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Inhalation therapy plays a major role in the
management of asthma [1]. The choice of an opti-
mal inhalation device is essential in achieving ef-
fective, predictable and consistent dose delivery to
the airways of asthma patients. Pressurised me-
tered-dose inhalers (pMDIs) are the most widely
used form of inhalation therapy for asthmatics.
However, there are a number of problems asso-
ciated with their use. After actuation, the aerosol
cloud leaves the canister at very high speed, and

thus leads to high aerosol deposition in the
oropharynx when actuated directly into the
mouth. To overcome these problems, holding
chambers (spacers) are widely used [2]. The main
function of a spacer device is to act as a chamber
reservoir where the actuated aerosol cloud can be
held prior to inhalation by the patient. The use of
spacers is specifically recommended in children, in
order to prevent difficulties in coordinating actu-
ation and inhalation [3]. 

Aim: The main objective of this study was to
compare the in vitro delivery of salbutamol from a
chlorofluorocarbon(CFC)-propelled pressurised
metered-dose inhaler (pMDI) versus a newly
developed hydrofluoroalkane(HFA)-propelled
pMDI through various spacers. In addition, we
aimed to study the effect on bronchodilator re-
sponse when using an optimal pMDI/spacer com-
bination for aerosol delivery compared to a sub-
optimal combination.

Methods: Particle size distribution and output
from salbutamol pMDIs containing either CFC
propellants (Ventolin®) or HFA propellants (Airo-
mir®) were measured using a multistage liquid im-
pinger (MSLI) and compared to that through both
detergent-coated (non-static) or untreated (static)
large volume (Nebuhaler®, Volumatic®) and small
volume (Aerochamber®) plastic spacers. Flow-vol-
ume curves (FEV1) were obtained from twelve
asthmatic children with known significant bron-
chodilator response (8 males), aged 13–17 years,
randomly inhaling salbutamol from a CFC-pMDI
through a static spacer (Nebuhaler®) and from an
HFA-pMDI through a non-static spacer (Nebu-
haler®). 

Results: In vitro output of particles in the re-
spirable range (<6.8 µm) from HFA-pMDIs was
significantly higher than that from CFC-pMDIs
using various spacers. Removal of electrostatic
charge increased output from CFC- and HFA-
pMDIs through all spacers by 17–82%. The mean
(SD) bronchodilator response after inhalation of
salbutamol from a CFC-pMDI through a static
spacer was 7.1% (6.3%) compared to 17.5%
(7.9%) after inhalation from an HFA-pMDI
through a non-static spacer (p = 0.002).

Conclusions: Use of a newly developed HFA-
propelled pMDI greatly improves drug delivery
through spacers compared to a CFC-propelled
pMDI. However, electrostatic charge in plastic
spacers remains the key determinant limiting de-
livery of salbutamol from a pMDI through spac-
ers, and can be reduced by soaking the spacer in a
household detergent. Using an optimal
pMDI/spacer combination leads to a significantly
improved bronchodilator response.
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However, it has been shown that the actuated
dose from a pMDI through a spacer reaching the
lungs of children is still relatively low, suggesting
that additional factors influence drug delivery. A
radio-labelled deposition study in children has
shown that only 5% at most of the total actuated
dose from a pMDI through a plastic spacer actu-
ally reaches the lungs [4]. Several in vitro and in vivo
studies have shown that various factors influence
the dose delivered from a holding chamber and
may be responsible for this poor efficiency [5–14].
These include chamber size, shape, resistance of
the valve, dead volume, the use of multiple actua-
tions, inhalation delay, and construction materials
which affect the levels of electrostatic charge in the
chamber. Electrostatic charge is inherent to all
plastic devices, including plastic spacers, owing to
their non-conducting properties. The charge
varies in a random manner. The net effect of elec-
trostatic charge is absorption of aerosol particles
onto plastic surfaces of the spacers, leading to a sig-
nificant reduction in the initial dose available for
inhalation and hence the lung dose. The most
widely marketed spacer devices are manufactured
from plastic. Extensive in vitro and in vivo work has
been carried out to determine the effect of static
charge on drug delivery from pMDIs through
plastic spacers, and it has been found that the out-
put from these spacers can be increased by reduc-
ing static [5, 15]. 

