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ABSTRACT: It has been postulated that hypertonic saline (HS) might impair the
antimicrobial effects of defensins within the airways. Alternative non-ionic osmotic
agents such as mannitol may thus be preferable to HS in promoting bronchial mucus
clearance (BMC) in patients with cystic fibrosis (CF).

This study reports the effect of inhalation of another osmotic agent, dry powder
Mannitol (300 mg), compared with its control (empty capsules plus matched voluntary
cough) and a 6% solution of HS on BMC in 12 patients with cystic fibrosis (CF).

Mucus clearance was measured using a radioaerosol/gamma camera technique.
Post-intervention clearance was measured for 60 min, followed by cough clearance for
30 min.

Neither mannitol nor HS improved BMC during the actual intervention period
compared with their respective controls. However during the post-intervention
measurement there was a significant improvement in BMC for both the mannitol
(8.7£3.3% versus 2.8+0.7%) and HS (10.0+£2.3% versus 3.5+0.8%). There was also a
significant improvement in cough clearance with the Mannitol (9.7+2.4%) compared
with its control (2.5+0.8%). Despite premedication with a bronchodilator, a small fall
in forced expiratory volume in one second (FEV1) was seen immediately after
administration of both the mannitol (7.3+2.5%) and HS (5.8+1.2%). Values of FEV1
returned to baseline by the end of the study.

Inhaled mannitol is a potential mucoactive agent in cystic fibrosis patients. Further
studies are required to establish the optimal dose and the long-term effectiveness of
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A definitive understanding of the pathophysiological
mechanisms underlying the lung disease in cystic fibrosis
remains elusive [1-3]. Proponents of the so-called "iso-
tonic volume/mucus clearance model" favour a cystic fib-
rosis (CF) epithelium characterized by the hyperabsorption
of Na' ions failure of CI" conductance and consequent
accelerated isotonic volume resorption from the mucosal
to the luminal surface [2]. This results in volume deple-
tion of the periciliary fluid compartment dehydration of
airway secretions impaction of mucus plaques on cilia
and failure of mucus transport up the mucociliary escala-
tor. Within this model, the removal of hyperviscous se-
cretions remains one of the main goals in CE treatment
and the supplemental nebulization of a hypertonic saline
(HS) solution would seem a logical therapy. It has previ-
ously been shown that HS improves bronchial mucus
clearance (BMC) in these patients [4] and that this effect
is dose dependent [5]. Furthermore ENG et al. [6] have
reported that a 2 week course of nebulized HS (10 mL x
6% b.i.d.) improves forced expiratory volume in one sec-
ond (FEV1) by 12.2% compared with control (p=0.004).
One likely mechanism by which the HS works, is the
creation of an osmotic gradient across the airway epithe-
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lium with the consequent movement of water into the
airway lumen. This would then improve the biorheology
of the secretions leading to their enhanced clearance.

SmiTH et al. [7] and GoLDMAN et al. [8] have recently
demonstrated a possible alternative link between the CF
ionic milieu and the chronic recurrent infections that
characterize this disease ("hypotonic/defensin model").
These investigators propose that the airway surface
fluid (ASF) in CF is in fact high in Na" and CI" and this
leads to the deactivation of a series of cationic antimi-
crobial peptides known as defensins. Failure of the de-
fensin system to eliminate bacteria would lead to a
secondary cascade of inflammatory reactions character-
ized by the migration of a large number of neutrophils
into the lung. Within this model it would be advantage-
ous to use an alternative, nonionic, osmotic agent in pref-
erence to hypertonic saline. WiLLS ef al. [9] have reported
that other osmotic agents (such as mannitol (MANN) and
glucose) improve the tracheal mucus velocity of CF
sputum placed on the bovine trachea. In this study the
authors report the effect of mannitol, delivered by inha-
lation as a dry powder, on bronchial mucus clearance in a
group of CF patients.
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Materials and methods
Subjects

