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ABSTRACT: Metered-dose inhalers (MDIs) are currently being reformulated to
contain hydrofluoroalkanes (HFAs), which do not damage the Earth's ozone layer.
As different formulations of inhaled drugs may behave differently when used with
spacer devices, we wished to determine the amount of salbutamol available for
inhalation from a conventional metered-dose inhaler (Ventolin®) and a new HFA-
containing formulation (Airomir®), when used with two different spacers.

A glass multistage liquid impinger was used to determine the amount of salbuta-
mol delivered from the inhalers used with the Aerochamber® and the Nebuhaler®
spacer devices. High speed video-recordings of inhaler actuation into air were
made, and the speed of the aerosol and the aerosol cloud volume were measured.

More salbutamol in small particles (<5 µm) was delivered from the Airomir®
MDI than the Ventolin® MDI, when used with the Aerochamber® (40.4 (95% con-
fidence interval (95% CI) 31.2–49.6) versus 19.5 (19.0–20.0) µg) and the Nebuhaler®
(42.1 (36.3–47.9) versus 24.6 (23.3–25.8) µg). The aerosol cloud from the Airomir®
MDI was slower than the Ventolin® aerosol, and 60 ms after actuation had trav-
elled 186 mm, whereas the Ventolin® aerosol had travelled 320 mm. At the same
time, the Airomir® aerosol occupied a smaller volume than the Ventolin® MDI
(251 (213–288) versus 695 (608–782) cm3).

The hydrofluoroalkane formulation delivers more salbutamol than the conven-
tional formulation when used either with the Aerochamber® or Nebuhaler® spacer.
This may be because less drug is deposited in the spacer from the hydrofluoro-
alkane formulation, which is emitted from the metered-dose inhaler at a slower
speed and occupies a smaller volume than the conventional formulation. The
observed difference in drug delivery may be important for patients changing for-
mulations, and in severe asthma, where high doses of salbutamol may be admin-
istered through a spacer.
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The majority of metered-dose inhalers (MDIs) used for
inhalational therapy contain chlorofluorocarbons (CFCs)
as propellants. These compounds contribute to the deple-
tion of the Earth's ozone layer, and are, therefore, being
phased out of use [1]. Medical use of CFCs has been
granted a temporary exemption from agreements bann-
ing CFCs, and alternative propellants are being investi-
gated. Recently, a MDI of salbutamol containing the
hydrofluoroalkane, HFA 134a, as a propellant, has been
licensed for use in the UK (Airomir®, 3M Pharmaceuti-
cals, Loughborough, UK).

Spacer devices are commonly used as aids for inhala-
tional therapy. They allow MDIs to be used by patients,
such as young children, who find it impossible to co-
ordinate MDI actuation and inhalation. A number of
studies have shown the clinical benefit of spacer use in
asthma for the delivery of salbutamol by MDIs con-
taining CFCs [2], but there are no published studies of
drug output from spacer devices used with formulations
containing no CFCs. We have previously shown: that

there are differences in the proportion of different medi-
cations delivered from spacers [3]; that differences in
spacer static charge affect drug output from spacers [4];
and that differences exist in aerosol plume geometry
between different medications [5]. We postulated that
MDIs containing CFC and HFA would have different
aerosol characteristics and would deliver different am-
ounts of medication from spacer devices.

We therefore used an in vitro method to determine
the amount of salbutamol available for inhalation in var-
ious particle size fractions from the two MDIs used with
different spacer devices, and measured the speed and
volume of the aerosol cloud produced by the two MDIs

Methods

Aerosol particle size

A four stage glass multistage liquid impinger (MSLI)
[6, 7] was used to determine the MDI output under
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different conditions. The MSLI operates by drawing an
aerosol through an inlet consisting of a glass cylinder
with a right-angled bend, and then through a series of
stages, each containing a glass impaction plate. Aerosol
is drawn through the MSLI at a flow of 60 L·min-1.
Aerosol velocity increases in the device, and progressi-
vely smaller particles collect at each stage. A filter after
the final stage collects the smallest particles. After each
experiment, the inlet and stages were washed with meth-
anol and the amount of drug collected at each stage de-
termined by high pressure liquid chromatography using
an internal standard [8].