Reducing electrostatic charge, and hence in-
creasing the ratio between dose delivered to the
patient and dose delivered to the spacer, not only
increases drug delivery but also reduces variability
in delivery [15]. This has major implications, es-
pecially for children, in whom drug delivery is al-
ready highly variable due to age-specific breathing
patterns such as low tidal volumes and low inspi-
ratory flows. It has been shown that drug delivery
to children is much higher and less dependent on
breathing patterns when using non-electrostatic
spacers [12, 16]. 

Much of the work on the effect of detergent
coating of spacers has been carried out using chlo-
rofluorocarbon(CFC)-propelled pMDIs. Because
of the harmful effect of CFC propellants on the
ozone layer, these pMDIs are being phased out and
replaced by pMDIs containing hydrofluoroalkane
(HFA) propellants, which have different aerosol
characteristics [17–22].

The main objective of this study was therefore
to compare in vitro delivery of salbutamol from
CFC-pMDIs versus the newly developed HFA-
pMDIs through various spacers and under differ-
ent conditions. In addition, based on our in vitro
findings, the clinical impact of using an optimal
pMDI/spacer combination on bronchodilator re-
sponse was analysed. 

Material and methods

In vitro

The particle size distribution and output from salbu-
tamol pMDIs (nominal dose: 100 µ g/actuation), contain-
ing either CFC propellants (Ventolin®, Glaxo Wellcome,
UK) or HFA propellants (Airomir®, 3M Pharmaceuticals,
UK) were measured and compared with those through
both large volume (750 ml; Nebuhaler®, Astra-Zeneca,
UK and Volumatic®, Glaxo-Wellcome, UK) and small
volume (165 ml; Aerochamber®, Trudell, Canada) plastic
spacers. The effect of electrostatic charge was tested by
comparing new spacers carrying a static charge (3.3–6.7
µC/m2) with spacers coated with detergent to remove
static (0–1.2 µC/m2). The impact of the valves on particle
size distribution and output from non-static CFC-pMDIs
was also analysed by removing the valves. To coat spacers
with detergent, they were soaked for 20–30 minutes in a
commercially available ionic detergent (Palmolive®, UK)
and allowed to drip dry. Particle size distribution and total
drug delivery was measured using a multistage liquid im-
pinger (MSLI; Copley, Nottingham, UK) with an inhala-
tion flow of 60 l/min. The pMDI was attached to the
spacer and the spacer was inserted into the MSLI “throat”.
In each case, a complete seal was ensured by using an
appropriate adaptor at the “throat”. The pMDI was
shaken vigorously for 30 seconds prior to actuation, and
the first two actuations were wasted. In total, ten single
actuations were introduced into the MSLI. The pMDI
was shaken vigorously for five seconds between each ac-
tuation. The aerosol generated by the pMDI was drawn
immediately through the MSLI with the entraining air-
flow. Droplets were deposited on the actuator, spacer,
throat and stages 1 to 4. The location of particle deposi-

tion was determined by the aerodynamic size of the parti-
cle. The sizes of particles depositing on stages 1, 2, 3 and
4 were >13 µ m, 6.8–13 µ m, 3.1-6.8 µ m and <3.1 µ m. 

The actuator, spacer, throat and stages of the MSLI
were washed with approximately 40 ml of methanol. Five
ml of 0.1M NaOH was added to each wash, and the vol-
ume was then made up to a total of 50 ml with methanol.
The absorbance (246 nm) of each sample was measured in
duplicate on a spectrophotometer. The concentration of
salbutamol in the samples was obtained by using the ab-
sorbance of a solution containing a known concentration
of salbutamol. The standard curve for salbutamol was lin-
ear (r2 = 1.00) for concentrations between 0 and 27 µ g/ml.
Each experiment was repeated four times and the tem-
perature, relative humidity and barometric pressure were
recorded.

