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ABSTRACT: The objective of this study was to determine the particle size and mass
output of salbutamol from different nebulizers used under simulated breathing
conditions.

Seven nebulizer/compressor combinations were assessed. Each nebulizer was charg-
ed with 5 mg salbutamol solution and connected to a breathing simulator operating at
tidal volumes of 150 mL and 600 mL. Nebulizers were operated for 15 min.
Salbutamol collected on the filters was measured by liquid chromatography. Aerosol
particle size was determined separately by laser diffraction.

The Pari LC Star nebulizer delivered the most salbutamol at both tidal volumes.
The maximal output of the Medicaid Ventstream and Sidestream nebulizers was two-
thirds that of the LC Star, and they delivered less salbutamol than the LC Star or LC
Plus nebulizers. The Intersurgical Cirrus nebulizer delivered the least salbutamol at
both tidal volumes, although there was only a small difference between the Cirrus and
Ventstream or Sidestream nebulizers at 150 mL tidal volume. The LC Plus nebulizer
produced larger particles, mass median diameter 5.3 mm, compared with 3.6±4.0 mm
for the other nebulizers.

In conclusion, there were large differences in the delivery of salbutamol between the
nebulizers studied, even between nebulizers of apparently the same class, and this
should be borne in mind by regulatory authorities, clinicians and researchers.
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Nebulizers are widely used in the treatment of bron-
choconstriction, particularly in acute severe asthma. No
controlled study has been undertaken to determine the opti-
mum dose of b2-agonist to nebulize in acute severe asthma,
but larger, more frequent doses are used in severe disease.
As important as the nominal dose placed in the nebulizer is
the huge variation in the amount of medication released
from different nebulizers, suggesting that the choice of
device may be as important as the choice of bronchodilator
dose. Medical staff remain largely ignorant of the possible
effects of nebulizer differences. This is particularly so in
paediatrics, where results from studies on adults may be
extrapolated, despite the obvious anatomical and breathing
pattern differences between children and adults.

Nebulizers may be marketed without any information
being available on specific drug outputs from the device.
The situation has been complicated recently by the advent
of newer nebulizer designs which enhance nebulizer output
[1, 2], such as "open vent" nebulizers. These draw air into
the nebulizer chamber, increasing the amount of drug
aerosol produced for inhalation by the patient. "Breath
enhanced, open vent" nebulizers have a valve system to
control airflow through the nebulizer during tidal breath-
ing. Increased nebulizer output occurs only during inspi-
ration, and a smaller proportion of the output is therefore
wasted. This type of nebulizer has been shown to double
the delivery of salbutamol to the lung compared to a
conventional nebulizer [3].

The output of "breath enhanced, open vent" nebulizers is
affected by the patient's inspiratory flow [4], and they may
have different output characteristics when used by child-
ren or adults with low inspiratory flows. Knowledge of
the amount of drug that both an adult and a child are
likely to inhale is important, not only to explain clinical
effect when managing patients, but in order to interpret
the increasing number of clinical trials where the actual
dose of medication the subjects receive from drug deli-
very devices is ignored.

The aim of this study was to determine the particle size
and mass output of the bronchodilator salbutamol from a
number of different nebulizers when used under simulated
breathing conditions. The conditions were chosen to rep-
resent the breathing pattern of a child and an adult, and the
nebulizers to represent a range of different designs,
including the newer "open vent" and "breath enhanced"
systems.

Methods

Nebulizers and medication

Seven jet nebulizer/compressor combinations were
assessed; the LC Plus nebulizer and Turboboy compressor
(38G00, Pari GmbH, Starnberg, Germany), the LC Star
nebulizer and Turboboy compressor (Pari), the Ventstream
nebulizer and Portaneb compressor (Medicaid, Pagham,
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UK), the Sidestream nebulizer and Portaneb compressor
(Medicaid) and the Cirrus nebulizer and Novair II com-
pressor (Intersurgical Ltd, Wokingham, UK) were assessed
with salbutamol nebulizer solution (5 mg in 2.5 mL,
Salamol Baker Norton, Harlow, UK). To simulate hospital
use, the LC Star and Ventstream nebulizers were also
assessed when driven by compressed air at 6 L.min-1. Six
nebulizers of each type were used. Each was washed 10
times according to the manufacturers instructions prior to
its first use.