Experiments were undertaken using a CFC-contain-
ing formulation of salbutamol (Ventolin®, Allen &
Hanburys Ltd, Uxbridge, UK), and a non-CFC formula-
tion (Airomir®; 3M Pharmaceuticals, Loughborough
UK). Both formulations are marketed to deliver 100 µg
of salbutamol per actuation. They were assessed with
the following spacers: Nebuhaler® (Astra Pharmaceuti-
cals, Kings Langley, UK), Aerochamber® (Trudell Medi-
cal, London, Canada), and a Nebuhaler® coated with
static dissipative paint (U-100; Static Safe Environments
Ltd, Birmingham, UK).

New spacers were used for each experiment. The child
Aerochamber® was used with the mask removed. New
MDIs of each drug were obtained. The first 10 actua-
tions from each MDI were fired to waste. Between exper-
iments, MDIs were stored on their sides. Immediately
prior to each experiment, the MDI was shaken for 30 s
and primed by firing one actuation to waste. The MDI
was then shaken for 10 s and actuated into the MSLI or
into the spacer, which was immediately attached to the
MSLI. Both MDI and spacers were connected to the
MSLI via a short plastic sock. This procedure was repeat-
ed 10 times during each experiment to facilitate the drug
assay.

Experiments were repeated four times, and the labo-
ratory temperature and relative humidity were recorded
for each experiment.

The size distribution of the aerosol cloud was deter-
mined from the amount of drug recovered from each
stage, the MSLI having previously been calibrated with
an aerosol of known particle size distribution. The cut-
off diameters for the four stages were: 11.2, 7.0, 4.7
and 1.0 µm, respectively. From the size distribution, a
log-probability plot was constructed [9], and character-
istics of the aerosol determined, such as the amount of
drug contained in particles less than 5 or 3 µm, the mass
median aerodynamic diameter (MMAD, i.e. the aero-
dynamic size of a particle, such that half of the drug is
in larger and half in smaller particles), and the geomet-
ric standard deviation (GSD), a measure of the hetero-
geneity of the aerosol particle size. Mean recovery of
salbutamol from the two formulations via each spacer
was compared using a two-tailed t-test.

Aerosol plume geometry

Metered-dose inhalers of both formulations were actu-
ated into still air and recorded on high-speed video using
the Kodak EKTAPRO HS 4540 motion analysis system
(Kodak Ltd, Hemel Hempstead, UK), sampling images
at 500 frames·s-1, and recording them on a Video Home

System (VHS) video-tape. The video was then played
back at a much slower rate, and measurements of the
aerosol cloud were made with callipers on the monitor
screen, starting from when the cloud could first be dis-
cerned appearing at the MDI adapter exit. The MDI
adapter was measured in the horizontal and vertical plane
to calibrate the monitor measurements.

Measurements were made from the MDI adapter to
the leading edge of the cloud, allowing aerosol speed
to be computed. Volume of the aerosol cloud was esti-
mated by measuring the maximum vertical dimension
of the cloud, the horizontal distance from the MDI
adapter to the maximum vertical dimension, and the dis-
tance from there to the leading edge of the cloud. The
cloud was assumed to be conical in shape from the MDI
adapter to its leading edge. Summary measures were
used to analyse the speed and volume of the aerosol
[10]. These comprised distance travelled by the leading
edge of the aerosol cloud and volume of the cloud 60
ms after MDI actuation, and were compared for the two
drugs using a two-tailed t-test. A p-value less than 0.05
was considered statistically significant.

Results

Aerosol particle size

Although the ideal particle size for drug delivery to
the lungs is not known, particles smaller than 5 µm are
thought to be optimal. We report on the mean amount
of salbutamol delivered from the devices under test con-
tained in particles smaller than 5 and 3 µm, the MMAD
and the GSD (table 1).

From each 100 µg actuation, 37.2 µg (95% confi-
dence interval (95% CI) 35.5–38.8 µg) of salbutamol in
particles smaller than 5 µm was delivered from the
Airomir® MDI without a spacer, compared with 46.3
µg (36.3–56.3 µg) from the Ventolin® MDI (p=0.13)
(fig. 1). With the Airomir® MDI and Aerochamber®
spacer, 40.4 µg (31.2–49.6 µg) was delivered in parti-
cles smaller than 5 µm, compared with 19.5 µg (18.9–20.0
µg) from the Ventolin® MDI and Aerochamber® (p=
0.013). Similarly, with the Nebuhaler®, the Airomir®
MDI delivered more drug in particles smaller than 5
µm, 42.1 µg (36.3–47.9 µg) compared to 24.6 µg
(23.3–25.8 µg) from the Ventolin® MDI (p=0.001).
Delivery of salbutamol in particles smaller than 5 µm
from both formulations was increased by the use of the
antistatic Nebuhaler®, to 74.8 µg (64.0–85.6 µg) from
the Airomir® MDI, and to 68.5 µg (61.2–75.7 µg) from
the Ventolin® MDI. There was no significant differ-
ence between the formulations used with the antistatic
Nebuhaler® (p=0.38).

