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ABSTRACT:  Hyperpnoea with dry air could lead to a reduction in depth and
hyperosmolarity of the periciliary fluid layer (PFL) as a consequence of evaporative
water loss.  We investigated whether mucociliary clearance (MCC) is likely to be
affected by dry air hyperpnoea, which also results in airway narrowing in asth-
matics.

MCC was measured by radioaerosol technique, for about 1 h, in 10 asthmatic
and 8 healthy subjects on 3 separate days: 1) nasal resting breathing with ambient
air; 2) isocapnic hyperventilation (ISH) with dry air; and 3) ISH with warm humid
air.

Analysis of the initial and post-intervention lung radioactivity for the whole right
lung and for defined regions of interest showed that, compared to ISH with warm
humid air and nasal resting breathing, MCC was reduced during and increased
post-ISH with dry air in the whole right lung of both groups.  The mean reduction
in clearance (± 95% confidence interval (95% CI)) was -9.3% (-3.1 to -15.6%) and
-3.6% (-2.0 to -9.1%), and the mean increase (±95% CI) was 19.2% (11.8 to 26.6%)
and 14.8% (7.1 to 22.5%), compared to warm humid air, in asthmatic and healthy
subjects, respectively.  However, regional analysis showed that the changes were
present in all lung regions of the asthmatics, whilst only in the central region of the
healthy subjects.  The duration of the increased clearance rates post-ISH was also
different in both groups.

The changes in mucociliary clearance during and after isocapnic hyperventilation
with dry air were probably related to the water content of the inspired air, causing
transient changes in the periciliary fluid layer.
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Exercise or isocapnic hyperventilation whilst breath-
ing dry air, at high flow rates, results in airway narrow-
ing in most asthmatic subjects [1].  The severity of the
airway narrowing is directly related to the water loss
from the airways, in bringing the inspired air to alveolar
conditions [2].  The amount of water loss depends on
the ventilation reached and sustained during hyperpnoea,
and the water content of the inspired air.  The airway
narrowing is inhibited by inspiring air conditioned to the
vapour pressure and temperature of the alveoli [2, 3].

Evidence from experimental [4] and theoretical stu-
dies [5, 6] has shown that a significant proportion of the
water lost during hyperpnoea comes from the intratho-
racic airways.  The extent to which the intrathoracic
airways are involved depends on the ventilation and the
inspired conditions [7].  It is thought that some of the
water lost during hyperpnoea to condition the inspired
air comes from the periciliary fluid layer.

The mechanism whereby the loss of water causes air-
way narrowing is thought to relate to its thermal and de-
hydrating effects.  Dehydration could cause cooling and
a reduction of the periciliary fluid volume, with subsequent

increase in the ion concentration leading to hyperosmo-
larity [8].  Studies in animals support this hypothesis [9].
If the rate of water loss during hyperpnoea exceeds the
rate of water return, then the depth of the periciliary fluid
layer should be reduced.  If the depth of the periciliary
fluid layer is decreased by evaporation, the ciliary beat
frequency will be impaired in the viscous gel layer, and
mucociliary clearance rate will decrease.

Ciliary beat frequency has been found to decrease with
a reduction in temperature [10], and dry air inhalation
has been found to decrease mucus velocity in dogs [11–13],
and increase mucus secretion in cats [14].  Although
there is evidence that in humans dry air reduces clea-
rance in the nose [15], there is no evidence that dry air
might reduce the clearance in the lower airways, espe-
cially at high ventilation rates.  The need to humidify
the air during mechanical ventilation [16] that bypasses
the upper airways, suggests that the evaporative loss of
water may not be replaced instantaneously, which has
consequences for the mucociliary clearance.

The aim of the present study was to investigate whe-
ther changes in mucociliary clearance occur during and
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after isocapnic hyperventilation (ISH) with dry air, which
would reflect the changes in the periciliary fluid layer.
To achieve this, mucociliary clearance during and after
isocapnic hyperventilation with dry air was compared
with the mucociliary clearance during and after resting
nasal breathing and isocapnic hyperventilation with warm
humid air. 

Material and methods

The study was approved by the Ethics Review Com-
mittee of Central Sydney Area Health Service, and in-
formed consent was obtained in writing from all subjects
before participation. 