Particle size measurements

Particle size distribution of the nebulizer output was
measured by laser diffraction with a Malvern Mastersizer
X (Malvern Ltd, Malvern, UK), which calculates particle
size by measuring the diffraction angle of particles passed
through a laser beam. Positioning of the nebulizer and
presentation of the aerosol to the laser are important to
obtain reproducible results [5]. In these experiments,
nebulizers were charged with 2.5 mL (5 mg) of salbuta-
mol nebulizer solution, placed 1±2 cm from the detector
lens and 1 cm from the edge of the laser beam. Aerosol
was drawn across the laser beam by suction from a va-
cuum pump placed opposite the nebulizer mouthpiece
and <3 cm from the laser beam.

A 100 mm detector lens was fitted to the Mastersizer,
detecting particles from 0.5 to 180 mm calculated diameter.
The detector was programmed to make 2,000 measure-
ments over 4 s, starting after the nebulizer had been oper-
ating for 2 min, and to only measure when between 5±25%
of the laser beam was obscured by aerosol particles. Each
nebulizer/compressor combination was tested four times.

Breathing simulation

Total drug output from the nebulizers was also measured
using a breathing simulator, the Pari Sinus Breathing
Simulator (Pari), which allows the simulated tidal volume,
respiratory rate and inspiratory time to be independently
adjusted. The experimental apparatus is illustrated in figure
1. Salbutamol nebulizer solution (2.5 mL; 5 mg) was add-
ed to the nebulizer, which was attached to the breathing
simulator. Electrostatic filter pads were used to collect the
aerosolized drug, housed in a plastic filter assembly (dead
space 11 mL). Nebulizers were connected to the filter
assembly by the T-piece or mouthpiece supplied by the
nebulizer manufacturer. Waste aerosol released during
"expiration" was collected on the expiratory filter.

Two different breathing patterns were used, one to
represent a child ("paediatric" breathing pattern), and one
to represent an adult ("adult" breathing pattern). The tidal

volume, respiratory rate and per cent inspiratory time for
the paediatric breathing pattern were 150 mL, 20 breaths.

min-1, and 40%, and for the adult breathing pattern 600
mL, 12 breaths.min-1, and 40%, respectively. These set-
tings gave a minute volume, maximum inspiratory flow and
mean inspiratory flow for the paediatric breathing pattern
of 3 L, 11.8 L.min-1, and 7.5 L.min-1, and for the adult
breathing pattern 7.2 L, 28.3 L.min-1, and 18 L.min-1,
respectively.

Six nebulizers of each type were assessed at each
breathing pattern for up to 15 min. Nebulization was
interrupted briefly after 1, 3, 5, 10 and 15 min to allow the
inspiratory filter to be changed. In this way, the drug output
at different times could be determined. The process of
changing the filter took <10 s.

At the end of each experiment the filters were washed
with an appropriate solvent. The amount of drug collected
on the filters was determined using reversed phase high-
performance liquid chromatography. A 10 cm Spherisorb
ODS1 column (4.6 mm ID; Fisher Chemicals, Loughbor-
ough, UK) was used with methanol±0.1% ammonium
acetate as the mobile phase. The internal standard was
benzyl biphenyl and ultraviolet detection was used at a
wavelength of 276 nm. The limit of detection of the assay
was <0.05 mg salbutamol.mL-1. The system response was
linear over a range of salbutamol concentrations from 0.3±
10 mg.mL-1. The coefficient of variation of the assay was
6% (at a concentration of 0.5 mg.mL-1).

