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Influence of breathing route on upper airway lining liquid
surface tension in humans
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We have recently demonstrated that the severity of sleep-disordered breathing in obstructive

sleep apnoea hypopnoea syndrome (OSAHS) can be reduced by lowering the surface tension (γ)

of the upper airway lining liquid (UAL). Morning xerostomia (related to oral breathing during

sleep) is reported by most OSAHS patients. In the present study we examine relationships

between breathing route, oral mucosal ‘wetness’ and the γ of UAL. We studied eight healthy

subjects (age, 25 ± 5 years [mean ± S.D.]; body-mass index, 23 ± 2 kg m−2) during a 120 min

challenge of both nasal-only breathing (mouth taped) and oral-only breathing (nose clip), each

on a separate day (randomized). Both oral mucosal ‘wetness’ (5 s contact gravimetric absorbent

paper strip method) and the γ (‘pull-off’ force technique) of 0.2 μl samples of UAL obtained

from the posterior pharyngeal wall were measured at 15 min intervals (mouth tape removed

and replaced as required). Upper airway mucosal ‘wetness’ increased during 120 min of nasal

breathing from 4.0 ± 0.4 (mean ± S.E.M.) to 5.3 ± 0.3 μl (5 s)−1 but decreased from 4.5 ± 0.4

to 0.1 ± 0.2 μl (5 s)−1 with oral breathing (both P < 0.001, repeated-measures ANOVA, Tukey’s

multiple comparison test, post hoc test). Concurrently, theγ of UAL decreased from 59.3 ± 2.2 to

51.8 ± 0.98 mN m−1 with nasal breathing but increased from 64.4 ± 2.7 to 77.4 ± 1.1 mN m−1

with oral breathing (P < 0.001). For the group and all conditions studied, γ of UAL values

strongly correlated with upper airway mucosal ‘wetness’ (correlation coefficient, r2 = −0.34,

P < 0.001; linear regression). We conclude that oral breathing increases and nasal breathing

decreases theγ of UAL in healthy subjects during wakefulness. We speculate that nasal breathing

in OSAHS patients during sleep may promote a low γ of UAL that may contribute to reducing

the severity of sleep-disordered breathing.
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We have previously shown that the surface tension (γ )
of upper airway lining liquid (UAL) plays an important
role in the control of upper airway patency (Kirkness
et al. 2003a,b,c). For example, in both awake (Van der
Touw et al. 1997) and anaesthetized humans (Kirkness
et al. 2003b) the application of exogenous surfactant
decreases the intraluminal pressure required to reopen a
closed pharyngeal airway. In anaesthetized rabbits upper
airway reopening and closing pressures are both strongly
correlated with γ of UAL values (Kirkness et al. 2003a).
In addition, a number of studies, including our own, have
shown that the instillation of exogenous surfactant into
the upper airway of patients with obstructive sleep apnoea
hypoponea syndrome (OSAHS) reduces the severity of the
associated sleep-disordered breathing (Jokic et al. 1998;
Morrell et al. 2002; Kirkness et al. 2003c).

