume
(‘ocular dehydration’) and consequently decrease IOP, which
would enable this measurement to potentially assess both hypo-
volaemia subtypes. Currently, equivocal results have been
published. In some studies the correlations between changes in
IOP and changes in plasma osmolality (criterion hydration
status measure) have been significant (Ashkenazi et al., 1992;
Marcus et al., 1970; Stewart et al., 1970) while others have
shown little promise (Brucculeri et al., 1999; Harris et al., 1994;
Martin et al., 1999).

A recent pilot study from Hunt et al. (in press) has provided
some evidence of an association between body mass loss (water
loss) and change in IOP. These authors demonstrated a stronger
relationship to body mass loss when the change in IOP (dynamic
assessment) was used as compared to the absolute value (static
assessment). These results provide direction for future experi-
ments, however, careful consideration of the exercise protocol
(Risner et al., 2009) and the effects of core body temperature
need to be considered as both may independently affect IOP
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(Hunt et al., in press; Moura et al., 2002; Shapiro et al., 1981).
Lastly, conscientious consideration of the various confounders
previously listed should be taken into account in the experimen-
tal design when testing IOP as a tool to assess hydration.

6. Conclusions

In summary, there is a relevant physiological basis for testing
the merit of ocular measures (Tosm, NITBUT and IOP) for human
hydration assessment. Recent data indicate that Tosm (Fortes
et al,, 2011) and IOP (Hunt et al., in press) may have utility for
assessing hydration status, particularly in a clinical setting. The
potential efficacy of NITBUT in a similar setting is logical, but
untested. It remains to be seen how any ocular measure responds
to isotonic-hypovolaemia or if they can be applied successfully in
more austere outdoor settings where sunlight, wind, movement
convection, sweat (in the eyes), and other factors may complicate
these measurements. Further investigations are warranted to
determine the degree to which ocular measures can act as
accurate and reliable non-invasive hydration status markers.

Acknowledgments

We would like to sincerely thank Naresh Menon Ph.D. and
Michael Sawka, Ph.D. for their consultation in preparation of this
manuscript. Disclosures of potential conflicts of interest. The
views, opinions and/or findings in this report are those of
the authors and should not be construed as official Department
of the Army position, policy, or decision unless so designated by
other official designation. Disclosures of sources of funding
supported by the US Army Medical Research and Materiel
Command.

References

Abraham, L.M., Epasinghe, N.C,, Selva, D., Casson, R., 2008. Comparison of the ICare
rebound tonometer with the Goldmann applanation tonometer by experi-
enced and inexperienced tonometrists. Eye 22, 503-506.

Albietz, ].M., Lenton, L.M., McLennan, S.G., 2002. Effect of laser in situ keratomi-
leusis for hyperopia on tear film and ocular surface. ]. Refract. Surg. 18,
113-123.

Andreoli, T.E., Reeves, W.B., Bichet, D.G., 2000. Endocrine control of water balance.
In: Fray, J., Goodman, H.M. (Eds.), Handbook of Physiology. , Oxford University
Press, NY, USA, pp. 530-569.

Aras, C., Ozdamar, A., Bahcecioglu, H., Karacorlu, M., Sener, B., Ozkan, S., 2000.
Decreased tear secretion after laser in situ keratomileusis for high myopia. J.
Refract. Surg. 16, 362-364.

Armstrong, LE., 2005. Hydration assessment techniques. Nutr. Rev. 63, S40-S54.

Ashkenazi, 1., Melamed, S., Blumenthal, M., 1992. The effect of continuous
strenuous exercise on intraocular pressure. Invest. Ophthalmol. Vis. Sci. 33,
2874-2877.

Benelli, U., Nardi, M., Posarelli, C., Albert, T.G., 2010. Tear osmolarity measurement
using the TearLab Osmolarity System in the assessment of dry eye treatment
effectiveness. Cont. Lens Anterior Eye 33, 61-67.

Benjamin, W.J., Hill, RM., 1983. Human tears: osmotic characteristics. Invest.
Ophthalmol. Vis. Sci. 24, 1624-1626.