In pilot studies, drug deposition on all parts of the
experimental apparatus was measured, allowing the total
recovery of drug to be estimated as a percentage of that
added. A mean of 92.6% of the drug added was recovered
(95% confidence intervals (CI) 90.7±94.4%). The three 15
min runs with the Sidestream nebulizer, where losses
occurred from the mouthpiece, had recoveries of <80%.
Apart from this, total drug recovery was not dependent
upon the nebulizer type.

First minute and total output of salbutamol from the
different nebulizers measured with the breathing simulator,
and the percentage of the nebulizer output contained in
particles <5 mm was compared using analysis of variance
(ANOVA). Differences between the specific nebulizer
types was inferred using the Tukey±Kramer method [6],
which gives the 95% CI for all pairwise differences
between the mean recoveries. The time taken for the
nebulizer to deliver 90% of the total output was calculated
by interpolation from a graph of drug recovery plotted
against time. Analysis was undertaken using Minitab
statistical software (Clecom Ltd., Birmingham, UK).

Results

Particle size

The mass median diameter, the geometric SD, and the
percentage of particles <3 and <5 mm diameter as meas-
ured by the Malvern Mastersizer are given in table 1. The
largest aerosol particles were produced by the LC Plus
nebulizer, and the smallest by the LC Star driven by
compressed air. The percentage of drug contained in par-
ticles <5 mm was similar for all nebulizers, approximately
70%, except for the Cirrus and the LC Plus nebulizers,
which delivered 57% and 49% of the drug, respectively,
in particles <5 mm diameter under the test conditions.

Sinus pump

Variable:
Rate,

Volume,
I:E ratio

Filter

Compressor

Nebulizer

Fig. 1. ± Schematic diagram of the breathing simulation apparatus. I:E
ratio inhalation/expiration ratio.
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Breathing simulation

All nebulizers had a constant initial output of drug,
which declined after a variable time (figs. 2 and 3). The
maximum output rate (of drug) in the first minute, the
total output over 15 min, and the time taken for 90% of
the total output to be released is reported in table 2. There
was a significant difference between the nebulizers in
these parameters (ANOVA, p<0.0005).

The LC Star nebulizer driven by the Turboboy com-
pressor had a slightly smaller maximum output rate (mean
(SD)) than the LC Plus (138.8 (23) mg.min-1 versus 176.9
(18) mg.min-1 with the "paediatric" breathing pattern, and
230.9 (12.6) mg.min-1 versus 251.5 (31.6) mg.min-1 at the
"adult" breathing pattern), but continued nebulization for
longer at both breathing patterns, and so delivered the most
salbutamol over 15 min. When driven with compressed air,
the LC Star had a slightly higher maximal output rate, but
delivered less salbutamol in total as the nebulization was
completed sooner.

The Ventstream, Sidestream and Cirrus nebulizers deli-
vered less salbutamol at both tidal volumes. The total out-
put from these nebulizers was similar with the paediatric
breathing pattern, but less for the Cirrus nebulizer with the
adult breathing pattern. The time for these nebulizers to
deliver 90% of the salbutamol was unaffected by the
breathing pattern.

To compare the differences between the different nebu-
lizers, tables 3 and 4 give the 95% CI of the difference
between the mean total output for the paediatric and adult
breathing patterns respectively. This gives an indication
of the precision of the estimate of the difference between
the mean recoveries, taking into account the multiple
comparisons made between nebulizers.

Discussion

Inhaled medications are increasingly used in the treat-
ment of asthma and other respiratory diseases [7]. The
inhalational route allows drug to be delivered directly to
its site of action, and nebulizers are predominantly used
by patients requiring high doses of medication and by
those who are unable or unwilling to use other inhala-
tional drug delivery devices. This in vitro study has de-
tected large differences in the delivery of salbutamol from
different nebulizers. Patients using one type of nebulizer
may receive more than twice as much drug than another
type. This may be crucial in acute severe asthma, where
maximal drug delivery is required.