Oral versus nasal breathing has been long recognized
as a potential influence on upper airway patency during
sleep. Mouth opening occurs during sleep in both healthy
subjects and OSAHS patients (Miyamoto et al. 1998, 1999)
and may increase UA collapsibility, thereby contributing
to the occurrence of sleep-related breathing abnormalities
(Meurice et al. 1996). Route dependence of upper
airway muscle activity (Basner et al. 1989) and upper
airway wall compliance (Meurice et al. 1996) have both
been suggested as mechanisms that may increase upper
airway collapsibility during mouth breathing. In addition,
Olson et al. 1981 (Olson & Strohl, 1988) have pointed out
that mouth breathing during sleep has the potential to
increase the ‘dryness’ of the upper airway mucosal surface.
Subsequent increased wall ‘stickiness’ may then make the
upper airway more difficult to reopen after closure.
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Xerostomia upon awakening from sleep is reported by
∼74% of OSAHS patients (Kales et al. 1985; American
Sleep Disorders Association, 1997), suggesting that upper
airway mucosal drying, presumably associated with mouth
breathing, may be relatively common in these patients.
We have also recently demonstrated that older individuals
have increased oronasal breathing during sleep (Madronio
et al. 2004) and that, in both healthy subjects and patients
with OSAHS, nasal breathing during sleep, as opposed
to mouth breathing, is associated with a lower γ of UAL
(Kirkness et al. 2005b). When this finding is combined
with our previous work describing the effects of adding
surfactant to the upper airway, it seems plausible that
changes in γ of UAL may be implicated in breathing route
influences on sleep-disordered breathing. However, there
are no reported studies linking breathing route, upper
airway mucosal ‘wetness’ and γ of UAL. These
relationships are not understood in healthy human
subjects, let alone OSAHS patients. Consequently, the aim
of the present study was to define the normal physiological
impact of nasal versus oral breathing on both the ‘wetness’
of the pharyngeal wall and γ of UAL values.

Methods

Subjects

We studied eight healthy, awake, volunteer subjects
(2 male, 6 female; age, 25.0 ± 5.3 years [mean ± s.d.],
body-mass index, 23 ± 2 kg m−2). Subjects were non-
smokers, were not taking any medications, and had
no history of OSAHS. Written, informed consent was
obtained, the protocol was approved by the Western
Sydney Area Health Service Human Ethics Committee and
the study conformed with the Declaration of Helsinki.

Study design

Subjects performed separate 120 min challenge periods of
enforced nasal and enforced oral breathing on two separate
days while ventilation, breathing route and swallowing
were monitored continuously, and perception of ‘dry
mouth’, upper airway mucosal ‘wetness’, and γ of UAL
measures were obtained at 15 min intervals. The 120 min
study period was chosen in order to have the intervention
duration long enough to allow collection of time course
data over a period with some relevance to a sleep cycle
period and also represented a maximum tolerable mouth
breathing period for awake subjects.

Ventilation

Ventilation was monitored using respiratory inductance
plethysmography. Inductive bands were fitted around the
ribcage and the abdomen, and the system was calibrated
using the isovolume method as described by Millman et al.

(1986). Data were recorded as the sum of the ribcage and
abdomen signals.

Swallowing

Swallows were detected via a recording of the submental
electromyogram (EMG). Electrodes were positioned on
the skin surface below the chin and connected to
an amplifier system (Neotrace NT, 1900, Neomedix
Systems, Sydney, NSW, Australia). The EMG signals were
filtered (50 Hz to 1 kHz), rectified and integrated with
a time constant of 100 ms. Correct placement of the
electrodes was established by confirming that a phasic
EMG signal occurred in association with a voluntary
swallow. The integrated EMG signal was then monitored
continuously throughout the protocol. The number of
swallows occurring during each challenge period was
quantified as the number of phasic submental EMG peaks
detected.

Breathing route

Breathing route was monitored using a dual-channel
thermocouple device (F-ONT2A, Grass Telefactor, West
Warwick, RI, USA) with separate oral and nasal sensors.

Perception of ‘dry mouth’

Two minutes prior to the collection of each upper
airway mucosal ‘wetness’ measurement, subjects rated,
using a 19 cm visual analog scale (Chandra et al. 1994),
their response to the instruction: rate the dryness of your
mouth from ‘not dry at all’ to ‘very dry’.

Upper airway mucosal ‘wetness’

Upper airway mucosal ‘wetness’ measurements were
made using a timed, gravimetric absorbent paper strip
method (Ciantar & Caruana, 1998). A purpose-designed
paper strip (SialoPaper Collection Strips, Ora Flow, Inc.,
Plainview, NY, USA); total surface area, 44.15 mm2; dry
weight, 8.5 mg) was placed in contact with the back of the
tongue for 5 s. The volume of absorbed fluid (in μl) was
obtained by comparing the weight of the strip before and
after fluid absorption.