The study group consisted of 12 adult patients with
cystic fibrosis. A summary of their anthropometric and
lung function data is presented in table 1. All patients were
studied when clinically stable. Any patients experiencing
an infective exacerbation during the course of the study
period were treated with antibiotics and recommenced the
study a minimum of 10 days (oral or nebulized) or 14
days (intravenous) after cessation of the antibiotics. All
other medications were kept constant throughout the
study period, with the exception of one patient who com-
menced long-term nebulized tobramycin (80 mg b.i.d.)
after an exacerbation half way through the study. Six of
the patients were on recombinant deoxyribonuclease
(rhDNase), but did not take their thDNase for at least 12 h
prior to the study. Three of the patients also had a diag-
nosis of bronchial hyperresponsiveness. Ten of the 12
patients were colonized with Pseudomonas aeruginosa, 7
had Stapylocococcus aureus (including the two patients
without P. aeruginosa) and 4 had Aspergillus fumigatus.
Patients were instructed not to take any bronchodilators,
exercise or perform physiotherapy on the morning of each
of the study days. The study protocol was approved by
the Hospital Ethics Review Committee and written in-
formed consent was obtained from all patients prior to the
study.

Study design

BMC was measured using a radioaerosol and gamma
camera technique. Although the main aim of the study was
to compare the effect of MANN on BMC with its control,
HS (and its control) were included as an additional com-
parator. HS has a well-documented effect on BMC in this
patient group [4—6]. Thus there were four study days: 1)
mannitol, 300 mg encapsulated dry powder; 2) mannitol-
control (MANN-Cx), empty capsules with matched vol-
untary cough; 3) hypertonic Saline (HS): 7.0 mL x 6.0%
solution of NaCl; 4) Hypertonic Saline-control (HS-Cx):
7.0 mL x 0.9% solution of NaCl plus matched voluntary
cough.

As both the MANN and HS are known to induce
coughing in some patients, both control days consisted of
inhalation of the intervention with matched cough. The

Table 1. — Anthropometric and lung function data (meanx
sp) for the 12 patients with cystic fibrosis in this study

Mean Range
Sex M/F 5/7
Age yrs 29.9+49.4 1646
BMI kg-m? 21.0£1.8 18-24
FEV1 % pred 60.2+16.5 42-87
FVC % pred 78.8+16.5 47-102
FEVI/FVC % 65.4+12.9 48-90
FEF25-75 % pred 32.5421.1 11-77

Lung function data are the mean values for all study days. M:
male; F: female; BMI: body mass index; FEV1: forced expira-
tory volume in one second; FVC: forced vital capacity; FEF25-
75: forced expiratory flow between 25-75% of FVC.

coughs were matched in terms of number and timing and
consisted of a combination of spontaneous coughs topped
up with voluntary coughs as required. Therefore, each
control day was scheduled after its respective active day.

Patients were initially randomized to receive either the
MANN or HS. On the second day they were randomized to
either the remaining active or the control for the first day.
On the third day they were randomized to receive either the
remaining active or either of the controls. The final day
was the remaining control. The studies were coded such
that the investigators were blinded to the identity of the
intervention at the time of data analysis.

Preparation of mannitol

The MANN powder (Mannitol BP; Rhone Poulenc
Chemicals Pty Ltd, Brookvale, Australia) was prepared by
spray drying (Buchi 190 Mini Spray Drier; Buchi, Flauvel,
Switzerland) a solution containing 50 mg-mL™" of MANN.
It was then sterilised by irradiation (Steritech, Wetherill
Park, Australia) and a bioburden analysis performed
(Stamford Laboratory, Ryde, Australia). Gelatine capsules
(Parke-Davis, Sydney, Australia) were hand-filled with 10
and 20+£0.2 mg of MANN on an analytical balance
(Sartorius BA110S, Gottingen, Germany) under control-
led conditions.

The particle size of the MANN was measured using a
multi-stage liquid impinger (Astra Pharmaceuticals, Lund,
Sweden) and assayed by vapour pressure osmometry
(Knauer, Berlin, Germany). Forty-five per cent of particles
by mass were <5.3 um at 90 L-min™".