A number of other comparisons have demonstrated
differences between nebulizers in vitro [8, 9], although
such comparisons often estimate the nebulizer output by
weighing the nebulizer before and after a period of
nebulization. This method allows the rapid assessment of

Table 1. ± Aerosol particle size measured on the Malvern Mastersizer

Nebulizer/compressor MMD
mm

GSD Particles <5 mm
diameter %

Particles <3 mm
diameter %

LC Plus/Turboboy 5.1 (4.9±5.3) 2.0 (1.9±2.1) 49 (46±52) 22 (19±24)
LC Star/Turboboy 4.0 (3.9±4.0) 2.0 (1.9±2.1) 68 (67±70) 34 (32±35)
LC Star/Air 3.6 (3.6±3.7) 2.2 (2.2±2.3) 74 (72±75) 40 (39±41)
SideStream/Portaneb 3.9 (3.9±4.1) 1.9 (1.8±2.1) 69 (68±70) 33 (31±35)
Ventstream/Portaneb 3.8 (3.5±4.1) 2.1 (2.0±2.2) 71 (64±77) 37 (33±41)
Ventstream/Air 3.8 (3.7±3.8) 2.5 (2.3±2.7) 69 (67±72) 39 (38±39)
Cirrus/Novair II 4.4 (4.1±4.6) 3.2 (3.1±3.2) 58 (54±61) 35 (33±37)

Data presented as means (95% confidence intervals). MMD: mass median diameter; GSD: geometric standard deviation.
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Fig. 2. ± Amount of salbutamol collected on the filter of the breathing
simulator over 15 min, using the paediatric breathing pattern. Data pre-
sented as mean�SD. J: LC Star+Turboboy; ¨: LC Plus+Turboboy; m:
LC Star+air (6 L.min-1); h: Sidestream+Portaneb; s: Ventstream+Por-
taneb; *: Ventstream+air (6 L.min-1); .: Cirrus+Novair II.
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Fig. 3. ± Amount of salbutamol collected on the filter of the breathing
simulator over 15 min, using the adult breathing pattern. Data presented
as mean�SD. J: LC Star+Turboboy; m: LC Star+air (6 L.min-1); ¨: LC
Plus+Turboboy; h: Sidestream+Portaneb; s: Ventstream+Portaneb; *:
Ventstream+air (6 L.min-1); .: Cirrus+Novair II.
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a large number of nebulizers [10], but may be inaccurate
[11]. DENYER and DYCHE [12] used the more accurate
tracer method [13] and breathing simulation to measure
the output of the Ventstream nebulizer and a conventional
nebulizer (the System 22 Acorn). The breathing simulator
was set to a tidal volume of 630 mL, frequency 20
breaths.min-1, inspiratory fraction 33%, fill volume 4 mL
sodium fluoride solution and driving gas flow of 7 L.min-1.
Output to the inspiratory filter from the Acorn nebulizer
was 56% of that from the Ventstream, correlating well
with a subsequent in vivo study [13] showing a two-fold
increase in the delivery of salbutamol to the lungs of adult
volunteers from the Ventstream compared to a conven-
tional nebulizer. The present study suggests that this can-
not be extrapolated to infant use, or to patients who have a
low tidal volume. A recent study [14] compared the deli-
very of salbutamol onto filters from different nebulizers
when used by a group of children aged 3±16 yrs. The
study confirmed an increase in filter deposition with
breath-enhanced nebulizers (Ventstream and LC Plus)
than the conventional nebulizer (System 22 Acorn). The
nebulizers were driven by compressed air at 6 L.min-1,

apart from the LC Plus nebulizer which was evaluated
with a low output compressor (Inhalierboy, driving gas
flow 3.5 L.min-1), perhaps explaining why there was no
difference between the two breath-enhanced nebulizers.
The Turboboy compressor used in the present study had a
driving gas flow of 4.3 L.min-1, and has been shown to
have a greater output than the Inhalierboy when used with
the LC Plus nebulizer [15].