Subjects

Ten asthmatic and eight healthy volunteers took part
in the study and their characteristics are given in table
1.  The asthmatic subjects had stable asthma and a rest-
ing forced expiratory volume in one second (FEV1)≥85%
of predicted.  No asthmatic subject had a reduction in
FEV1 >40% after challenge with dry air.  Most of the
asthmatics were using beta-agonists, as needed or regularly,
and were taking aerosolized corticosteroids.  No asthmatic

subject was taking theophylline.  All subjects were asked
not to take any nonsteroidal anti-inflammatory drugs for
at least 48 h prior to each study day.

All asthmatics withheld their medications for at least
8 h.  Subjects with a history of smoking, or subjects who
had a lower respiratory tract infection in the last 6 weeks
prior to each study, were excluded.

All asthmatics and three of the healthy subjects were
atopic according to skin-prick tests. 

Study design

All subjects had their lung function measured on two
occasions, prior to mucociliary clearance studies.  All
volunteers had their MCC measured on three occasions. 

The procedure on each day was as follows: 1) spiro-
metry; 2) radioaerosol inhalation; 3) spirometry (to as-
certain that there was no response to the radioaerosol);
4) emission anterior/posterior images (static) to obtain
initial dose in the lung; 5) intervention for 6–8 min; and
6) emission anterior/posterior images (dynamic) for 45 min.

The reference state was:  nasal resting breathing with
ambient air (temperature (T) 23°C and 50% relative hu-
midity (RH)).  The intervention was: 1) isocapnic
hyperventilation with dry air (T 23°C and 0% RH); and

Table 1.  –  Anthropometric data, baseline lung function, ventilation rate (% maximum voluntary ventilation (MVV))
duration of isocapnic hyperventilation (ISH), responses to ISH with dry and warm humid (WH) air of asthmatic and
healthy subjects and medication taken by the asthmatic subjects

Baseline       Ventilation    Duration      % fall FEV1 Medication
Subj.  Age       Sex     Height       FEV1 Dry ISH  WH ISH      Drug       Steroid    Time on
No.    yrs                   cm        % pred      L·min-1 % MVV   min                                             dose  µg    months

Asthmatic
1 29 F 168 94 58 51 8 24 4 Nil
2 20 M 177 96 99 62 8 32 4 Nil
3 18 M 176 86 58 36 6 17 0 S, BEC 2000 1.5
4 21 M 181 94 95 57 6 39 8 S, BEC 400 96
5 41 M 173 88 73 54 6 10 - S, BUD 1600 2
6 30 M 180 92 79 51 8 17 - S
7 29 M 181 100 99 62 8 19 - S, BEC 100 48
8 18 F 155 105 45 45 8 39 3 S, BUD 1000 2
9 21 F 171 85 41 34 6 29 5 S, BEC 400 7

10 19 F 156 93 50 49 6 62 1 S, BEC 400 3

Mean 25 172 93 70 50 29
±SD 8 10 6 23 10 15

Healthy
11 20 M 174 88 93 60 8 4 -
12 20 M 178 120 96 59 8 5 -
13 23 F 180 89 88 60 8 4 -
14 23 M 168 108 92 65 8 4 -
15 35 F 164 122 63 66 8 3 -
16 46 F 165 107 75 59 8 1 -
17 30 F 163 96 59 56 8 9 -
18 20 M 183 94 97 56 8 7 -

Mean 27 172 103 83 60 5
±SD 9 8 13 15 4 2

Subj: subject; FEV1: forced expiratory volume in one second; % pred: percentage of predicted; S: salbutamol; BUD: budesonide;
BEC: beclomethasone.



2) isocapnic hyperventilation with warm humid air (ap-
proximately T 29°C and 99% RH).  The choice of inter-
vention was random.  A 7 day interval existed between
the ISH with dry air and the following study.

Measurement of lung function

Spirometry, using a hot wire anemometer (Minato, AS-
500, Osaka, Japan), was measured before and after iso-
capnic hyperventilation challenge with dry and warm
humid air on two different occasions.  The warm humid
air challenge was omitted with the healthy subjects and
with the very mild asthmatics, as it could be predicted
that there would be no airway response to this challenge.
All subjects had normal and reproducible spirometry at
rest.  This was necessary, so that their response to isocap-
nic hyperventilation and the deposition of the aerosol
would be the same.  In all studies, predicted values for
lung volumes were taken from GOLDMAN and BECKLAKE

[17] for adults.
To avoid possible changes in mucociliary clearance

with the forced manoeuvres, lung function after the ISH
was not measured on the mucociliary clearance study
day.  All subjects, except one, experienced the same
symptoms following dry air isocapnic hyperventilation
on the study day.  One subject unpredictably developed
severe airway narrowing.  This response was gradual,
and the camera was stopped after 20 min from the start
of the dynamic images.  Thus, only the data for the first
20 min could be included in the analysis. 