A mean of 100.4 µg of salbutamol was recovered
from the experimental apparatus per 100 µg actuation.
There was no difference in total recovery between experi-
ments using Airomir® or Ventolin® (t-test, p=0.8).

High-speed video analysis (fig. 2)

When first visualized, the leading edge of the Airomir®
aerosol was travelling at 14 m·s-1, decelerating to 3 m·s-1

after 10 ms. The initial speed of the Ventolin® aerosol
was 17 m·s-1, decelerating to 7 m·s-1 after 10 ms. After
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60 ms, the Airomir® aerosol had travelled 186 mm, and
was moving at 1.6 m·s-1; the Ventolin® aerosol had
travelled 320 mm, and was moving at 3.1 m·s-1 (p<0.0001).
At the same time, the Airomir® aerosol volume was 251
cm3 (95% CI 213–288 cm3), and the Ventolin® aerosol
volume was 695 cm3 (608–782 cm3) (p<0.0001).

Discussion

This study shows large differences in the amount of
drug obtained in small particles when the conventional
and CFC-free formulations of salbutamol MDIs are used
with different spacer devices, and in the aerosol cloud
geometry and speed of the two different formulations.

Spacer devices are becoming increasingly popular for
the delivery of inhaled drugs in the treatment of asth-
ma [11]. They act as "holding chambers" for aerosol, re-
ducing the need for the patient to co-ordinate inhalation
with MDI actuation. They also provide space between
the patient and the MDI allowing the fast-moving aerosol
to decelerate, and propellants to evaporate, reducing
aerosol particle size. This reduces the amount of drug
that impacts on the oropharynx and enhances lung depo-
sition of drug [12]. Popularity has led to a rapid increase
in the number of different types of spacer available and,
by the attachment of face masks, they can be adapted
to treat patients of all ages [13].

Despite their seemingly simple construction and con-
cept, however, the correct choice and use of a spacer
can dramatically alter the amount of drug available for
inhalation. Recent in vitro studies have suggested that
the behaviour of different drugs may vary in a parti-
cular type of spacer [3], as may different formulations
of the same drug [14].

Drug particles are deposited in spacers by inertial
impaction, electrostatic attraction between charged par-
ticles and the spacer wall, and gravitational settling. The
aerosol produced by the Ventolin® MDI was moving
faster than that produced by the Airomir® MDI. Others
have also measured the speed of aerosols from MDIs
[15], producing results similar to those of the present
study for a Ventolin® MDI. Particles from the Ventolin®
MDI would have reached the end of the Aerochamber®
(11 cm length) some 8 ms after MDI actuation, com-
pared with 23 ms for Airomir®. Thus, when they reached
the end of the spacer, the particles from the Ventolin®
MDI would have been travelling faster, and would have
been bigger, as less time had elapsed for evaporation of
propellants surrounding the drug. Increased inertial
impaction of the Ventolin® aerosol on the spacer wall
may occur and be a reason for the difference in drug
output observed. The Ventolin® aerosol also occupied a
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Table 1.  –  The amount of salbutamol (µg per 100 µg dose) recovered in particles smaller than 5 and 3 µm aero-
dynamic diameter, the MMAD and GSD of the aerosol from different spacer devices
Method of delivery Amount of salbutamol recovered (µg) per 100 µg actuation

In particles In particles MMAD GSD

<5 µm <3 µm µm
Direct from metered-dose inhalers

Airomir® 37.2 (35.5–38.8) 28.5 (27.1–29.9) 5.7 (5.6–5.9) 4.9 (4.7–5.2)
Ventolin® 46.3 (36.3–56.3) 34.4 (27.5–41.3) 5.2 (3.9–6.5) 4.8 (3.2–6.4)