Drug delivery systems

The mannitol was inhaled using a low resistance device
Dinkihaler (Rhone Poulenc Rorer, Collegeville, PA, USA).
Patients inhaled the MANN using a vital capacity mano-
euvre with an inspiratory flow rate between 60—90 L-min™
and a 5 s breath hold. The hypertonic and isotonic saline
solutions were delivered via an Omron-NE-U06 domi-
ciliary ultrasonic nebulizer (Omron Corporation, Tokyo,
Japan) using normal tidal breathing. This nebulizer has a
high volume output (1.5 mL-min") and a small dead
volume (0.5 mL). The nebulizer was connected by a 115
mL piece of corrugated tubing to a 320 mL spacer device
(Breath-A-Tech; Scott-Dibben, Newcastle, Australia). The
spacer contained a one-way valve that prevented the pa-
tient exhaling back through the nebulizer. The mass med-
ian aerodynamic diameter (MMAD) of this delivery system
without the valve was 3.7 um and 73% of the particles
were less than 5 um (Malvern Mastersizer-X; Malvern,
Worcestershire, UK) at ambient temperature (22°C), pres-
sure 101.5 kPa (763 mmHg) and relative humidity (65%).
The tubing and spacer acted as a reservoir and minimized
the deposition of large particles in the oropharynx, which
may have caused additional throat irritation. The nebulizer
was charged with 7.0 mL of the trial solution and inhaled
to dryness using a tidal breathing pattern over a period of
~6 min.

The dose of MANN, HS and their controls leaving the
respective delivery system on each study day was calcu-
lated using a mass balance technique (Sartorius Analytical
Balance; BA110S, Gottingen, Germany).
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Study protocol

Both MANN and HS are known to induce airway
narrowing in patients with bronchial hyperresponsiveness.
As patients did not undergo bronchoprovocation testings
as part of the study protocol, all patients inhaled a bron-
chodilator (1,000 pg Terbutaline Sulphate via a Turbuha-
ler™, Astra Pharmaceuticals, Lund, Sweden) prior to
inhalation of the radioaerosol. Terbutaline does not in-
crease mucociliary clearance in patients with CF [10].

After inhaling the radioaerosol, baseline clearance was
measured for 15 min to assure that clearance was re-
producible within patients between study days. The patient
was then given the intervention over a 10 min period (total
intervention period was 30 min) before being repositioned
under the gamma camera for the post-intervention clear-
ance measurement for a further 60 min. At the end of this
period, cough clearance was measured by requesting the
patient to voluntarily cough 100 times over the next 30
min.

In order to assess any possible airway narrowing in-
duced by the interventions, the patient’s spirometry was
measured in triplicate (Minato AS600 Autospiro; Minato,
Osaka, Japan) immediately prior to the intervention, 5 min
after the end of the intervention and at the end of the study.

Visual analogue scales

Whenever spirometry was performed, the patient also
completed a visual analogue scale (VAS). This was
modified after MARks et al. [11] and consisted of a series
of 6 horizontal 10 cm lines labelled "no symptoms" and
"worst I can imagine" at either extreme. The patient was
requested to place a vertical line through the scale at the
point that best represented the severity of their symptoms
at that time point. The domains covered were; "chest
tightness", "difficulty in breathing", "wheeze", "need to
cough", "throat irritation" and "gagging response".

Measurement of bronchial mucus clearance

Bronchial mucus clearance was measured using the
methods previously reported [12]. The patient was
connected to a closed breathing circuit and inhaled the
radioisotope (**™Tc-sulphur colloid; Chedoke-McMaster
Nuclear Pharmacy, Hamilton, Ontario) [13]. The radio-
aerosol was generated using an Acorn nebulizer and had
an MMAD of 5.5 um and span of 1.7 at 8.0 L-min™'
(Malvern Mastersizer-X; Malvern). The patient was
requested to follow a preprogrammed breathing pattern
that featured a mean inspiratory flow of 56.0 L-min™' and
a small tidal volume (0.45 L) [13]. This pattern is known
to promote deposition of the radioaerosol predominantly
in the ciliated airways. The breathing circuit provides a
breath-by-breath analysis of the patient’s breathing pat-
tern.