Isocapnic hyperventilation

The technique used was similar to the one described
by PHILLIPS et al. [18].  Dry compressed air containing
21% oxygen, 4.9% carbon dioxide, and nitrogen to bala-
nce was passed via a demand resuscitator to a rotameter,
and then to a metereological balloon (approximately 30
L capacity) that served as a target.  The subject, wearing
a noseclip, breathed through a low-resistance two-way
valve (Hans-Rudolf No. 2700, Kansas City, Mo, USA).
The subject was asked to breathe for 6–8 min at a rate
equivalent to 60% of predicted maximum ventilatory
ventilation (MVV), taken as FEV1 ×37.5 [19].   If a sub-
ject was unable to hyperventilate on 60% MVV, this was
reduced appropriately.  However, the ventilation and
duration of ISH was kept the same for the two study
days within a subject.

When a warm humid ISH was performed, a kettle
humidifier was placed between the balloon and the two-
way valve.  The kettle humidifier was set to warm the
air to approximately 29°C and 99% RH, at ventilation
around 90 L·min-1. 

Measurement of mucociliary clearance

Inhalation of radioaerosol.  Mucociliary clearance was
assessed using a radioaerosol technique.  99mTc-sulphur
colloid (Australian Radioisotopes, ANSTO, Sydney,
Australia), approximately 1 GBq, was diluted in 5 ml of
isotonic saline.  The radioaerosol was generated by an

Acorn (Medic-Aid, Peckham, Sussex, UK) nebulizer using
oxygen from a cylinder set to 6 L·min-1.  The droplets
had a mass median aerodynamic diameter (MMAD) of
6 µm and a geometric standard deviation (GSD) of 1.7,
measured by a seven stage cascade impactor (DCI6,
Delron, Columbus, Ohio, USA).  The dilution air sup-
plementing the flow to the mouthpiece was humidified
to maintain the characteristics of the droplets [20].  The
radioaerosol was delivered with a controlled breathing
pattern, in order to maximize deposition in the conduc-
ting airways.  A closed breathing circuit was linked to
an IBM computer, that allowed monitoring and control
of the breathing pattern using a target volume and target
inspiratory and expiratory times [21, 22].  The target
volume, set to 450 ml, was displayed on the screen to-
gether with the target line oscillating at set rates, aim-
ing at a peak inspiratory flow rate of 60 l·min-1.  The
inspiratory time was set higher than the expiratory time,
and the subject tried to breath according to the set tidal
volume and flow rates.  The patient inhaled the radio-
aerosol for approximately 2 min.  This delivery time
was chosen so that the lung counts were about 2,000
counts·s-1 over the posterior thorax.  Upon termination of
the delivery of radioaerosol, the subjects removed the
radioactivity from their oropharynx and oesophagus by
rinsing and gargling with water and expectorating, and
by swallowing some bread and water. 

Imaging.  Lung images were obtained using a gamma
camera (Phillips Diagnost Tomo; Hamburg, Germany)
fitted with a low energy, all purpose, collimator and
linked to an on-line computer (DEC PDP11, Maynard,
MA, USA).  The images were collected in a 64×64 matrix.

In order to delineate the lung fields, the subjects had
an anterior and posterior transmission image [23] taken
using a flood source containing approximately 1.5 GBq
of 153Gd in water.  An anterior and a posterior emission
image (static), 1 min each, were collected for each sub-
ject approximately 10 min after the inhalation of the
radioaerosol.  The purpose of this image was to define
the initial deposition of the radioaerosol in terms of
distribution and intensity.  As soon as the intervention
finished, the subject was placed in the supine position
and successive anterior and posterior emission images
(dynamic) of 20 s each were collected dynamically for
45 min [24].  Care was taken that the collection of the
dynamic images started within a maximum of 3 min post-
intervention.  In order to align the lung fields between
the transmission, static and the dynamic studies, images
of markers placed on premarked positions, on the subject's
body, were also collected at the end of each study.  Care
was taken that the static and dynamic images and the
interventions occurred at the same time point after the
mid-inhalation time of the radioaerosol for the three study
days. 