Surface tension measurements

Samples of UAL for the γ measurement were collected
from the posterior pharyngeal wall using fine-bore
polyethylene tubing (i.d. 0.5 mm; o.d. 0.8 mm) with
an attached 1 ml syringe (1 ml, Terumo Medical Corp.,
Albertion, MD, USA), which was used to draw a small
quantity (∼1.0 μl) of the UAL into the tubing (Kirkness
et al. 2005a). Samples were then transferred with a 1 μl
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syringe (7500.5N, Hamilton Company, Reno, NV, USA)
to the surface force measurement device.

The γ of UAL was measured via the ‘pull-off’ force
technique according to the procedure described by
Kirkness et al. (2005a). This approach uses the force
required to separate two silica surfaces bridged by a droplet
(∼0.2 μl) of the test liquid to estimate the γ of the liquid
sample.

Protocol

Subjects were studied on two separate days, randomized
to mouth breathing on one day and nasal breathing
on the other, and were instructed not to consume any
food or drink for 30 min prior to study. Following
instrumentation, subjects rated mouth ‘dryness’ and a
measurement of upper airway mucosal ‘wetness’ and γ

of UAL was obtained. Subjects then completed a 30 min
‘run-in’ period of nasal-only breathing, followed by a
120 min challenge period of either enforced nasal-only
(mouth taped) or oral-only breathing (nose clip). During
both the run-in and challenge periods, ventilation,
submental EMG and thermocouple signals were
monitored continuously, while measurements of subject
perception of mouth ‘dryness’ (unmarked scale presented
on each occasion), upper airway mucosal ‘wetness’ and
γ of UAL were made at 15 min intervals. For sampling
purposes, mouth tape was removed and replaced as
required. Inductive plethysmography, EMG and thermo-
couple signals were digitized at 1 kHz (PowerLab/8sp,
ADInstruments, Sydney, NSW, Australia), and stored on
a Macintosh computer for further analysis.

Figure 1. A 1 min raw data period obtained from one subject during both the nasal and oral breathing
challenges
The traces show signals from respiratory inductance plethysmography (thorax, abdomen,
thorax + abdomen = sum), breathing route thermocouples (nasal and oral) and submental electromyography
(EMG). Note that there is no oral breathing during the nasal breathing challenge and similarly no nasal breathing
during the oral breathing challenge. A single swallow is evident on the EMG trace during nasal and oral breathing.

Data analysis

For each 15 min breathing period, the following data
were obtained: minute ventilation; swallowing frequency
(number of swallows per 15 min); perception of mouth
‘dryness’; upper airway mucosal ‘wetness’; and γ of UAL.
Individual subject data were pooled to obtain group mean
(± s.e.m.) values.

Repeated-measures ANOVA with Tukey’s post hoc tests
were used to determine differences between nasal and
oral breathing at the same time point and to examine
differences between time points for each breathing route.
Univariate relationships were explored using unadjusted
linear regression. P ≤ 0.05 was considered significant.

Results

Breathing route

In all subjects, for all conditions, exclusive nasal or oral
breathing was confirmed via inspection of the nasal and
oral thermocouple signals (Fig. 1).

Ventilation

There was no significant change in ventilation from the
‘run-in’ period during either the oral or nasal challenge
period (all P > 0.05). Group mean ventilation at all time
points (including during the nasal breathing ‘run-in’
period) was ∼10% higher on the oral breathing day (e.g. at
120 min, 4.5 ± 0.2 l min−1) than on the nasal breathing
day (e.g. at 120 min, 4.1 ± 0.2 l min−1) but this difference
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between nasal and oral breathing was not statistically
significant (P > 0.05).

Swallowing frequency

Swallowing frequency did not change during either
‘run-in’ period (all P > 0.05) and was not significantly
different for the ‘run-in’ periods on the nasal
breathing day and the oral breathing day (P > 0.05).
However, swallowing frequency progressively increased
with oral breathing such that during the oral breathing
challenge period, the swallowing frequency significantly
increased from 14 ± 1 swallows (15 min)−1 at 0 min to
25 ± 2 swallows (15 min)−1 at 120 min (P < 0.001). For
the nasal breathing challenge, there was a decrease in
swallowing frequency from 17 ± 1 swallows (15 min)−1

at 0 min to 10 ± 1 swallows (15 min)−1 at 120 min
(P < 0.05). A significant difference between the oral and
nasal breathing data for swallowing frequency was first
achieved at 90 min into the challenge period (P < 0.001).