Following inhalation of the radioaerosol, patients were
placed supine on the scan bed under the gamma camera.
With the exception of the cough clearance measurement,
patients were requested to suppress their cough whenever
possible throughout the study. A deposition scan was
initially obtained by simultaneous acquisition of emission

and transmission images using a scanning line source [14].
The transmission images were subsequently used to
define the lung contour and peripheral and central regions
of interest according to fixed ratios [15]. Deposition of
the radioaerosol was defined in terms of the penetration
index (the ratio of mean counts per pixel in the peripheral
region to mean counts per pixel in the central region).

Dynamic data collection commenced exactly 10 min
post-inhalation of the radioaerosol. Data were acquired in a
large field of view gamma camera fitted with a low energy
all purpose collimator (Phillips Diagnost Tomo; Hamburg,
Germany). Alternating 20 s anterior and posterior images
were collected each minute (allowing 20 s for camera
rotation) and a dynamic geometric mean data set was
subsequently generated [16].

Data analysis

No attempt was made to correct for background radi-
ation as this is known to be less than 1% in the laboratory,
with background counts typically around 10—15 counts per
second (cps) and lung counts typically between 2000—
4000 cps. All counts were corrected for radioactive decay
to the start of the baseline acquisition. Bronchial mucus
clearance was defined as the rate of removal of radio-
activity from the right lung. The geometric mean data set
was used to generate the time-activity curves. To remove
any influence of variations in baseline clearance between
individuals and within individuals between study days, the
amount of activity remaining at the start of the intervention
period was standardized at 100% and all curves normalized
with reference to this point. The amount of activity cleared
from the right lung during the baseline measurement,
intervention period, post-intervention period, cough clear-
ance measurement and the total amount cleared throughout
the entire study was then calculated. Clearance was also
calculated for the central and peripheral regions of the right
lung as for the whole lung.

Statistical analysis

Comparison of interventions was performed using a one
or two factor repeated measures analysis of variance
(ANOVA). Post-hoc analysis was performed using the
Fisher PLSD test [17]. A computerized statistical package
was used to perform all statistical analyses (Statview;
Abacus Concepts Inc., Berkeley, CA, USA). Significance
was taken as p=0.05.

Results

There was no significant difference in initial deposition
of the radioaerosol, as assessed by mean penetration index
or per cent deposited by region, on any of the study days
(p=0.2). Mean baseline clearance ranged 5.3-5.8% over
the 15 min period and was not statistically different
between study days (p=0.8).

The normalized mean time-activity curves are shown in
figure 1. There was no difference in clearance with any of
the interventions during the actual intervention period
(p=0.8). There was a statistically significant improvement
in BMC during the 60 min post-intervention clearance
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Fig. 1. — Mean mucus clearance curves for all study days. AA: mannitol
control; O: hypertonic saline control; A: mannitol; @: hypertonic
saline. The active curves (A, @) are significantly different from their
respective control curves.

measurement for both the MANN (8.7+3.3%) and HS
(10.0+2.3%) compared with their controls (2.8+0.7% and
3.5+0.8% respectively), p=0.01 (table 2). For the MANN
only, there was an additional improvement in BMC dur-
ing the cough clearance measurement (9.7+2.4% versus
2.540.8%, p=0.001). By the end of the study there were
also significant improvements in the total amounts clear-
ed for the MANN (27.6+3.7%) and HS (31.0+5.5%) in-
terventions compared with their controls (18.64+3.8% and
20.943.6% respectively, p=0.007). The only change in
regional clearance was seen in the peripheral region of the
lung during the post-intervention clearance measurement.
The peripheral clearance with MANN (23.242.6%) and
the HS (17.1£5.4%) was significantly better than their
controls (2.64+3.1% and 6.6+6.1% respectively, p=0.001).
There was no difference in the response of the patients
taking rhDNase compared with those not on the drug
(p=0.1).

The mean inhaled weight of MANN was 267.5+17.0
mg (89.2% of the loaded dose). The mean time to deliver
this dose was 12.3+1.8 min (10.22+2.5 for MANN-Cx).

Table 2. — Meanzsem values for bronchial mucus clear-
ance (%) during the intervention period, the post-inter-
vention clearance measurement and the cough clearance
measurement

The mean inhaled volume of the HS solution was 4.43+
0.42 mL (265.8 mg NaCl) over 6.2+1.2 min. This was not
significantly different from its control (4.51+0.5 mL over
5.840.6 min, p=0.4).