In vivo

Twelve asthmatic children (8 males) under regular in-
haled steroid therapy, with known airflow obstruction
(mean [SD] % predicted FEV1: 68% [9%]) and known sig-
nificant bronchodilator response, aged 13–17 years, were
studied in a randomised, double-blind, placebo-con-
trolled, crossover trial twice. The children inhaled on two
visits (one week apart) once 200 µg salbutamol from a
CFC-pMDI (Ventolin®, Glaxo-Wellcome, UK) through
a new, static spacer (Nebuhaler®, Astra Zeneca, UK) and
200 µg salbutamol from an HFA-pMDI through a deter-
gent coated, non-static spacer (Nebuhaler®, Astra Zeneca,
UK). The Nebuhaler® was chosen for its superior in vitro
performance in delivering salbutamol. Flow-volume
curves were obtained before and five minutes after in-
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halation, and FEV1 measurements were compared. Sub-
jects were eligible if they had bronchodilator responsive
airflow limitation, defined as an improvement in FEV1

from baseline of at least 10%. The study was approved by
the Hospital Ethics Committee and informed consent was
obtained from the parents.

Statistical analysis

In vitro
Results were calculated as mean (SD) % of the total

dose. Statistical analysis (StatView 512+; Abacus Concepts

Inc., Berkely, CA, USA) was carried out using analysis of
variance (ANOVA) for unmatched data. Post-hoc analysis
was performed using the Fisher protected least significant
difference (Fisher PLSD), with a significance level of 95%
(p <0.05), unless otherwise stated. 
In vivo 

The mean and standard deviation (SD) are reported
for baseline spirometry and following inhalation of the
bronchodilator. Paired t-test was used to determine the
differences between responses with each spacer. Signifi-
cance was accepted at the 0.05 level.

Results

In vitro
Output of particles <6.8 µm (stage 3 and 4; re-

spirable range) from HFA-pMDIs was significantly
higher than from CFC-pMDIs, using either static
spacers or non-static spacers (p <0.0001) (table 1).

Removal of static increased output from both
CFC- and HFA-pMDI through all spacers by 17–
82% (p <0.0001) (table 1). Drug delivery from
CFC-pMDIs through all spacers with static was
similar and not significantly different (table 1).
However, drug delivery from HFA-pMDIs
through the static Nebuhaler® was higher com-
pared to the static Volumatic® and the static Aero-
chamber® (p <0.0001). Among the non-static
spacers, the Nebuhaler® delivered a significantly
greater amount of particles smaller than 6.8 µ m
from CFC-pMDIs (p = 0.0001) and HFA-pMDIs
(p <0.0001) as compared to the Volumatic® and the
Aerochamber®. There was no significant differ-
ence in delivery between the Volumatic® and the
Aerochamber® (CFC-pMDI; p = 0.07; HFA-
pMDI; p = 0.1). 

With the valves removed, all spacers had a
greater output than with the valve in place (table
1). There was a smaller though significant increase
in output from the non-static Nebuhaler® (p =
0.0008) and Aerochamber® (p = 0.002) without the
valves, as compared to the remarkable increase in
output after removal of the valves from the
Volumatic® (p <0.0001). Output from both large
volume spacers with removed valves was signifi-
cantly higher than from the small volume spacer 
(p <0.0001) (table 1).

In vivo
The mean (SD) FEV1 before and after inhala-

tion of salbutamol from a CFC-pMDI through a
static spacer was 2.78 L (0.53) and 2.98 L (0.55)
respectively, with a mean (SD) bronchodilator re-
sponse of 7.1% (6.3%). The mean (SD) FEV1 be-
fore and after inhalation of salbutamol from an
HFA-pMDI through a non-static spacer was 2.67
L (0.42) and 3.13L (0.51) respectively, with a mean
(SD) bronchodilator response of 17.5% (7.9%)
(fig. 1). 