Measurement of drug delivery using filter deposition
is a useful noninvasive method of estimating drug deliv-
ery from different devices that overcomes the difficulties
of measuring endpoints such as lung function in young
children and the ethical problems of exposing subjects
to radiation in radiolabelled deposition studies [16]. The
breathing simulator allows parameters such as tidal vol-
ume and breathing frequency to be controlled, overcom-
ing the large intrasubject variability seen when patients
are used to "inhale" from the nebulizer [14, 17, 18], and
which may make it difficult to determine whether there is
a relationship between parameters such as age or size and
drug delivery [14]. However, the dead space in the filter
holder may lead to underestimations of the nebulizer
output, especially at lower tidal volumes. This effect was
minimized by having a filter with a low dead space (11
mL), but may still be important for the 150 mL tidal
volume. Also, the breathing simulator produces a sine
wave flow pattern which may not reflect real breathing

Table 2. ± Drug output

Nebulizer/compressor First minute output rate mg.min-1 Total output over 15 min mg Time to 90% output min

Paediatric Adult Paediatric Adult Paediatric Adult

LC Plus 176.9 (18.1) 251.5 (31.6) 990.7 (50.4) 1085.6 (53.4) 7.8 (0.3) 6.1 (1.3)
LC Star/Turboboy 138.8 (23) 230.9 (12.6) 1273.1 (36.5) 1516.5 (27.7) 10.1 (1.00) 8.6 (0.3)
LC Star/Air 148.2 (21.5) 248.7 (50.2) 917.6 (12.7) 1354.6 (122.2) 7.6 (0.1) 5.8 (1.6)
Sidestream 90.7 (20.2) 157.0 (22.6) 595.6 (54.7) 1051.1 (36.9) 8.4 (90.5) 8.2 (0.5)
Ventstream/Portaneb 102.9 (8.4) 156.7 (18.2) 693.2 (56.3) 950.0 (59.8) 7.3 (1.1) 7.3 (0.8)
Ventstream/Air 90.4 (15.6) 145.4 (21.4) 627.4 (58.8) 893.8 (57.0) 7.8 (0.9) 7.3 (0.9)
Cirrus 74.4 (5.1) 79.4 (12.1) 608.4 (45.5) 663.6 (86.2) 9.5 (0.3) 9.0 (0.4)

Data presented as mean (SD).

Table 3. ± Differences between mean total drug recov-
eries for each pair of nebulizers using the paediatric brea-
thing pattern

LC
Plus

LC Star/
TB

LC Star/
Air

Side-
stream

Vent-
stream/

PN

Vent-
stream/

Air

LC Star/
TB

-414±
-151

LC Star/
Air

-59±
205

224±
487

Side-
stream

264±
527

546±
809

190±
454

Vent-
stream/
PN

184±
412

466±
694

111±
339

211±
16.4

Vent-
stream/
Air

249±
477

532±
760

176±
404

-145±
82

-27.3±
159

Cirrus 268±
496

551±
779

195±
423

-127±
101

-8.4±
178

-74±
112

Data presented as 95% confidence intervals, expressed as the
column mean minus the row mean, i.e. the difference between
LC star/Turboboy nebulizer/compressor and the LC Plus neb-
ulizer has a 95% probability of being between 151 and 414 mg.
Where confidence intervals include zero, the difference was not
statistically significant. Otherwise the values allow an estimate
to be made of the clinical significance of the difference. TB:
Turboboy; PN: Portaneb; Air: compressed air.