Bosch, M.M., Barthelmes, D., Merz, T.M., Truffer, F., Knecht, P.B., Petrig, B., Bloch,
K.E., Hefti, U., Schubiger, G., Landau, K., 2010. Intraocular pressure during a
very high altitude climb. Invest. Ophthalmol. Vis. Sci. 51, 1609-1613.

Brown, B., Cho, P., 1994. Inter- and intra-individual variability of non-invasive tear
break-up time in Hong Kong Chinese. Clin. Exp. Optom. 77, 15-23.

Brucculeri, M., Hammel, T., Harris, A., Malinovsky, V., Martin, B., 1999. Regulation
of intraocular pressure after water drinking. J. Glaucoma. 8, 111-116.

Carvajal, H.F,, 1980. A physiologic approach to fluid therapy in severely burned
children. Surg. Gynecol. Obstet. 150, 379-384.

Cheuvront, S.N., Ely, B.R., Kenefick, R.W., Sawka, M.N., 2010. Biological variation
and diagnostic accuracy of dehydration assessment markers. Am. J. Clin. Nutr.
92, 565-573.

Cheuvront, S.N,, Fraser, C.G., Kenefick, R.W., Ely, B.R.,, Sawka, M.N., 2011. Reference
change values for dehydration monitoring. Clin. Chem. Lab. Med. 49, 1037.

Cheuvront, S.N., Sawka, M.N., 2005. Hydration assessment of athletes. Sports Sci.
Exchange 18, 1-6.

Cho, P., 1993. Reliability of a portable noninvasive tear break-up time test on Hong
Kong-Chinese. Optom. Vis. Sci. 70, 1049-1054.

Cho, P., Brown, B., 1993. Review of the tear break-up time and a closer look at the
tear break-up time of Hong Kong Chinese. Optom. Vis. Sci. 70, 30-38.

Cho, P., Brown, B., Chan, L., Conway, R, Yap, M., 1992. Reliability of the tear break-
up time technique of assessing tear stability and the locations of the tear
break-up in Hong Kong Chinese. Optom. Vis. Sci. 69, 879-885.

Cho, P., Douthwaite, W., 1995. The relation between invasive and noninvasive tear
break-up time. Optom. Vis. Sci. 72, 17-22.

Coca-Prados, M., Escribano, J., 2007. New perspectives in aqueous humor secretion
and in glaucoma: the ciliary body as a multifunctional neuroendocrine gland.
Prog. Retin. Eye Res. 26, 239-262.

Connors, B.W., 2009. Sensory transduction. In: Boron, W.F., Boulpaep, E.L. (Eds.),
Medical Physiology: A Cellular and Molecular Approach. , Saunders Elsevier,
Philadelphia, PA, pp. 371-407.

Dartt, D.A., 2009. Neural regulation of lacrimal gland secretory processes:
relevance in dry eye disease. Prog. Retin. Eye Res. 28, 155-177.

Dartt, D.A., Baker, AK., Vaillant, C., Rose, P.E., 1984. Vasoactive intestinal poly-
peptide stimulation of protein secretion from rat lacrimal gland acini. Am.
J. Physiol. 247, G502-509.

Dartt, D.A., Moller, M., Poulsen, J.H., 1981. Lacrimal gland electrolyte and water
secretion in the rabbit: localiation and role of (Na™K™)-activated ATPase.
J. Physiol. 321, 557-569.

David, R., Zangwill, L., Briscoe, D., Dagan, M., Yagev, R, Yassur, Y., 1992. Diurnal
intraocular pressure variations: an analysis of 690 diurnal curves. Br.
J. Ophthalmol. 76, 280-283.

Drance, S.M., 1963. Studies with applanation water tests: changes in the coeffi-
cient of ocular rigidity during the water provocative test. Arch. Ophthalmol.
69, 39-43.

Duvekot, ].J., Cheriex, E.C., Tan, W.D., Heidendal, G.A., Peeters, L.L., 1994. Measure-
ment of anterior-posterior diameter of inferior vena cava by ultrasonography:
a new non-invasive method to assess acute changes in vascular filling state.
Cardiovasc. Res. 28, 1269-1272.