During the intervention period with both the MANN-Cx
and HS-Cx it was aimed to have the patient cough a
number of times equal to or slightly greater than the
number recorded on their respective active days. However,
in some individuals the targets were quite high and some
patients found it difficult to voluntarily match the target
number. This was especially true for the MANN, where the
mean number of coughs recorded during the half hour
intervention was 133423. Although this number was not
significantly more than its control (115.8+19.5, p=0.2), it
was significantly more than the number recorded with the
HS (99.5+17.8, p=0.04). The number of coughs recorded
during the post-intervention BMC and cough clearance
measurements was well matched in all study days and is
detailed in table 3.

There was no significant variation in mean baseline lung
function between any of the study days (FEV1, p=0.6).
Changes in FEV1 with each of the interventions are shown
in table 4. Despite the fact that patients had been pre-
medicated with a bronchodilator ~55 min prior to inhal-
ing the interventions, small decreases in mean FEV1 were
seen with MANN (-7.342.5%) and HS (-5.8+£1.2%). Both
of these falls were significantly different from their
respective controls (p=0.004) but not from each other.
The FEV1 had all but returned to its pre-intervention
value by the end of the study, 95 min later.

The only differences in the VAS were recorded for "need
to cough" (both MANN and HS different from their cont-
rol days but not from each other, p=0.006) and "throat
irritation" (HS wversus HS-Cx, p=0.02) pre- and post-
intervention. However, these had returned to their pre-
intervention values by the end of the study.

Discussion

This is the first report to the authors’ knowledge of an
increase in BMC following the inhalation of dry powder
MANN in patients with CF. The improvements seen with
MANN were of a similar magnitude to those seen with a
6% solution of hypertonic saline. The latter is known to
increase BMC [4, 5] and to improve lung function in CF
patients over a 2 week period [6].

Table 3. — Mean+sem number of coughs recorded during
the intervention period, post intervention bronchial mucus
clearance measurement and cough clearance meas-
urement

Inter- Post- Cough Total
vention intervention clearance clearance to Intervention Post- Cough
period clearance (30 min) end of study period intervention clearance
(30 min) (60 min) (120 min) coughs BMC coughs coughs
MANN 14.2+1.8  8.743.3* 9.7+2.4%  27.6+£3.7* MANN 133+£22.9* 12.7+4.1 112.6+5.4
MANN-Cx 14.1£3.2  2.840.7 2.5+0.8 18.6+3.8 MANN-Cx 115.8+19.5 15.0+4.3 114.44+5.6
HS 15.743.7 10.0+£2.3* 9.9+2.7 31.0+5.5% HS 99.5+17.8 9.3+2.9 112.04+5.8
HS-Cx 13.549.7  3.5+0.8  6.1x1.6 20.9+3.6 HS-Cx 96.0+17.9 12.1+4.3 115.4+6.8

The times in parentheses indicate duration of acquisition of
clearance data. *: significantly different from respective control
day (p<0.01). There was no difference when mannitol (MANN)
was compared with hypertonic saline (HS). Cx: control.

The mean number of coughs recorded from the mannitol
(MANN) inhalation was significantly higher than the number
on the HS day (p=0.04). BMC: bronchial mucus clearance;
MANN: mannitol; HS: hypertonic saline; Cx: control.
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Table 4. — Change in forced expiratory volume in one
second (FEV1) 5 min after inhalation of the intervention
and at the end of the study (95 min later) expressed as a
percentage change (meanzsem) from the pre-intervention
value

Intervention End of study
MANN -7.3+2.5% -1.8+2.7
MANN-Cx 0.5+0.9 -2.2+1.0
HS -5.8+1.2% -2.0+£0.7
HS-Cx -0.6+2.3 -0.6+2.1

*: significantly different from respective control (p=0.004).
MANN: mannitol; HS: hypertonic saline; Cx: control.

