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Drug output from nebulizers is dependent on the
method of measurement

P.W. Barry, C. O'Callaghan
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Jet nebulizers are popular devices used to deliver drugs
to the respiratory tract. Many different devices are avai-
lable and nebulizer manufacturers typically quote the
amount of aerosol produced by their nebulizer in particles
smaller than a certain size as an indication of the nebuli-
zer's efficiency. However, current methodologies for asse-
ssing nebulizer output outlined in British [1] and proposed
European guidelines do not take into account the breath-
ing pattern of the patient. This may be very important for
children, who may have tidal volumes smaller than the
output of aerosol laden air from the nebulizer, so that they
lose aerosol during both inspiration and expiration [2],
and for the assessment of new "breath-enhanced" nebuliz-
ers, which have been shown to double drug delivery [3],
but where assessment at a constant flow may hide impor-
tant differences in drug output.

In addition, guidelines for nebulizer assessment do not
distinguish between different types of medication. Steroid
preparations currently available for nebulization are form-
ulated as suspensions and results from experiments using
drug solutions cannot necessarily be extrapolated to in-
clude them.

To determine whether the method of assessment affects
the measured amount of drug delivered, the output of bu-
desonide from different nebulizers and compressors was
assessed using constant flow of air from a vacuum pump
and a sinusoidal pump to represent typical breathing pat-

terns from infancy to the teenage years, directly assaying
the amount of drug delivered by the nebulizer.

Materials and methods

The following nebulizer-compressor combinations were
evaluated: Cirrus with Novair II Compressor (Intersurgi-
cal, Wokingham, UK), Sidestream with Portaneb 50 com-
pressor (Medicaid, Pagham, UK) and Pari LC Plus with
Juniorboy Compressor (Pari Medical, Surrey, UK).

The nebulizers were tested using either a constant flow
from a vacuum pump (Edwards ECB8; Edwards, Surrey,
UK) of 20 or 60 L·min-1, or a breathing simulator (Sinus
Breathing Simulator; Pari, Starnberg, Germany). The ex-
perimental apparatus is illustrated in figure 1.
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ABSTRACT: The objective of this study was to determine whether current regula-
tory methods for assessing the output of nebulizers are appropriate for the delivery of
nebulized steroid suspensions to patients.

We studied a conventional jet nebulizer (the Intersurgical Cirrus), an open-vent
nebulizer (the Medicaid Sidestream) and a breath-enhanced nebulizer (the Pari LC
Plus), using a constant sampling flow or a sinusoidal pump to represent the breathing
pattern of children from 6 months to adulthood.

Recovery of budesonide released from the nebulizers onto filters was reduced when
using breathing simulation compared with constant flow, and this reduction was
greatest for the conventional nebulizer (Cirrus, 103 µg with constant flow to 4.4 µg
with a 50 mL tidal volume; Pari, 176 µg to 25 µg). The open-vent nebulizer deposited
very little budesonide on the filter at lower tidal volumes (4.5 µg with a 50 mL tidal
volume), possibly because the enhanced flow of aerosol laden air was greater than the
inspiratory flow from the breathing simulator. The output of the LC plus was reduced
at high flow, from 176 µg at 20 L·min-1 to 93 µg at 60 L·min-1. Overall, the measured
output varied by up to 700%, depending on the method used.

These results suggest that breathing patterns dramatically alter the measured out-
put of different nebulizers and that breathing simulation should be included as part
of their assessment.
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Fig. 1.  –  Schematic diagram of the experimental apparatus. In the con-
stant-flow experiments, the Edwards' vacuum pump replaced the sinus
pump. I:E ratio: inspiratory to expiratory time ratio.
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Electrostatic filter pads were used, held in a plastic fil-
ter assembly (dead space 11 mL). Nebulizers were con-
nected to the filter assembly by the T-piece (Cirrus and LC
Plus) or mouth-piece (Sidestream) supplied by the neb-
ulizer manufacturer. This mouthpiece did not occlude the
Sidestream open-vent. Waste aerosol released to the
atmosphere during "expiration" was scavenged onto a sec-
ond filter placed near the end of the T-piece (Cirrus) or
entrainment hole of the Sidestream mouthpiece using a
household vacuum cleaner. The expiratory filter was con-
nected to the second limb of the T-piece supplied with the
LC Plus, and contained a one-way valve so that airflow
would be directed through the nebulizer during "inspira-
tion", imitating patient use. The exact arrangement for
each nebulizer is illustrated in figure 2.

The respiratory frequency (fR), tidal volume (VT) and
inspiratory to expiratory ratio of the breathing simulator
were varied to represent the breathing patterns of children
at various ages, as shown in table 1.

Two millilitres of budesonide suspension (Pulmicort
Nebulizer Suspension 250 µg·mL-1; Astra, Kings Langley,
UK) was added to the nebulizer. This was operated for 5
min, after which the inspiratory filter was removed from
the housing and the amount of budesonide deposited on
the filter was assayed by high-performance liquid chroma-
tography (HPLC). Each nebulizer was assessed at each
breathing pattern and flow a minimum of six times.