Esmaeelpour, M., Cai, J.,, Watts, P., Boulton, M., Murphy, P.J., 2008. Tear sample
collection using cellulose acetate absorbent filters. Ophthalmic Physiol. Opt.
28, 577-583.

Feig, P.U.,, McCurdy, D.K,, 1977. The hypertonic state. N. Engl. J. Med. 297,
1444-1454.

Fortes, M.B., Diment, B.C., Di Felice, U., Gunn, A.E., Kendall, J.L., Esmaeelpour, M.,
Walsh, N.P., 2011. Tear fluid osmolarity as a potential marker of hydration
status. Med. Sci. Sports Exerc. 43, 1590-1597.

Friedman, J.N., Goldman, R.D., Srivastava, R., Parkin, P.C., 2004. Development of a
clinical dehydration scale for use in children between 1 and 36 months of age.
J. Pediatr. 145, 201-207.

Gaasterland, D.E., Pederson, J.E., MacLellan, H.M., Reddy, V.N., 1979. Rhesus
monkey aqueous humor composition and a primate ocular perfusate. Invest.
Ophthalmol. Vis. Sci. 18, 1139-1150.

Gilbard, ].P., Farris, R.L., Santamaria, J., 1978. Osmolarity of tear microvolumes in
keratoconjunctivitis sicca. Arch. Ophthalmol. 96, 677-681.

Guillon, J.P., 1998. Non-invasive tearscope plus routine for contact lens fitting.
Cont. Lens Anterior. Eye 21, S31-S40.

Harris, A., Malinovsky, V., Martin, B., 1994. Correlates of acute exercise-induced
ocular hypotension. Invest. Ophthalmol. Vis. Sci. 35, 3852-3857.

Henkind, P., Leitman, M., Weitzman, E., 1973. The diurnal curve in man: new
observations. Invest. Ophthalmol. 12, 705-707.

Hollows, F.C., Graham, P.A., 1966. Intra-ocular pressure, glaucoma, and glaucoma
suspects in a defined population. Br. ]J. Ophthalmol. 50, 570-586.

Holly, F.J., Lemp, M.A., 1977. Tear physiology and dry eyes. Surv. Ophthalmol. 22,
69-87.

Hunt, A.P., Feigl, B., Stewart, L.B., The intraocular pressure response to dehydration:
a pilot study. Eur. J. Appl. Physiol, doi:10.1007/s00421-011-2143-5. In press.

Hvidberg, A., Kessing, S.V., Fernandes, A., 1981. Effect of changes in PCO2 and body
positions on intraocular pressure during general anaesthesia. Acta Ophthal-
mol. 59, 465-475.

Institute of Medicine, 2005. Water, Dietary Reference Intakes for Water, Sodium,
Chloride, Potassium, and Sulfate. National Academy Press, Washington, DC,
USA., pp. 73-185.

Kass, M.A., 1996. Standardizing the measurement of intraocular pressure for
clinical research. Guidelines from the Eye Care Technology Forum. Ophthal-
mology 103, 183-185.

Kayikcioglu, O., Erkin, E.F., Erakgun, T., 1998. The influence of religious fasting on
basal tear secretion and tear break-up time. Int. Ophthalmol. 22, 67-69.
King-Smith, P.E., Fink, B.A., Fogt, N., Nichols, K.K., Hill, R.M., Wilson, G.S., 2000. The
thickness of the human precorneal tear film: evidence from reflection spectra.

Invest. Ophthalmol. Vis. Sci. 41, 3348-3359.

Knopp, R., Claypool, R., Leonardi, D., 1980. Use of the tilt test in measuring acute
blood loss. Ann. Emerg. Med. 9, 72-75.

Lemp, M.A,, Bron, AJ., Baudouin, C., Benitez Del Castillo, ].M., Geffen, D., Tauber, J.,
Foulks, G.N., Pepose, ].S., Sullivan, B.D., 2011. Tear osmolarity in the diagnosis
and management of dry eye disease. Am. ] Ophthalmol. 151, 792-798.