Image and data analysis

All the images were decay corrected to the mid-inhalation
timeof the radioaerosol.  A geometric mean image was
obtained from the anterior and posterior images for the
transmission, static and dynamic emission images [24].
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The left lung was not analysed, as there would be
interference from the activity in the stomach.  The right
lung was divided into three regions of interest, central,
intermediate and peripheral [21], in order to estimate the
initial deposition of the radioaerosol.  An estimate of the
initial deposition was obtained from the activity of the
static image by calculating the penetration index (PI), as
follows: 

activity in peripheral region
PI=

activity in central region

A bi-exponential function was fitted to the curve obtain-
ed from the dynamic images, using a computer program
that uses a nonlinear least squares method (PCNONLIN,
SCI, Software, Lexington, Kentucky, USA).  The fitted
data were extrapolated to one minute post-intervention,
if the start of the dynamic images was delayed up to 3
min.  The total activity of the right lung in the static
image and in each region for the regional clearance ass-
essment was taken as the initial activity before the
intervention and represented 100% retention.  The activity
measured serially over 45 minutes post-intervention time
was converted as counts per minute and expressed as a
percentage of the initial activity.  The percent of the
activity cleared is the difference between the initial activity
and the percent of the activity retained.  Data from the
best-fit were used to calculate the % clearance during
and post-intervention as follows:

initial activity - activity at 1 min post-intervention
% clearance = ×100
during intervention               initial activity

activity at 1 min post-intervention -
activity at 45 min post-intervention

% clearance =                                                       ×100
post-intervention        activity at 1 min post-intervention

Statistical analysis

Two-factor analysis of variance (ANOVA), with re-
peated measures, was performed to compare the two
groups in terms of the effect of intervention on clearance
during and post-intervention.  Duncan's multiple range
test was used to compare the clearance of the three study
days.  The same analysis was also performed for the
clearance rate for every 10 min interval post-intervention.
If the two groups were different, then one-factor ANOVA,
with repeated measures, was performed for each group
separately.

Comparison of the deposition of radioaerosol on the
three study days of both groups was made with two-
factor ANOVA, repeated measures.

Spearman's correlation analysis was performed be-
tween: 1) the change of the % clearance and the percen-
tage change of the PI from the resting values for each
region;  2) the % fall in FEV1 in the asthmatic subjects
and the change of % clearance during and post-ISH with
dry air; and 3) the change of % clearance during and
post-ISH with dry air.

Results

The key finding of this study was that isocapnic hyper-
ventilation (ISH) with dry air changed mucociliary clearance
(MCC), compared to nasal resting values, both in the
asthmatic and healthy subjects, whilst ISH with warm
humid air did not.

Changes of MCC during intervention

Whole right lung. Mucociliary clearance was signifi-
cantly (p<0.002) reduced during ISH with dry air com-
pared to ISH with warm humid air and nasal resting
breathing in the whole right lung both of asthmatic and
healthy subjects (fig. 1a).  This reduction was not statisti-
cally different between the two groups (p>0.1), although
the asthmatic subjects had larger changes.  In the asthma-
tic subjects, the mean reduction in clearance (±95% CI)
was -9.3% (-3.1 to -15.6%) compared to ISH with warm
humid air, and -9.75% (-2.5 to -17.0%) compared to nasal
resting breathing.  In the healthy subjects, the mean reduc-
tion in clearance (±95% CI) was -3.6% (-2.0 to -9.1%)
compared to ISH with warm humid air, and -2.7% (0 to
-5.5%) compared to nasal resting breathing.

Regional analysis. During ISH with dry air, the reduc-
tion in MCC approached significance (p=0.0519) in the
central region, and there was no significant difference
between asthmatic and healthy subjects (p>0.1) (fig. 1b).
In the asthmatic subjects, the mean reduction in clear-
ance (±95% CI) was -5.2% (+3 to -13.3%) compared to
ISH with warm humid air, and -8.6% (+0.1 to -17.3%)
compared to nasal resting breathing.  In the healthy
subjects, the mean reduction in clearance (±95% CI) was
-4.5% (0.8 to -9.8%) compared to ISH with warm humid
air, and -0.4% (+3.9 to - 4.8%) compared to nasal resting
breathing.

During ISH with dry air, MCC was significantly redu-
ced in the intermediate (p<0.03) (fig. 1c) and peripheral
region (p<0.003) (fig. 1d) of the asthmatic subjects only.
The mean reduction in clearance (±95% CI), in the in-
termediate region of the asthmatic subjects, was -9.5%
(-0.3 to -18.6%) compared to ISH with warm humid air,
and -11.4% (-3.9 to -18.8%) compared to nasal resting
breathing.  The mean reduction in clearance (±95% CI),
in the peripheral region of the asthmatic subjects, was
-22.9% (-12.9 to -32.9%) compared to ISH with warm
humid air and -19.3% (-3.9 to -34.8%) compared to nasal
resting breathing. 