Based on previous cross-sectional studies and the vari-
ance of measurement in reproducibility studies, the investi-
gators regard an improvement in BMC of 10 absolute
percentage points in 60 min as being clinically relevant
[12]. An improvement in clearance of 10% was basically
achieved in this study with both the MANN and HS at
each phase of the study (i.e. during the intervention per-
iod, the post-intervention clearance and cough clearance
measurement). The mean total clearance throughout the
entire study was ~30% for both interventions compared
with 20% for the controls. It is likely that both controls in
this study had some positive effects on BMC. Daviskas et
al. [18] have shown that inhalation of a solution of 0.9%
can cause a small improvement in BMC compared with
baseline in both normal subjects and asthmatics. Several
investigators have shown that cough is an effective mech-
anism for clearing airway secretions in diseases charact-
erized by mucus hypersecretion or impaired mucociliary
clearance (including CF) [19, 20]. Thus the voluntary
coughing incorporated on both control days in this study
is likely to have increased BMC and in so doing dimi-
nished any differences between the active interventions
and controls. It is anticipated that an even greater im-
provement in BMC would have been seen with both
MANN and HS over resting baseline clearance, where
cough would not be so pronounced.

In two separate studies, Daviskas and coworkers [18,
21] have shown that inhalation of MANN results in a
doubling of BMC in healthy subjects (400 mg MANN),
asthmatics (267+171 mg) [18] and patients with bron-
chiectasis (320£81 mg) [21] compared with control.
Significant improvements were also seen in the central,
intermediate and peripheral regions of the lung in the
healthy subjects and asthmatics and in the central and
intermediate regions in the bronchiectatic patients. In
contrast to the current study, most of the increase in clear-
ance in the studies of Daviskas et al. [18, 21] occurred
during the actual intervention period. This has also been
the current authors’ experience with previous trials look-
ing at the effect of HS on BMC in CF patients [22]. The
reason for the difference in the current study is not known.
It is unlikely to be related to differences in deposition of
the radioaerosol as this was similar in all studies. It is also
unlikely to be due to the amount of MANN or HS
depositing on the airway or the site of deposition, as the
same delivery devices and similar doses of both inter-
ventions were used in this and previous studies. It may
have been due to the large number of coughs recorded
during the intervention period on all days. This may have

lead to the mucociliary/cough clearance mechanisms
functioning close to their maximum capacity during the
intervention period with all interventions including the
controls.

The diminished response to MANN in the patients with
CF compared with those with bronchiectasis may be
related to overall mucus load. Both diseases are charac-
terized by the presence of bronchiectactic lesions, mucus
hypersecretion and chronic recurrent infection. In the study
of Daviskas et al. [21] the bronchiectatic lesions were
confined to one or two lung lobes and lung function was
relatively preserved. Despite the younger age of the study
population in the current study, the lung pathology was
more widespread and all but one patient had evidence of
airflow limitation. Thus a higher dose of MANN may be
required to affect the same change in airway osmolarity
and/or mucus rheology in patients with CF.

There are several mechanisms whereby the MANN and
HS may be acting to improve BMC. Both agents are
known to induce an influx of water into the airway lumen
and as such improve hydration of airway secretions [23—
25]. Even in normal subjects, increased hydration of
airway secretions is known to increase mucociliary clear-
ance [26]. In nasal challenges, 10-s exposure to a hyper-
osmolar MANN solution (869+8 mOsm-kg™) resulted in
a marked liquid shift into the nasal lumen with a cor-
responding 7% fall in the osmolality of the lavage fluid
(down to 809 mOsm-kg™) [27]. These authors note that
the hyperosmolar challenge did not appear to be asso-
ciated with increases in vascular permeability as there
were no corresponding changes in serum albumin in
lavage solutions. This has also been confirmed in ferret
tracheal preparations [24] and in anaesthetized guinea-
pigs [28]. In the latter study, tracheal mucus velocity was
transiently increased by 122% following the nebulization
of a 14.4% solution of hypertonic saline, but no increase
in plasma protein extravasation was detected.

Further evidence for the effectiveness of hypertonic
solutions in removing airway secretions comes from the
work of WINTERS ef al. [23] in anaesthetised dogs. These
investigators measured ciliary beat frequency (CBF),
tracheal mucus velocity (TMV) and BMC following 90
min of continuous nebulization of a 5% and a 20%
solution of hypertonic saline. CBF and TMV were mark-
edly increased by inhalation of both 5% and 20% HS. In
contrast, BMC increased with 20% HS and decreased
slightly following 5% HS. The effects of hypertonic solu-
tions were even greater when equimolar solutions con-
taining ions of lower permeability were substituted for the
NaCl. The authors concluded that both improved mucus-
cilia coupling and enhanced clearance may be achieved
by the hydration of the airway lumen by using an aqueous
hypertonic aerosol.