Lemp, M.A., Dohlman, C.H., Kuwabara, T., Holly, FJ., Carroll, .M., 1971. Dry eye
secondary to mucus deficiency. Trans. Am. Acad. Ophthalmol. Otolaryngol. 75,
1223-1227.

Levitt, M.A., Lopez, B., Lieberman, M.E., Sutton, M., 1992. Evaluation of the tilt
test in an adult emergency medicine population. Ann. Emerg. Med. 21,
713-718.



KJ. Sollanek et al. / Journal of Thermal Biology 37 (2012) 111-117 117

Mange, K., Matsuura, D., Cizman, B., Soto, H., Ziyadeh, F.N., Goldfarb, S., Neilson,
E.G., 1997. Language guiding therapy: the case of dehydration versus volume
depletion. Ann. Intern. Med. 127, 848-853.

Marcus, D.F., Krupin, T., Podos, S.M., Becker, B., 1970. The effect of exercise on
intraocular pressure. I. Human beings. Invest. Ophthalmol. 9, 749-752.

Martin, B., Harris, A., Hammel, T., Malinovsky, V., 1999. Mechanism of exercise-
induced ocular hypotension. Invest. Ophthalmol. Vis. Sci. 40, 1011-1015.

Mathers, W.D., Daley, T.E., 1996. Tear flow and evaporation in patients with and
without dry eye. Ophthalmology 103, 664-669.

McGee, S., Abernethy III, W.B., Simel, D.L., 1999. The rational clinical examination.
Is this patient hypovolemic? JAMA 281, 1022-1029.

Mengher, L.S., Bron, AJ., Tonge, S.R., Gilbert, D.J., 1985a. A non-invasive instrument
for clinical assessment of the pre-corneal tear film stability. Curr. Eye Res. 4,
1-7.

Mengher, LS., Bron, AJ., Tonge, S.R., Gilbert, D.J., 1985b. Effect of fluorescein
instillation on the pre-corneal tear film stability. Curr. Eye Res. 4, 9-12.

Mengher, L.S., Pandher, K.S., Bron, A.J., 1986. Non-invasive tear film break-up time:
sensitivity and specificity. Acta Ophthalmol. 64, 441-444.

Mircheff, AK., 1989. Lacrimal fluid and electrolyte secretion: a review. Curr. Eye
Res. 8, 607-617.

Moura, M.A., Rodrigues, L.O., Waisberg, Y., De Almeida, H.G., Silami-Garcia, E.,
2002. Effects of submaximal exercise with water ingestion on intraocular
pressure in healthy human males. Braz. J. Med. Biol. Res. 35, 121-125.

Mudge, G.H., Weiner, LM., 1970. Drugs affecting renal function and electrolyte
metabolism. In: Goodman, L.S., Gilman, S. (Eds.), The Pharmacological Basis of
Therapeutics. , MacMillan, NY, USA, pp. 879-886.

Nelson, J.D., Wright, ].C., 1986. Tear film osmolality determination: an evaluation
of potential errors in measurement. Curr. Eye Res. 5, 677-681.

Norn, M.S., 1969. Desiccation of the precorneal film. I. Corneal wetting-time. Acta
Ophthalmol. 47, 865-880.

Norn, M.S., 1986. Tear film break-up time: a review, In: Holly, FJ. (Ed.), The
Preocular Tear Film in Health, Disease, and Contact Lens Wear. Dry Eye
Institute, Inc., Lubbock, TX, USA, pp. 52-56.

Nose, H., Mack, G.W., Shi, X.R., Nadel, E.R., 1988. Shift in body fluid compartments
after dehydration in humans. J. Appl. Physiol. 65, 318-324.

Ortiz, G.J., Cook, D.J., Yablonski, M.E., Masonson, H., Harmon, G., 1988. Effect of
cold air on aqueous humor dynamics in humans. Invest. Ophthalmol. Vis. Sci.
29, 138-140.