Upper airway mucosal ‘wetness’

Upper airway mucosal ‘wetness’ values during the ‘run-
in’ period progressively increased on both test days
(P < 0.001) but were not significantly different between
test days (P > 0.08). During the nasal breathing
challenge, upper airway mucosal ‘wetness’ increased
from 4.0 ± 0.4 μl (5 s)−1 at 0 min to 5.3 ± 0.3 μl (5 s)−1

at 120 min (P < 0.001; Fig. 2). However, during the oral
breathing challenge, ‘wetness’ values progressively
decreased from 4.5 ± 0.4 μl (5 s)−1 at 0 min to
0.10 ± 0.20 μl (5 s)−1 at 120 min (P < 0.001). A significant
difference between the oral and nasal breathing data for

Figure 2. Group mean ± S.E.M. upper airway mucosal ‘wetness’
values during nasal and oral breathing challenge periods
∗P < 0.001 compared to time 0 min nasal breathing
challenge; †P < 0.001 compared to time 0 min oral breathing
challenge; and ‡P < 0.001 nasal compared to oral breathing challenge
at respective 15 min intervals.

upper airway mucosal ‘wetness’ was first achieved at
15 min into the challenge period (P < 0.001; Fig. 2).

Perception of ‘dry mouth’

Mouth ‘dryness’ perception values at the commencement
of the ‘run-in’ periods were not significantly different
between the oral breathing challenge (1.3 ± 0.6 cm) and
the nasal breathing challenge (1.5 ± 0.3 cm, P > 0.05) and
also did not change during the ‘run-in’ period on either
day (P > 0.08). However, perception of mouth ‘dryness’
progressively increased during the oral breathing challenge
period, reaching 11.7 ± 1.9 cm at 120 min (P < 0.001
compared with nasal breathing at 120 min), whereas,
mouth ‘dryness’ ratings did not change significantly
with nasal breathing (P > 0.05). A significant difference
between the oral and nasal breathing data for perception
of mouth ‘dryness’ was first achieved at 60 min into the
challenge period (P < 0.05).

Surface tension of UAL

Values for γ of UAL at the commencement of the
‘run-in’ period were not significantly different between
the oral breathing challenge (63.4 mN m−1) and the nasal
breathing challenge (62.5 mN m−1; P > 0.08) and did
not change during the ‘run-in’ on either day (P > 0.05).
However, during the nasal breathing challenge, γ of UAL
values progressively decreased from 59.3 ± 2.2 mN m−1

at 0 min to 51.8 ± 0.9 mN m−1 after 120 min (P = 0.05;
Fig. 3). By contrast, during the oral breathing challenge
the γ of UAL value increased from 64.4 ± 2.7 mN m−1 at
0 min to 77.4 ± 1.1 mN m−1 at 120 min (P < 0.001; Fig. 3).
However, a significant difference between the oral and
nasal breathing data for γ of UAL was not achieved until

Figure 3. Group mean ± S.E.M. γ of UAL values during nasal and
oral breathing challenge periods
∗P < 0.001 compared to time 0 min nasal breathing
challenge; †P < 0.001 compared to time 0 min oral breathing
challenge; and ‡P < 0.001 nasal compared to oral breathing challenge
at respective 15 min intervals.
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90 min into the challenge period (P < 0.001; Fig. 3). When
the data from both challenges were combined, γ of UAL
values were found to correlate negatively with upper airway
mucosal ‘wetness’ measurements (correlation coefficient,
r2 = −0.34, P < 0.001; Fig. 4).