Changes of MCC post-intervention

Whole right lung.  Mucociliary clearance was increased
significantly (p<0.0001) (fig. 1a) post-ISH with dry air
in the whole right lung, compared to ISH with warm
humid air and nasal resting breathing, of all asthmatic
and healthy subjects.  Although the asthmatic subjects
had a larger increase in MCC following ISH with dry
air, compared to the healthy subjects, this increase of



MCC was not different between groups (p>0.1).  In the
asthmatic subjects, the mean increase in clearance (±95%
CI) was 19.2% (11.8 to 26.6%) compared to ISH with
warm humid air, and 26.2% (17.0 to 35.4%) compared
to nasal resting breathing.  In the healthy subjects, the
mean increase in clearance (±95% CI) was 14.8% (7.1
to 22.5%) compared to ISH with warm humid air, and
16.9% (8.3 to 25.5%) compared to nasal resting breath-
ing.

ISH with warm humid air increased MCC post-inter-
vention, compared to the nasal resting values, however
this increase was significantly less (p<0.001) than the in-
crease of MCC brought on by ISH with dry air. 

Regional analysis.  MCC increased significantly (p<0.0001),
following ISH with dry air, in the central region both
of asthmatic and healthy subjects (fig. 1b), and the in-
crease was not different between groups (p>0.5).  For
most asthmatic and healthy subjects, the increase was
more than twofold in the whole right lung and central
region (fig. 1a, b).  In the asthmatic subjects, the mean
increase in clearance (±95% CI) was 22.5% (13.3 to
31.7%) compared to ISH with warm humid air, and
28.0% (18.6 to 37.4%) compared to nasal resting breath-
ing.  In the healthy subjects, the mean increase in clear-
ance (±95% CI) was 22.4% (14.8 to 30.0%) compared
to ISH with warm humid air, and 23.0% (12.9 to 33.1%)
compared to nasal resting breathing.

The two groups were significantly different (p<0.02)
in the responses of the MCC in the intermediate (fig. 1c)
and peripheral region (fig. 1d).  The asthmatic sub-
jects, in contrast to the healthy, had a highly significant
(p<0.001) increase in MCC both in the intermediate and
peripheral region following ISH with dry air, compared
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Fig. 2.  –  Example of the % retention curves of the whole right lung,
in an asthmatic subject, on three study days: 1) nasal resting breathing;
2) ISH with dry air and 3) ISH with warm humid air.  The % retained
activity was plotted vs time since mid-inhalation of the radioaerosol.
This figure demonstrates that mucociliary clearance (initial activity -
% retained activity) decreases during and increases post-ISH with dry
air.

Fig. 1.  –  Comparison of the mean % clearance (±SEM) of: a) the whole right lung; b) central; c) intermediate; and d) peripheral region during
and post-ISH with dry (     ) and warm humid air (     ) and nasal resting breathing (     ) at the same time intervals in the asthmatic and healthy
subjects.  In the asthmatic subjects, mucociliary clearance decreased during and increased post-ISH with dry air in all regions of the lung, in
contrast to the healthy subjects who had these changes only in the whole right lung and central region.  There was no significant difference bet-
ween clearance with nasal resting breathing and ISH with warm humid air.
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Fig. 3.  –  Mean % clearance rates (±SEM) of the three study days during intervention and for four consecutive 10 minute intervals post-intervention
in: a) the whole right lung; b) central; c) intermediate; and d) peripheral region in the asthmatic subjects.  The mean % clearance rates were plotted
vs the corresponding time intervals based on the time since mid-inhalation of radioaerosol.  The study days were: 1) ISH with dry air (     ); 2)
ISH with warm humid air (     ); and 3) nasal resting breathing over a similar time period to ISH days (     ).  The clearance rates when the
intervention was ISH with dry air were compared to the clearance rates when the intervention was ISH with warm humid air and nasal resting
breathing and significant differences are expressed with the p-values.  This figure demonstrates that the decrease of the clearance rate during ISH
with dry air was followed by a marked increase in all regions of the lung in the asthmatic subjects.  The duration of this increase in clearance was
less in the intermediate and peripheral region.