As well as the effect on hydration of secretions, both
MANN and HS may have a direct effect on the mucus
macromolecule resulting in improvements in mucus bio-
rheology. FENG et al. [29] propose that the Na™ ions shield
the fixed negative charges along the macromolecular core
of the mucin polymer. This substantially reduces the size
of the macromolecular coils and decreases intermolecular
interactions, both of which will reduce the number of
entanglements with neighbouring macromolecules. This
would lower both the viscosity and the elasticity of the
mucus. Nonionic agents such as MANN are also believed
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to reduce the entanglement density, but are more likely to
do so by substituting for the oligosaccharide moieties
linked to the high molecular weight mucin peptides thus
disrupting hydrogen bonds between mucin [29].

This effect of MANN and HS on mucus rheology is
supported by the data of WiLLs et al. [9]. Using a mucus-
depleted bovine tracheal explant model, these investiga-
tors showed that the mucus transportability index im-
proved from 29+3%—67+4% after overnight incubation of
CF sputa with MANN to a final concentration of 100
mM. Similar results had previously been shown by the
same investigators when CF sputum was incubated with
sufficient solid NaCl to increase its concentration by 90
mM. As this was a closed system, there could not have
been any change in the hydration of the sputum and the
increase in mucus transportability was shown to be due to
improvements in both viscosity and elasticity. They
conclude that increasing the osmolality, rather than the
hydration, of CF sputum may benefit people with cystic
fibrosis by improving mucociliary transport.

In addition to direct effects on epithelial ion and water
transport, hyperosmotic perturbations of the ASF may
activate sensory nerves stimulating the release of neuro-
peptides, such as substance P or neurokinin A, and the
induction of neurogenic inflammation [23, 24]. Mediators
such as histamine and prostaglandin F (PGF20.) may also
be released from inflammatory cells in response to hyper-
osmotic stimulation and may further augment transepi-
thelial water transport. Such mediator release might also
activate adrenergic, cholinergic, peptidergic or other cell
receptors to stimulate CBF [23, 24].

Several investigators have demonstrated that hyperos-
motic stimuli, including MANN and HS [24, 30] may act
as secretagogues. This may be a direct effect of the stim-
ulus on the mucus/serous secretory cells or an indirect
effect through mediators that are released in response to
hypersosmolarity and are known to stimulate mucus se-
cretion [31]. Although increased mucus secretion would
generally be regarded as undesirable in patients with
hypersecretion such as in CF, combined with increased
CBF, it may provide a mechanism of "flushing out"
otherwise stagnant secretions ladened with bacteria and
destructive proteolytic enzymes.

MANN offers several other potential benefits over HS.
As it can be encapsulated and delivered as a dry powder,
delivery times could potentially be decreased compared
with a domiciliary nebulizer required for delivery of HS.
This would also increase the portability and adherence to
treatment. Delivery times for the MANN in the current
study were actually increased compared with HS, but this
was due to the decision to use 20 mg capsule fills rather
than 40 mg fills. From previous studies, it appears that the
effect of HS on BMC is only short-lived. This is likely to
be due to the rapid efflux of water into the airway and the
consequent reduction in the osmotic gradient and hyper-
osmotic stimulus [25]. This effect is compounded by the
use of ions such as Na* and CI", that rapidly diffuse across
the epithelial barrier. MANN crosses the intact epithelial
barrier only very slowly [32] and as such might be ex-
pected to have a more prolonged osmotic effect. Studies
in asthmatic subjects have shown that MANN is more
potent in altering airway osmolarity than a 4.5% solution
of HS [33].