Discussion

This study is the first to examine relationships
between breathing route and UAL properties. We
found that, compared with nasal breathing, oral-route
breathing leads to: (1) increased swallowing frequency;
(2) increased perception of oral ‘dryness’; (3) decreased
upper airway mucosal ‘wetness’; and (4) increased γ of
UAL. When combined with our previously published
study demonstrating a significant relationship between
breathing route during sleep and overnight change in γ of
UAL (Kirkness et al. 2005b), the present findings provide
support for the hypothesis that breathing route during
sleep influences γ of UAL.

Critique of methods

There is no ‘gold-standard’ method for the measurement
of posterior pharyngeal wall mucosal ‘wetness’, although
methods have been developed to provide semi-
quantitative assessments of saliva production from
measurements taken in the oral cavity (Wolff & Kleinberg,
1998). Our methodology is a modification of an absorbent
paper strip technique previously described for the
measurement of oral cavity ‘wetness’ (Ciantar & Caruana,
1998). We used commercially available, purpose-designed,
absorbent paper strips and a 5 s contact, gravimetric
approach. In preliminary studies, we found that we could
detect an absorbed sample volume change of ∼0.1 μl. The
technique was reproducible with a coefficient of variation
for repeated measures of ∼6.0%.

The UAL samples for theγ measurements were obtained
using a small polyethylene catheter positioned against the
posterior pharyngeal wall in the same manner as we have
previously described (Kirkness et al. 2005a). While the
γ values of UAL samples were obtained from the post-
erior pharyngeal wall, the upper airway mucosal ‘wetness’
measurements were obtained from the very back of the
tongue. Thus, although it would appear unlikely, our
results may have been influenced by regional differences in
mucosal surface behaviour throughout the upper airway.
Our methodology for the measurement of γ of UAL has
been validated and described in detail previously (Kirkness
et al. 2005a).

Route of breathing

Previous studies have shown that most human subjects
demonstrate at least some oral breathing during sleep and
that this breathing pattern is more prevalent in men than

in women (Gleeson et al. 1986). We (Madronio et al. 2004)
and others (Gleeson et al. 1986) have also shown that the
prevalence of oral-route breathing during sleep increases
with age. In their study, Gleeson et al. (1986) concluded
that oral breathing during the night may be associated with
OSAHS in men and, along with (Nishino & Kochi, 1994),
they also concluded that the resistive load imposed by
nasal breathing may be an important factor in determining
ventilation levels during sleep. The mechanisms linking
breathing route and sleep-disordered breathing are not
clear, although degree of nasal obstruction (Fitzpatrick
et al. 2003; Shikata et al. 2004) breathing route effects
on ventilatory drive (Douglas et al. 1982), upper airway
muscle recruitment and pharyngeal airway mechanical
properties (Basner et al. 1989) have been considered. The
present study highlights another potential mechanism,
i.e. breathing route effects on γ of UAL. In this context,
while oral breathing may contribute to elevated γ of
UAL levels, nasal breathing lowers γ of UAL. Therefore,
exclusive nasal breathing may be beneficial in maintaining
upper airway patency during sleep via, at least in part,
preservation of a low γ of UAL.

Ventilation

Quantification of ventilation in this study required
respiratory inductance plethysmography, so as to avoid
the potential confounding influence of applying a
face-mask or mouthpiece. Previous studies have shown
that ventilation during oral breathing is higher than
with nasal breathing (Gleeson et al. 1986; Schwab et al.
1993). In the present study, the ventilatory levels were
slightly, but not significantly, higher (∼10%) during the
oral breathing challenge period compared with the nasal
breathing challenge period, but this also applied to the
nasal breathing run-in period immediately prior to the
oral breathing challenge. Nevertheless, differing effects of
oral versus nasal breathing on γ of UAL may have been
influenced by this slight difference in ventilatory levels.