Nebuhaler® Volumatic® Aerochamber®

CFC-pMDIs Static actuator 5.1 (1.0) 7.1 (0.9) 6.6 (1.6)
spacer 57.0 (1.3) 55.0 (2.1) 54.2 (2.7)
throat 0.9 (0.4) 1.2 (0.5) 1.5 (0.7)
stages 1 and 2 3.8 (0.8) 4.1 (1.0) 2.6 (0.9)
stages 3 and 4 33.2 (1.9) 32.6 (1.8) 35.1 (3.5)

Non-static actuator 6.8 (1.8) 8.2 (1.8) 7.1 (1.6)
spacer 23.6 (4.2) 38.4 (2.0) 41.5 (1.7)
throat 1.1 (0.5) 0.9 (0.4) 1.0 (0.3)
stages 1 and 2 8.2 (1.1) 8.1 (1.4) 7.9 (1.4)
stages 3 and 4 60.3 (2.9) 44.4 (2.5) 42.5 (2.0)

Valve removed actuator 8.4 (1.3) 6.6 (1.4) 9.2 (1.6)
spacer 17.9 (2.3) 21.1 (2.2) 37.5 (0.7)
throat 0.7 (0.5) 1.4 (0.4) 0.9 (0.3)
stages 1 and 2 8.2 (1.6) 7.2 (0.7) 7.5 (1.7)
stages 3 and 4 64.8 (2.2) 63.7 (4.2) 44.9 (0.6)

HFA-pMDIs Static actuator 4.1 (1.2) 5.2 (1.2) 4.1 (0.6)
spacer 36.1 (1.6) 44.1 (3.0) 42.0 (2.5)
throat 0.2 (0.2) 1.4 (0.8) 1.2 (0.3)
stages 1 and 2 1.0 (0.5) 2.1 (0.4) 2.7 (1.2)
stages 3 and 4 58.6 (2.3) 47.2 (2.6) 50 (2.8)

Non-static actuator 4.1 (0.5) 5.2 (1.6) 4.0 (1.0)
spacer 19.0 (2.6) 30.8 (3.7) 32.5 (1.5) 
throat 2.0 (1.0) 1.4 (1.1) 1.2 (1.3)
stages 1 and 2 5.9 (1.2) 6.2 (1.6) 4.0 (2.2)
stages 3 and 4 69.0 (1.2) 56.4 (2.5) 58.3 (2.4)

Table 1

Influence of various
factors, such as the
propellant used, elec-
trostatic charge on 
the surface and design
of the spacer, on the
mean percentage (SD)
drug output* of salbu-
tamol through large 
(Nebuhaler® and
Volumatic®) and small
(Aerochamber®) vol-
ume spacers.

* Cutoffs of particles
>13, 6.8 to 13, 3.1 to
6.8, and <3.1µm for
stage 1, 2, 3, and 
4 respectively. Stages
3 and 4 contain par-
ticles <6.8µm, which
are in the respirable
range.
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The results of this study indicate that the de-
livery of salbutamol from newly developed HFA-
propelled pMDIs through spacers is significantly
improved compared to CFC-propelled pMDIs.
However, electrostatic charge on the surface re-
mains the key determinant limiting delivery of
salbutamol from either CFC- or HFA-pMDIs
through both large and small volume plastic spac-
ers. In addition, we have demonstrated a signifi-
cant improvement in bronchodilator response
when salbutamol was delivered from an HFA-
pMDI through a non-static spacer, compared to a
CFC-pMDI through a static spacer. These find-
ings highlight the importance of using a non-static
spacer for inhalation therapy with pMDIs, as well
as the use of newly developed HFA-propelled
pMDIs.