The exact ionic composition of the airway surface liquid
(ASL) in both health and disease is currently being debated
[2, 3]. Traditionally the CF airway epithelium was
thought to exhibit both increased Na" absorption and
decreased CI” permeability. This resulted in the net flux of
water from the luminal to the abluminal surface, with
consequent depletion of the periciliary compartment, de-
hydration of respiratory secretions, mucus stasis, airway
obstruction and infection [2]. Neutrophil phagocytosis of
bacteria is also known to be deficient in low Na" envi-
ronments [34]. Several strategies have been proposed to
overcome this problem by increasing the Na' [35] and/or
the CI" [36] content of CF ASL. The authors originally
hypothesised direct nebulization of HS as a logical pot-
ential "replacement” therapy for CF patients within this
model.

Recently, an alternative model has come into promi-
nence. QUINTON et al. [37] have proposed that the forces
that drive ion movement in the airway are similar to those
in the sweat duct. That is, the failure of cystic fibrosis
transmembrane conductance regulator (CFTR) chloride
conductance results in failure to reabsorb CI” from the
airway lumen. This hypothesis is supported by experi-
mental work demonstrating an increase in both Na* and
CI" concentrations in the CF ASL [3, 8]. Moreover,
SMiITH et al. [7] and GoLDMAN et al. [8] have shown that
high salt concentrations deactivate a low molecular
weight cationic peptide known as human B-defensin-1,
which possesses antibacterial, antiviral and antifungal
activity. These authors propose that the deactivation of
the defensin molecules by the high salt concentration
found in CF sputum leads to violation of the first line of
the host defence system and the consequent recruitment
of large numbers of neutrophils into the airways. Here,
the degradative products of neutrophil activity (elastases,
proteases, oxygen radicals, etc.) would cause ongoing
lung damage and the contents of degenerative neutrophils
deoxyribonucleic ((DNA), actin) would further increase
mucus viscosity.

Within this alternative model the nebulization of HS
may potentially be harmful and MANN would be a
preferable mucoactive agent. However, the effect of high
salt concentrations on defensins is reversible and, due to
the rapid influx of water into the airway following nebu-
lization of HS, the high salt concentration is likely to be
very transient. It is believed that the effect that HS has on
debulking the copious amounts of airway secretions is
likely to be more important than the transient effect on
defensins, especially in patients already colonized with
bacteria. However, within this model MANN represents a
viable alternative therapy, as it is known not to deactivate
defensins. Furthermore, in this study the MANN and HS
appear to be equally effective in promoting BMC, even
though the dose of MANN used was only approximately
one tenth of the osmotic strength of the HS.

MANN is virtually metabolically inert in humans. As it
does not readily cross the airway epithelial barrier, it was
hoped that the osmotic effect of MANN may be sustained
for longer periods than the more readily diffusible ionic
osmotic agents such as HS. However, it is also known that
the presence of various P. aeruginosa exoproducts in-
creases the permeability of cell monolayers to MANN
permeability in tissue culture [38]. Thus the abundance of
Pseudomonas exoproducts in CF sputum may have
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increased the permeability of the airway epithelium to
MANN and diminished this effect.

Approximately 84% of P. aeruginosa isolates and 95%
of Burkholderia cepacia isolates are able to utilize MANN
as carbon and energy source. However, with the abundance
of substrate already present in CF respiratory secretions it
is unlikely that the presence of additional substrate will
influence bacterial burden. This needs to be confirmed by
quantitative microbiology.

Despite premedication with a bronchodilator, a small
fall in FEV1 was seen in the patients following nebuli-
zation with both MANN and HS. However, this had
largely reversed by the end of the study (95 min later). The
authors believe that it is advisable to administer a bron-
chodilator prior to the inhalation of either MANN or HS in
order to minimize any airway narrowing.

This paper confirms the utility of osmotic agents, such
as mannitol and hypertonic saline, in improving bronchial
mucus clearance in patients with cystic fibrosis. In general,
both substances were equally efficacious in improving
bronchial mucus clearance and well-tolerated by the pa-
tients with the main complaints being upper airway irrita-
tion and the consequent inducement of cough. The authors
believe that these problems can be overcome by the dev-
elopment of more sophisticated delivery devices that
minimize deposition in the hypopharynx. Further studies to
optimize the dose of mannitol depositing on the intra-
throracic airways are required before embarking on longer
term clinical trials.
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