Figure 4. There was a highly significant, inverse (negative)
relationship between UA mucosal ‘wetness’ and γ of UAL
r2 = −0.34, P < 0.001. The line represents the regression line.
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Swallowing

Accumulation of fluid in the mouth triggers swallowing
as part of a normal reflex (Gemba et al. 1996). We
monitored swallowing in order to assess the impact
of breathing route on a potential delivery mechanism
for saliva to coat the posterior pharyngeal wall. During
the day, swallowing frequency in normal humans has
been reported at a rate of more than 25 swallows h−1

(Lichter & Muir, 1975). However, there have been no
previous studies that directly compare swallowing
frequency during enforced nasal versus oral breathing.
In the present study, oral breathing increased swallowing
frequency from 14 to 25 swallows (15 min)−1. However,
this increased swallowing rate did not prevent the
development of decreased oral mucosal ‘wetness’ or an
increase in γ of UAL.

Upper airway mucosal ‘wetness’

In the present study we demonstrated that upper airway
mucosal ‘wetness’ increased slightly during 120 min of
enforced nasal breathing, but decreased significantly, to
barely detectable levels, with a similar period of enforced
oral breathing. Since breathing via the mouth bypasses
the humidification and warming processes that operate in
the nose, this drying of the upper airway mucosa during
the oral breathing challenge is probably related to the
promotion of evaporative water loss from the mucosal
surface.

Nasally inspired air becomes almost saturated with
water vapour at body temperature by the time it arrives
in the pharynx (Irlbeck et al. 1997). Water added to
nasally inspired gas is evaporated from the vast nasal
mucosal surface area associated with the complex and
highly vascular nasal turbinate structures. However, when
low-humidity gas is inspired through the mouth, water is
evaporated from the oral mucosa, a process that is usually
insufficient to saturate the inhaled air before it reaches the
pharynx. As a consequence, water is generally evaporated
from the pharyngeal mucosa during mouth breathing, but
not during nasal breathing. This leads to pharyngeal upper
airway mucosal drying and increased perception of ‘dry
mouth’. The extent of these processes will be influenced by,
among other things, the temperature and relative humidity
of the inspired gas, ventilatory flow rates and, in the case of
oronasal breathing, the percentage of inspired gas passing
through the mouth versus the nose.

An alternative explanation for decreased upper airway
mucosal ‘wetness’ during mouth breathing is a reduction
in saliva production itself. Studies have also assessed
xerostomia and reported that there was an abnormal
dryness of the mouth resulting from decreased secretion
of saliva in Sjogrens patients. Saliva production was not
measured in the present study, so we are unable to

distinguish whether altered saliva production contributed
to our findings (Kleinberg et al. 2002; Dawes, 2004).

Perception of ‘dry mouth’

Xerostomia was assessed utilizing a visual analog scale.
Our approach in providing an unmarked scale for each
assessment allowed the subject to rate their perception
without visual feedback from their previous responses.
Perception of mouth ‘dryness’ progressively increased
during the 120 min oral breathing challenge period
(progressive decrease in upper airway mucosal ‘wetness’),
whereas there was no change during the nasal breathing
challenge period (progressive increase in upper airway
mucosal ‘wetness’). This difference in perception response
may be related to the inability of subjects to perceive
increases in upper airway mucosal ‘wetness’ in the same
manner as decreases in ‘wetness’. However, the strength
of the stimulus was greater for oral breathing (∼98%
decrease in ‘wetness’ over the challenge period) than for
nasal breathing (∼32% increase in ‘wetness’), and the
perception rating question focused subjects on decreased,
rather than increased, mucosal ‘wetness’. These findings
demonstrate that, at least for mucosal drying, the graded
changes in upper airway mucosal ‘wetness’ obtained in
the present study were of sufficient magnitude to induce
a graded increase in perception. Thus, our data apply to
changes in upper airway mucosal ‘wetness’ that are within
perception levels for healthy human subjects.

Suface tension of UAL

There are several methods by which γ can be measured,
many of which require at least millilitre volumes of the
sample for study. The oropharyngeal mucosa is lined by
a relatively thin layer (∼15 μm) of liquid, which makes
single-sample large volumes of UAL difficult to obtain
(Widdicombe & Widdicombe, 1995). Therefore, in this
study we used our previously validated technique for
determining the γ of UAL of small-volume liquid samples
(∼0.2 μl; Kirkness et al. 2000, 2005a).