Table 4. ± Differences between mean total drug recov-
eries for each pair of nebuizers using the adult breathing
pattern

LC
Plus

LC Star/
TB

LC Star/
Air

Side-
stream

Vent-
stream/

PN

Vent-
stream/

Air

LC Star/
TB

-614±
-248

LC Star/
Air

-452±
-86

-21±
345

Side-
stream

-149±
217

283±
648

121±
486

Vent-
stream/
PN

-23±
294

408±
725

246±
563

-57±
260

Vent-
stream/
Air

33±
350

464±
781

302±
619

-1±
316

-73±
186

Cirrus 264±
581

695±
1011

533±
850

229±
546

157±
416

101±
360

For further explanation see footnote to table 3.
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patterns [19], and filter deposition may not reflect clinical
effect [20].

Drug collected on filters during the breathing simulation
experiments represents all the medication "inhaled" by the
patient, and is not the same as lung deposition. This will
depend upon a number of factors, such as the mode of
inhalation and the aerosol particle size [1]. The ideal
particle size for lung deposition is not known, and may be
dependent upon age [21] and decree of bronchoconstric-
tion [22]. A particle diameter of <5 mm is thought to be
appropriate for delineating between lung and extra-pul-
monary deposition, but recent debate has suggested that a
smaller particle size may be optimal [23]. The present
study presents data on the percentage of particles <5 mm
and <3 mm diameter.

A recent radiolabelled deposition study in adults using
the LC Plus nebulizer found a mean lung deposition of
12.8% of the nominal dose [24]. In the present study with
the same nebulizer, multiplying the percentage of the
nominal dose deposited on the filter (during the adult
pattern breathing simulation) by the fraction of drug in
particles <5 mm (from laser diffraction) gives 10.8%, a
similar value. The same equation for the LC Star nebu-
lizer gives a result of 20.6%. Others have also suggested
that lung deposition may be estimated from laboratory
measurement of aerosol particle size and filter collection
[25].

Despite evidence of correlation between in vitro and in
vivo measurements of nebulizer output, there are clearly
problems with the in vitro methods of measuring aerosol
particle size and drug output described above. Inspiratory
flow may alter the nebulizer output. KNOCH and WUND-

ERLICH [4] measured the output of drug solution from the
LC Plus nebulizer at different inspiratory flows, and
found that the output increased with inspiratory flow up
to 20 L.min-1 but was unchanged above this. The droplet
size decreased slightly between 0 and 20 L.min-1 inspi-
ratory flow, decreasing further at higher flows. Calcula-
tions of lung deposition from in vitro data assume that the
particle size output from the nebulizer throughout the
simulated respiratory cycle is the same as that measured
by the laser under a constant flow. The data of KNOCH and
WUNDERLICH [4] suggests that this may not be so.

Laser diffraction measurements are dependent upon the
exact alignment and positioning of the nebulizer and laser
beam [5], as evaporation may occur from aqueous aero-
sols, distorting the measured particle size, and making the
aerosol droplets appear smaller than other methods. In the
present study, the positioning of the nebulizers was
strictly controlled in an attempt to minimize the varia-
bility of this effect. New European standards for charac-
terizing nebulizers will incorporate low flow cascade
impactors rather than laser diffraction to overcome this
potential problem (J. Dennis, University of Bradford,
Bradford, UK, personal communication).

The results of this study only apply to the particular
nebulizer brands tested, and may not apply to other
nebulizers or the same nebulizers used with other
medications. The differences highlighted should, however,
be considered when testing other nebulizers. For instance,
the output of salbutamol from the Sidestream nebulizer
was flow dependent, increasing by over 75% at the adult
breathing pattern. Had breathing simulation not been used,
or the assessment not included the paediatric breathing

pattern, erroneous conclusions might have been drawn.
The current British standard for jet nebulizers (BS7711 part
3 [26]) does not include the effect of breathing pattern on
nebulizer function, and this needs to be addressed in
forthcoming standards for nebulizer assessment.

This study has demonstrated significant differences
between nebulizers of the same type in their ability to
nebulize salbutamol solution, and demonstrated the impor-
tance of considering the physiology of the patient when
assessing drug delivery devices. It is hoped that this
information will aid patients and physicians in the use of
their inhalational drug delivery devices, and hence improve
therapy.
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