The limit of detection of the HPLC assay was 0.1 µg
budesonide·mL-1. The system response was linear over a
range of budesonide concentrations from 0.1–200 µg·mL-1.
The coefficient of variation of the assay (n=6) was 2.6% at
a concentration of 1 µg·mL-1.

In the main experiments, the amount of budesonide on
the inspiratory filter only was assayed, but in pilot studies
using the same experimental apparatus, the amount of
drug deposited in all parts of the experimental apparatus
was measured. Of the nominal 500 µg budesonide placed
in the nebulizer, 94.1% (95% confidence intervals (CI)
88.7–99.4) was recovered. Less drug was recovered from
the Sidestream nebulizer than from the other nebulizers
studied, as some losses occurred from the entrainment
ports (fig. 2).

Pilot studies with the filters showed that the recovery of
budesonide from primed filters was 100.4% (95% CI
97.5–103.3) of 200 µg of drug. The filters collected all bu-
desonide particles, with the recovery of budesonide from
the second of two filters in line being less than the limit of
detection of the assay.

To determine the amount of drug passively collected on
the inspiratory filter, the experiments were also under-
taken with the breathing simulator switched off (tidal vol-
ume 0 mL). In the LC Plus, 8 µg (95% CI 6.6–9.4) of
budesonide was recovered from the inspiratory filter, com-
pared with only 2.3 µg (95% CI 2.0–2.6) of budesonide
with the other nebulizers.

The recovery of budesonide from the inspiratory filter
was compared between flows with each nebulizer and bet-
ween nebulizers at the same flow using analysis of vari-
ance (ANOVA). Statistical significance was assumed at
p=0.05.

Results

The amount of budesonide recovered from the filter in
the different experiments is given in table 2. The drug out-
put from all of the nebulizers was greatest when they were
assessed under constant flow and was reduced by the use
of a simulated breathing pattern. It can be seen from table
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Fig. 2.  –  Diagram showing the arrangement of nebulizers and filters: a)
LC Plus, b) Cirrus, and c) Sidestream.

Table 1.  –  Breathing simulator settings

Representative age

6 months 1 yr 3 yrs 5 yrs 10 yrs 16 yrs

VT  mL
fR breaths·min-1

I:E ratio

50
30

40:60

75
28

40:60

125
24

40:60

150
20

40:60

225
16

40:60

600
16

40:60

VT: tidal volume; fR: respiratory frequency; I:E ratio: inspira-
tory:expiratory time ratio.
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2 that the measured output of the nebulizers may vary by
over 700%, depending on the method of measurement.

The output of the LC Plus was markedly reduced at
higher flow, from 176 µg at 20 L·min-1 to 93.3 µg at 60
L·min-1 (p<0.001). The output from the Sidestream was
also reduced at the higher flow, and that from the Cirrus
increased, but these changes did not reach statistical sig-
nificance.

Budesonide output was lowest at a tidal volume of 50
mL. The nebulizers all gave constant output at tidal vol-
umes above 125 mL, and at any one breathing pattern the
LC Plus deposited more budesonide on the inspiratory fil-
ter than the other nebulizers (p<0.001).

Discussion

This study has demonstrated significant differences in
the amount of drug produced by nebulizers depending on
the exact method of testing. In the past, nebulizers have
been tested by weighing before and after operation for a
certain time, without any additional airflow to represent
inhalation by the patient [4]. This method does not take
into account the evaporation of water during nebulization
and overestimates drug output [5]. To overcome this, a
recent study [6] has proposed the use of a tracer (sodium
fluoride) in the nebulizer solution, which is captured on a
filter and assayed. However, a constant flow of air is used
to draw aerosol onto the filter which, as shown in this
study, will lead to an inaccurate measurement of the drug
output. A number of comparative studies has measured
drug output from nebulizers under constant or no entrain-
ing flow [7–9]. The present data suggest that, for some
nebulizers, these methods may give very misleading
results.

The recently published British Standard Institute's speci-
fication for nebulizers [1], which specifies the information
about nebulizers that should be provided by manufacturers
and the test methodologies that should be employed, also
ignores the importance of simulated breathing pattern.
This should be taken into account when European stand-
ards are formulated.

Nebulized drug deposition in the lungs is affected by
the size of drug particles produced. This study measured
the total amount of drug released from the nebulizer and
deposited on the inspiratory filter, without measuring par-
ticle size, and therefore the results cannot be used to sug-
gest drug delivery to the lungs. Aerosol particle size may
be measured by inertial impaction devices, which com-
monly sample aerosol at a high flow rate. For instance,
an Andersen Impactor samples at 28.3 L·min-1, whereas
a multistage liquid impinger samples at 60 L·min-1. The
results suggest that connecting a Pari LC Plus nebulizer
to these two devices would give very different results.
Assessing nebulizers at high flows may be detrimental,
presumably because the high flow through the nebulizer
encourages impaction of particles on the internal baff-
les. Breath-enhanced, open-vent nebulizers such as the LC
Plus and Ventstream nebulizers (Medicaid, Pagham, UK)
are designed to use the patient's inspiratory flow to in-
crease nebulizer output [10] and particle size may also
change with different flows through these nebulizers. Cle-
arly, assessing these nebulizers under constant flow condi-
tions will not reliably measure their output during use by
patients.