to ISH with warm humid and nasal resting breathing.
There was no significant difference between MCC with
dry  and warm humid air, in the healthy subjects, in this
region.  There was a tendency for MCC to increase follow-
ing ISH with warm humid air, compared to the nasal
resting values, in all regions for both groups.  However,
this increase never reached statistical significance apart
from the whole right lung, and was distinctly different
(p<0.001) to the increase in MCC that followed ISH
with dry air.  The mean increase in clearance (±95% CI),
in the intermediate region of the asthmatic subjects, was
16.2% (3.3 to 29.0%) compared to ISH with warm humid
air, and 25.0% (15.1 to 34.9%) compared to nasal resting
breathing.  The mean increase in clearance (±95% CI),
in the peripheral region of the asthmatic subjects, was
16.1% (5.4 to 26.8%) compared to ISH with warm humid
air, and 22.6% (10.4 to 34.8%) compared to nasal resting
breathing.

An example of the percentage retention curves for the
whole right lung, for an asthmatic subject, at rest and
with the two interventions is shown in figure 2.

The clearance rate calculated for every 10 min inter-

val post-ISH with dry air remained significantly increa-
sed (p<0.0001) for the whole time of measurement (45
min), in the whole lung (fig. 3a) and central region (fig.
3b) of the asthmatic subjects, compared to the clearance
rate at rest and ISH with warm humid air.  However, in
the intermediate (fig. 3c) and peripheral region (fig. 3d)
the increased clearance rate lasted 30 and 20 min, respec-
tively. 

In the healthy subjects, the clearance rate increased for
only 30 min, and mainly in the central region (fig. 4).
However, there was no difference (p>0.5) in the magni-
tude of this increase in the clearance rate between asth-
matic and healthy subjects for the first 20 mins post-ISH
with dry air in the whole right lung (fig. 4a) and central
region (fig. 4b).

The resting lung function, the ventilation (%MVV)
achieved during ISH with dry and warm humid air, its
duration, and the response are presented in table 1 for
the asthmatic and healthy subjects.  The mean ventila-
tion (±SD) that the asthmatic and healthy subjects achieved
during ISH was 70 (±22) and 83 (±15) L·min-1, respecti-
vely.  The mean ventilation expressed as %MVV (±SD)
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Table 2.  –  Penetration indices (PI) for asthmatic and healthy
subjects on the three study days: nasal resting breathing
(rest), ISH with dry air and ISH with warm humid (WH) air

Subject                          Penetration index
No.                    Rest            Dry               WH
Asthmatics
1 0.60 0.58 0.66
2 0.34 0.31 0.39
3 0.15 0.15 0.15
4 0.34 0.34 0.32
5 0.12 0.08 0.11
6 0.24 0.27 0.22
7 0.16 0.20 0.23
8 0.18 0.14 0.14
9 0.18 0.19 0.22

10 0.17 0.17 0.13

Mean 0.25 0.24 0.26
±SD 0.15 0.14 0.17
Healthy
11 0.39 0.42 0.41
12 0.42 0.38 0.40
13 0.31 0.32 0.36
14 0.21 0.22 0.18
15 0.11 0.12 0.13
16 0.37 0.31 0.32
17 0.46 0.42 0.41
18 0.49 0.39 0.46

Mean 0.34 0.32 0.33
±SD 0.13 0.11 0.12

ISH: isocapnic hyperventilation.

was 50 (±10)% and 60 (±4)% for asthmatic and healthy
subjects, respectively.  Although the actual ventilation
was not significantly different (p>0.15) between groups,
the %MVV was significantly different (p<0.02), indica-
ting that the asthmatic subjects, in fact, achieved a lower
ventilation for their lung volume.

The individual and mean (±SD) data of the penetration
indices are given in table 2.  The initial distribution of
the radioaerosol, as shown by the PI, was well-matched
on all study days in both groups, and it was not different
between groups (p>0.4).  No significant correlation (p>0.2)
was found between the small percentage changes in the
PI and the changes in the clearance of all regions during
ISH with dry air.

No significant correlation (p>0.2) was found between
the changes in the % clearance of asthmatic subjects
during and post-ISH with dry air and the percentage fall
in FEV1.  Also, no significant correlation (p>0.2) was
found between the changes in % clearance during and
post-ISH with dry air.