Oyster, C.W., 1999. The Human Eye: Structure and Function. Sinauer Associates,
Inc., Sunderland, MA.

Patel, S., Bevan, R., Farrell, ].C., 1988. Diurnal variation in precorneal tear film
stability. Am. ]. Optom. Physiol. Opt. 65, 151-154.

Patel, S., Blades, KJ., 2003. The Dry Eye: A Practical Approach. Butterworth-
Heinemann, Edinburgh, Scotland.

Prydal, J.I., Artal, P., Woon, H., Campbell, FW., 1992. Study of human precorneal
tear film thickness and structure using laser interferometry. Invest. Ophthal-
mol. Vis. Sci. 33, 2006-2011.

Read, S.A., Collins, M.J., 2010. Water drinking influences eye length and IOP in
young health subjects. Exp. Eye Res. 91, 185.

Risner, D., Ehrlich, R., Kheradiya, N.S., Siesky, B., McCranor, L., Harris, A., 2009.
Effects of exercise on intraocular pressure and ocular blood flow: a review. J.
Glaucoma. 18, 429-436.

Robertson, G.L., Mahr, E.A., Athar, S., Sinha, T., 1973. Development and clinical
application of a new method for the radioimmunoassay of arginine vasopres-
sin in human plasma. J. Clin. Invest. 52, 2340-2352.

Rolando, M., Zierhut, M., 2001. The ocular surface and tear film and their
dysfunction in dry eye disease. Surv. Ophthalmol 45 (Suppl. 2), S203-S210.

Ruckenstein, E., Sharma, A., 1986. A surface chemical explanation of tear film
breakup and its implications. In: Holly, F.J. (Ed.), The ocular tear film in health,
disease, and contact lens wear. , Dry Eye Institute, Inc., Lubbock, TX,
pp. 697-727.

Sacca, S.C., Rolando, M., Marletta, A., Macri, A., Cerqueti, P., Ciurlo, G., 1998.
Fluctuations of intraocular pressure during the day in open-angle glaucoma,
normal-tension glaucoma and normal subjects. Ophthalmologica 212,
115-119.

Sawka, M.N., Burke, L.M., Eichner, E.R., Maughan, RJ., Montain, S.J., Stachenfeld,
N.S., 2007. American College of Sports Medicine position stand. Exercise and
fluid replacement. Med. Sci. Sports Exerc. 39, 377-390.

Shapiro, A., Shoenfeld, Y., Konikoff, F., Udassin, R., Shapiro, Y., 1981. The relation-
ship between body temperature and intraocular pressure. Ann. Ophthalmol.
13, 159-161.

Stewart, R.H., LeBlanc, R., Becker, B., 1970. Effects of exercise on aqueous
dynamics. Am. J. Ophthalmol. 69, 245-248.

Tiffany, J.M., 2008. The normal tear film. Dev. Ophthalmol. 41, 1-20.

Ubels, J.L., Williams, K.K., Lopez-Bernal, D., Edelhauser, H.F., 1994. Evaluation of
effects of a physiologic artificial tear on the corneal epithelial barrier:
electrical resistance and carboxyfluorescein. Adv. Exp. Med. Biol. 350,
441-452.

van der Valk, R., Webers, C.A., Schouten, ].S., Zeegers, M.P., Hendrikse, F., Prins,
M.H., 2005. Intraocular pressure-lowering effects of all commonly used
glaucoma drugs: a meta-analysis of randomized clinical trials. Ophthalmology
112, 1177-1185.

Visscher, M.B., Carr, C., 1944. The rate of entrance of radio sodium into the aqueous
humor and cerebrospinal fluid. Am. ]J. Physiol. 142, 27-31.

Wilensky, J.T., 1991. Diurnal variations in intraocular pressure. Trans. Am.
Ophthalmol. Soc. 89, 757-790.

Wong, H., Fatt, LI, Radke, C.J., 1996. Deposition and thinning of the human tear
film. J. Colloid Interface Sci. 184, 44-51.

World Heath Organization, 2009. WHO model formulary 2008. WHO Press,
Geneva.