Via the Aerochamber®
Airomir® 40.4 (31.2–49.6) 33.6 (26.1–41.1) 1.8 (1.7–1.9) 2.5 (2.4–2.7)
Ventolin® 19.5 (18.9–20.0) 15.9 (15.4–16.5) 1.9 (1.8–2.1) 2.9 (2.6–3.1)

Via the Nebuhaler®
Airomir® 42.1 (36.3–47.9) 35.4 (30.6–40.3) 1.6 (1.5–1.8) 2.5 (2.4–2.6)
Ventolin® 24.6 (23.3–25.8) 20.5 (19.4–21.6) 1.7 (1.6–1.8) 2.6 (2.4–2.8)

Via the Antistatic Nebuhaler®
Airomir® 74.8 (64.0–85.6) 63.1 (52.8–73.5) 1.6 (1.5–1.8) 2.3 (2.3–2.4)
Ventolin® 68.5 (61.2–75.7) 56.8 (50.2–63.4) 1.8 (1.7–1.8) 2.6 (2.4–2.7)

Mean values are presented, and 95% confidence intervals in parentheses. MMAD: mass median aerodynamic diameter; GSD: geo-
metric standard deviation.

Fig. 1.  –  The amount of salbutamol (µg per 100 µg dose) recovered
in particles smaller than 5 µm aerodynamic diameter from the dif-
ferent spacer devices.       : Airomir®;       : Ventolin®. The error
bars represent 95% confidence intervals. MDI: metered-dose inhaler.

Fig. 2.  –  The distance travelled by the leading edge of the aerosol
cloud (mm) against time after metered-dose inhaler (MDI) actuation
(ms) for Airomir® (—■—) and Ventolin® (—▲—) MDIs. 
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larger volume than the Airomir®, and at 60 ms after
MDI actuation would have completely filled the Nebuhaler®
(700 mL volume), whereas the Airomir® would have oc-
cupied just over a third of the spacer volume. Drug part-
icles from the Ventolin® aerosol would, therefore, have
been closer to the spacer walls at any given time after
MDI actuation. Mechanisms, such as electrostatic attrac-
tion, diffusion and interception, which promote aerosol
deposition are all greater for particles close to the spacer
walls.

The antistatic spacer increased the recovery both from
Airomir® and Ventolin® MDI. We did not measure the
static charge of the aerosol particles, but differences in
either the charge or the static dissipative properties of
the aerosol constituents may also have contributed to the
observed differences in drug delivery.

Our work confirms the principle that the efficacy of
a particular spacer with one formulation cannot be ass-
umed for another formulation, even of the same drug.
Thus, it is inappropriate to use any drug with any device
uncritically just because the MDI adapter fits [3].

The Nebuhaler® is not recommended for use either with
Ventolin® or Airomir® MDIs. Ventolin® is normally
prescribed with the Volumatic® spacer, but the Airomir®
MDI actuator does not fit the Volumatic®, and the
Nebuhaler® was, therefore, assessed as an example of
a large volume spacer. It may be that the poor fit of the
Ventolin® MDI adapter affected our results. However,
we have previously undertaken a similar study with
Ventolin® used with the Volumatic® spacer [16], in
which 24.6 µg of salbutamol was recovered in particles
smaller than 5 µm, a similar amount to that obtained from
the Nebuhaler® in the present study. We have also pub-
lished data on recovery from Volumatic® spacers that
had been washed to reduce their static charge [8], obtain-
ing similar recoveries of salbutamol to the present study
from the low static Nebuhaler® (54.3 vs 68.5 µg in par-
ticles smaller than 5 µm).

The MSLI is a particle-sizing device that does not
mimic respiration or act as a model lung, and particle
size is only one of a number of factors that determines
the fate of inhaled medication. However, recent pharma-
cokinetic studies [17] have supported in vitro studies of
spacer use, suggesting that laboratory studies, such as
this, provide useful information with which to evaluate
different drug delivery systems. Comparative clinical
studies of patients with asthma comparing the CFC and
HFA formulations administered via spacers have not, to
our knowledge, been undertaken, and the clinical rele-
vance of small differences in bronchodilator delivery
with different spacers is not clear. However, this may
be important where the dose delivered needs to be high
(as in the treatment of an exacerbation of asthma) and
precisely known, for instance in comparative studies of
the effects of different drugs.
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