Very little is known about the γ of posterior pharyngeal
mucosal lining liquid in healthy subjects or OSAHS
patients. Recent studies have shown that the γ of the
UAL is similar to that of saliva (Kirkness et al. 2000,
2005a). The liquid lining the upper mucosa is derived
from a combination of oral and nasopharyngeal secretions.
Saliva, secreted from the sublingual and submandibular
salivary glands into the oral cavity, is composed of water
(> 99%) but contains biologically active components such
as mucins, electrolytes, enzymes and phospolipids. Saliva
is known to be composed of proteins such as albumin,
lactoferrin, salivary peroxidase and myeloperoxidase and
electrolytes such as Mg+, Ca+, K+ and Na+. Since saliva
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is known to contain surface-active phospholipids and to
have a relatively low γ (∼57 mN m−1), this its presence in
the oral cavity may result in a low γ for the liquid lining the
pharyngeal wall. The quantity of saliva produced and the
processes that result in the maintenance of a salivary film
on the pharyngeal mucosal surfaces may all contribute to
the preservation of a low γ of UAL. The main functions of
saliva in healthy individuals are to protect the epithelium
in the oral cavity and to assist in the predigestion of food
(Ciantar & Caruana, 1998). Other functions include water
balance, digestion and antimicrobial activity (Mandel,
1987; Lamkin & Oppenheim, 1993). Maintenance of the
γ of the UAL may constitute yet another function for the
salivary film coating the upper airway mucosal surface.

In the present study, γ of UAL increased by
∼14 mN m−1 during oral breathing but decreased by
∼10 mN m−1 during nasal breathing. These changes are
quite large, given that in our previous studies a decrease in
γ of UAL of up to 16 mN m−1 was achieved by instillation
of exogenous surfactant into the pharynx of anaesthetized
humans (Kirkness et al. 2003b). In the study of Kirkness
et al. (2003b), a change in γ of UAL of this magnitude
was associated with an ∼1 cm H2O decrease in pharyngeal
airway opening pressures.

An increase in γ of UAL with oral breathing may
result from evaporative water loss changing the surface
activity of saliva, while the demonstrated fall in γ of
UAL with nasal breathing is likely to be associated with
increased retention of phospholipid-containing saliva on
the pharyngeal wall. These findings are similar to those
in our previous study, where a preponderance of nasal
breathing during sleep was associated with an overnight
fall in γ of UAL (Kirkness et al. 2005b). Baseline values
for γ of UAL measured in the present study are similar
to values we (Kirkness et al. 2005b) and others (Glantz,
1970) have previously reported for saliva. It would seem
plausible that the γ of UAL is maintained by transfer of
saliva to the posterior pharyngeal wall via the swallowing
mechanism. Both the occurrence of swallows and the
production of saliva continue to occur during sleep, albeit
at a somewhat decreased rate (Thie et al. 2002). However, in
the present study, an increase in the occurrence of swallows
during mouth breathing (probably in response to decreases
in ‘wetness’) was unable to maintain mucosal ‘wetness’
levels and, concurrently, γ of UAL increased substantially.
Thus, breathing route appears to exert a major impact on
maintenance of a low-surface tension liquid lining layer
covering the pharyngeal mucosa. While the most likely
cause is the evaporative influence of cold dry air, inspired
via the oral route, other possibilities, including changes in
saliva production rates and composition, require further
investigation.

This study is the first to examine the relationship
between breathing route, upper airway mucosal ‘wetness’
and the γ of UAL. We found that as upper airway mucosal

‘wetness’ decreased with the duration of exclusive oral
breathing, the γ of UAL increased. The opposite was
true during nasal breathing, where upper airway mucosal
‘wetness’ increased and γ of UAL decreased. Thus, we
conclude that breathing route influences γ of UAL and
speculate that nasal breathing during sleep may contribute
to reduction of the severity of sleep-disordered breathing
via promotion of a low γ of UAL.
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