When CFC-pMDIs using various static spac-
ers were compared, the output was uniformly low
despite varying volume and design. This finding
suggests that the buildup of sufficiently high lev-
els of static in plastic spacers overrules the differ-
ences in output from CFC-pMDIs through spac-
ers, owing to differing volume and design. How-
ever, when HFA-pMDIs using various static spac-
ers were compared, the drug delivery through the
static Nebuhaler® was higher compared to the
static Volumatic® and the static Aerochamber® ,
indicating that the design of the spacer plays a role
when using HFA-pMDIs. When static is reduced
in different large and small volume spacers, there
is still a difference in aerosol delivery and hence
performance with both CFC- and HFA-pMDIs,
due to differences in volume and design. Without
static, the output from the Nebuhaler® was greater
than from another large volume spacer, the
Volumatic®, probably owing to resistance of the
valve. This observation shows the importance of
the valve in drug delivery from spacers and con-
firms the results of other studies [23]. When the
valve from the Volumatic® was removed the out-
put increased by 43%, indicating that this valve
does indeed significantly impede drug delivery
[23]. Only a small increase of 5.6–7.5% was ob-
served when the Nebuhaler® or Aerochamber®

valve was removed. 

Electrostatic charge, volume and design of the
spacer affect dose delivery differently depending
on the pMDI used. Different pMDIs have differ-
ent vapour pressures, and therefore different
aerosol cloud velocities and volumes. Output of
particles in the respirable range from CFC-pMDIs
was significantly lower than from HFA-pMDIs,
using either static or non-static spacers. In addi-
tion, static appears to have a much greater effect
on the output from CFC-salbutamol pMDIs than
from HFA-salbutamol pMDIs. These findings are
due to differences in the way the aerosol cloud is
emitted from the actuator. The aerosol cloud from
an HFA-pMDI is emitted at a slower speed and oc-
cupies a smaller volume than the conventional
CFC formulation, leading to a much lower im-
paction on the spacer surface. Several studies have
shown these additional benefits of HFA-pMDIs as
delivery is increased not only in vitro but also in
vivo [24–26]. 

Conducting materials carry no electrostatic
charge, so a metal spacer solves the problem of re-
duced drug delivery due to electrostatic charge
[27]. A previous study has shown that a metal
spacer is superior to plastic spacers, even if the
electrostatic charge is reduced on the surface of a
plastic spacer [27]. But in view of the present re-
sults and the issues of cost and availability, a sim-
ple plastic spacer may remain the device of choice
worldwide. Washing in detergent does build up a
conducting layer on the surface of the plastic, thus
reducing static and hence the attraction of the
aerosol particles to the spacer surface. Previous
studies have already shown that reducing electro-
static charge on plastic spacers by coating them
with an ionic detergent significantly improves in
vitro and in vivo drug delivery [5, 15]. It has been
shown that all commercial household detergents
offer a simple, practical and cheap way of avoiding
static. In contrast, priming a plastic spacer with
multiple actuations has been shown not to be ef-
fective in reducing static [15]. The present study
has demonstrated that the major improvement in
delivery efficiency of inhalation devices brought
about by a simple method for static reduction, such
as detergent coating, has considerable impact on

Discussion
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Figure 1

Flow-volume curves before and five minutes after inhala-
tion of 200 µ g salbutamol from a CFC-pMDI through a new,
static spacer (Nebuhaler®) and from an HFA-pMDI through a
detergent-coated, non-static spacer (Nebuhaler® ).
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bronchodilator response. In addition, this im-
provement is likely to have a notable economic im-
pact. Improving delivery efficiency may also
greatly increase efficacy and reduce treatment
costs. However, important questions regarding the
need to change current aerosol dosing practices
have been raised in connection with previous depo-
sition studies using spacers with static. Increased
lung deposition by improved inhalation devices
needs careful monitoring for potential systemic
side effects, especially when using inhaled steroids.
Framing of new guidelines will need to take these
aspects into account.

In practice, plastic spacers should be soaked in
a household detergent once a week, and subse-
quently drip dried. Alternatively, a metal spacer
could be used. In addition, spacers should be used
in conjunction with HFA-pMDIs.

In summary, this study offers new insights into
the influence of the propellant used on the re-
spirable range of drug output and its relation to
spacer design. These findings highlight the im-
portance of standardized inhalation methods for
efficient and efficacious therapy. In addition, our
results underline the difficulty of comparing drug
deposition studies using different drugs, propel-
lants, spacers and valve systems.
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