Discussion

This study demonstrates that: 1) isocapnic hyperventila-
tion (ISH) with dry air changes mucociliary clearance
(MCC), compared to nasal resting values, both in the

Fig. 4.  –  Mean % clearance rates (±SEM) of the three study days during intervention and for four 10 minute intervals post-intervention in: a) the
whole right lung; b) central; c) intermediate; and d) peripheral region in the healthy subjects.  The mean % clearance rates were plotted vs the
corresponding time intervals based on the time since mid-inhalation of radioaerosol.  The study days were: 1) ISH with dry air (     ); 2) ISH with
warm humid air (     ) and; 3) nasal resting breathing over a similar time period to ISH days (     ).  The clearance rates when the intervention
was ISH with dry air were compared to the clearance rates when the intervention was ISH with warm humid air and nasal resting breathing and
significant differences are expressed withe the p-values.  This figures demonstrates that the decrease of the clearance rate during ISH with dry air
was followed by a marked increase in the whole right lung and central region only.  By contrast to the asthmatic subjects, this increase in clearance
lasted for only half an hour post-ISH with dry air.
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asthmatic and healthy subjects, whilst hyperventilation
with warm humid air does not; 2) asthmatic subjects have
a significant reduction in MCC during and a significant
increase in MCC post-ISH with dry air, in the large and
small airways, in contrast to the healthy subjects who
have similar changes only in the large airways; 3) the
increase in the clearance rates in the central region after
ISH with dry air is of shorter duration in the healthy
subjects in contrast to the asthmatics, in whom the clear-
ance rates remained high for the whole time of measure-
ment; and 4) the decrease in MCC during ISH with dry
air always preceded the increase in MCC after ISH.  The
finding that mucociliary clearance decreases during dry
air hyperventilation is consistent with the view that the
airways dehydrate and cool during ISH with dry air.  The
finding that the MCC increases after hyperventilation
with dry air is probably related to the low water content
of the inspired air, causing a transient hyperosmolarity
of the periciliary fluid layer and the release of mediators
that stimulate ciliary beat frequency and chloride ion
secretion [25].

The differences in MCC between ISH with dry and
warm humid air cannot be accounted for by differences
in airflow, and are most likely to be due to the differences
in the water content of the inspired air resulting in differ-
ent evaporative losses of water from the intrathoracic
airways.  ISH with warm humid air involves increased
airflow, like ISH with dry air, but no evaporative loss
of water from the intrathoracic airways.  The conclusion
that the low water content of the inspired air is respon-
sible for the changes in MCC rather than the increased
airflow is also supported by the observation that there
was no difference in MCC between rest and ISH with
warm humid air.

It is not clear why there were local differences in the
reduction of MCC during ISH with dry air between
asthmatic and healthy subjects.  As there is no difference
in the cooling of the airway walls between asthmatic
and healthy individuals [26], the reduction in MCC
observed in the asthmatic subjects during ISH in the
smaller airways is unlikely to be due to changes in
temperature.  Based on the measurements of the water
content of the expired air, it can be argued that both
asthmatic and healthy subjects lose the same amount of
water, under the same inspired conditions.  Therefore,
we should have observed the same changes in MCC in
both groups.  Perhaps, the hydration of the airways is
different in the asthmatics, and air has to travel deeper
in the lungs to be humidified.  Also, it is possible that
there is a delay in the water return in response to the
osmotic stimulus in the asthmatic airways due to the
pathological changes associated with asthma.  Asthmatics
have a thicker basement membrane [27, 28] compared
with healthy subjects, and this could reduce water diffu-
sion simply by increasing the diffusion path.  This could
not easily be detected at the mouth, as the expired air
rapidly adjusts to the wall conditions of the upper airways
on its way to the mouth.  However, the data from TABKA

et al. [29] support a difference in water transport bet-
ween healthy and asthmatic subjects.

The changes in mucociliary clearance caused by iso-

capnic hyperventilation in both groups and between groups
cannot be explained by the deposition of the aerosol.
The aerosol deposition was well-matched in the three
studies, and it was similar in both groups (p>0.4).  Also,
the differences in MCC between asthmatic and healthy
subjects cannot be attributed to the airway narrowing
induced in the asthmatic subjects by the ISH with dry
air.  There was no correlation between the changes in
mucociliary clearance during and after isocapnic hyper-
ventilation in all regions with the percentage fall in FEV1
in the asthmatic subjects.  This is not surprising, as the
healthy subjects had significant changes in the mucocili-
ary clearance of the whole lung and central region after
ISH with dry air but no airway narrowing.  Also, no
correlation was found between the changes during and
after ISH with dry air in any region of the asthmatic and
healthy subjects.  The finding that airway narrowing had
no relationship with either the decrease during or the
increase of MCC after ISH with dry air, is consistent
with the work by O'RIORDAN and SMALDONE [30].  These
workers found no impairment of MCC in asthmatics after
acute bronchoconstriction induced by inhaled methacho-
line.