Many factors, such as driving gas flow rate and neb-
ulizer design, will determine the output of drug from a
nebulizer [11]. The actual dose reaching the lungs of the
patient will also be influenced by the anatomy of the up-
per airway, the degree of airway obstruction and the bre-
athing pattern of the patient. Others have demonstrated the
effect of entrained air diluting the inspired aerosol [2, 12],
so that, from conventional nebulizers, the amount of drug
inhaled is independent of tidal volume once inspiratory
flow is greater than the nebulizer driving gas flow. The
results for the Cirrus nebulizer, where deposition on the
filter is constant at tidal volumes above 125 mL, support
this. The output from this nebulizer when assessed with
the breathing simulator was just under 40% of that re-
covered under constant flow, which would have been
predicted from the use of an inspiratory fraction of 40% of
the breathing cycle.

Table 2.  –  Amount of budesonide recovered from the filters with different nebulizers and breathing patterns

Nebulizer/compressor

Experimental method Cirrus/Novair II
µg

Sidestream/Portaneb
µg

Pari LC Plus/Pariboy
µg

Constant flow, 20 L·min-1

Constant flow, 60 L·min-1

VT 600 mL,
fR 16 breaths·min-1

VT 225 mL,
fR 16 breaths·min-1

VT 150 mL,
fR 20 breaths·min-1

VT 125 mL,
fR 24 breaths·min-1

VT 75 mL,
fR 28 breaths·min-1

VT 50 mL,
fR 30 breaths·min-1

102.9
(88.3–117.5)

122.7
(106.8–138.5)

35.5
(33.5–37.4)

39.4
(33.9–45.0)

34.1
(28.6–39.7)

37.1
(32.4–41.7)

27.4
(24.5–30.3)

4.4
(3.4–5.6)

150.4
(130.1–170.8)

130.0
(114.4–145.5)

19.3
(14.6–24.1)

17.4
(13.0–21.8)

18.2
(13.1–23.4)

18.5
(17.0–20.0)

13.5
(12.0–15.0)

4.5
(3.4–5.6)

176.2
(158.5–194.0)

93.3
(89.5–97.2)

82.4
(79.0–85.7)

70.9
(65.3–76.5)

73.5
(64.1–82.9)

69.3
(61.1–77.4)

71.3
(65.7–76.9)

25.0
(14.1–35.8)

Values are the mean and 95% confidence intervals in parentheses for the recovery of budesonide in µg. VT: tidal volume; fR: respira-
tory frequency.
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The Sidestream nebulizer is supplied with a mouthpiece
containing an entrainment hole. During the breathing sim-
ulation experiments, aerosol was seen to escape from this
hole throughout the breathing cycle (fig. 2). The very low
deposition of drug on the inspiratory filter may be due to
the enhanced output of this nebulizer being greater than
the inspiratory flow, so that aerosol is wasted during both
inspiration and expiration. The nebulizer produces small
particles, since large droplets are filtered out by baffles in
the nebulizer. As budesonide is a suspension of drug
particles of approximately 2.2–2.9 µm median diameter
[13], many drug particles will be too large to be released
from the nebulizer.

Breath-enhanced, open-vent nebulizers increase drug
output during inspiration by using the inspiratory flow to
open a valve through which air is entrained [11]. As air-
flow increases, particles that would have remained in the
nebulizer are reduced in size by greater evaporation and
are released to the patient. This increasing output is coun-
teracted above a certain flow by increased impaction wit-
hin the nebulizer, resulting in a constant and, finally, a
reduced drug output [14].

This in vitro study has demonstrated the importance of
using simulated breathing patterns in the assessment of
nebulizers. However, a sinus wave form was used to imi-
tate the required breathing patterns and this may not be re-
presentative of real patient's breathing. DENYER et al. [15]
suggested that derived sinus wave forms based on real
patients' breathing rate and tidal volume, parameters such
as peak inspiratory flow may be incorrect by more than
35%. Breathing frequencies and tidal volumes may also
change when patients have a tightly fitting mask placed
over their mouth and nose, compared with their breathing
pattern at rest. It is unclear how much difference this
makes to measured drug output and more sophisticated
breathing simulators are awaited. When these are availa-
ble, regulatory authorities and nebulizer manufacturers
will need to define representative breathing patterns for
comparative testing of devices.

The present study has demonstrated a pitfall of current
nebulizer testing standards that will need to be corrected if
future standards are to give meaningful results for the test-
ing of nebulizers.
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