WOLFF et al. [31] observed similar findings in muco-
ciliary clearance during and after exercise and ISH in
healthy subjects.  They found a delay in the onset of the
observed increase in mucociliary clearance and the
maximum increase was after 2 h.  In the study by WOLFF

et al. [31] ISH was performed 30 min after the radioaerosol
was inhaled, and in five intervals of 4 min, with interrup-
tions of 2 min, for clearance measurements.  In the pre-
sent study, ISH was performed close to 10 min after the
inhalation, and it was of shorter duration (6–8 min) but
continuous.  WOLFF et al. [31] explained the observed
increase in mucociliary clearance afterwards as being
due to increased lung movement.  Hyperventilation could
stimulate lung stretch receptors that result in increased
parasympathetic activity.  If the increase in mucociliary
clearance is due purely to lung movement, then the in-
crease in mucociliary clearance post-ISH with dry and
warm humid air should have been identical.  We showed,
however, that MCC post these two interventions was
different.

BENNETT et al. [32] have shown that rapid airflow, as
in cough or rapid inhalations, regardless of its direction
increases mucociliary clearance.  They concluded that
this results from stimulation of mucociliary clearance
rather than two-phase gas-liquid flow interaction.  They
took no account of the fact that these experiments in-
volved repeated inhalations with dry air, 60–90 in 1 h.
If it is true that rapid airflow alone stimulates mucocili-
ary clearance, then hyperventilation with warm humid
air would have resulted in the same increase in mucocili-
ary clearance as hyperventilation with dry air.  Stimula-
tion of irritant receptors by rapid lung deflations has been
shown to stimulate airway secretions in dogs [33].  We
agree that mucociliary clearance is stimulated via some
mechanism that stimulates the ciliary beat frequency,
either directly or indirectly, however, our results indicate
that this cannot be due to increased airflow alone.

Recent work of ISHII and KITAMURA [34] has shown



that ISH with dry air stimulates the release of prostaglandin
E2 (PGE2) in humans.  There is also evidence that
hyperosmolarity induces the production of prostaglandins,
in particular PGE2 [35].  PGE2 is known to increase
secretions and the ciliary beat frequency [25].  Prostaglan-
dins can cause a parasympathetic reflex that activates
the ciliary stimulatory mechanisms [36–38].  The release
of PGE2 is, therefore, a possible candidate responsible
for the observed increase of the mucociliary clearance
in all subjects.

Asthmatics probably have additional mediators pre-
sent in their airways, due to inflammatory cells.  Since
ISH with dry air induced airway narrowing in the asth-
matic subjects, this warrants the presence of the mediators
after ISH.  This has been shown by the work of PLISS et
al. [39].  Inflammatory cells, like mast cells, are known
to degranulate in the presence of hyperosmolarity [40],
which is regarded as the likely mechanism of hyperpnoea-
induced asthma [1].  Mediators, for example histamine,
can influence mucociliary clearance by increasing cili-
ary beat frequency or by increasing the secretions and
the epithelial water transport towards the lumen [41, 42].
Histamine has been found to cause a prolonged stimula-
tion of mucociliary clearance in asthmatic subjects at
relatively lower concentrations than in normal subjects
[43].  This could explain the differences in the duration
of the increase in MCC in the central region between
asthmatic and healthy subjects.  The state of the airways
of the asthmatics post-ISH with dry air should not be
confused with the state of the airways when they are
undergoing exacerbations of their asthma which lead to
impairment of MCC.  Their secretions during exacerba-
tions of asthma have even been found to contain a cilio-
static factor [44], which could contribute to the impairment
of MCC.

In summary, ISH with dry air changed MCC com-
pared to ISH with warm humid air and with resting ven-
tilation.  MCC was significantly reduced during and
increased after ISH with dry air in the large airways both
of asthmatic and healthy subjects.  In addition, MCC
was reduced during and increased after ISH with dry air
in the small airways of the asthmatics only.  Further-
more, the increase in MCC was persistent in the large
airways in the asthmatic subjects.  We conclude that the
differences in MCC between dry and warm humid ISH
were most likely to have resulted from the low inspired
water content, causing changes in the periciliary fluid
layer.  The hypothesis that during ISH with dry air the
rate of water loss probably exceeds the rate of water
return, resulting in a reduction of the depth of the peri-
ciliary fluid layer and subsequent hyperosmolarity of the
airway fluid, is consistent with the observations of this
study.
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