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ABSTRACT:  The purpose of the present study was to measure the output and
particle size distribution of hypertonic saline from an ultrasonic nebulizer over the
range of tidal volumes (VT) used in an epidemiological survey of asthma in chil-
dren. 

A Starling pump was used to generate different VTs from 250 to 500 ml, at dif-
ferent respiratory rates of 12 and 20 breaths·min-1, to cover the normal range of
respiratory pattern of children aged 7–14 yrs.  The Starling pump was connected
to a Timeter Compuneb Ultrasonic Nebulizer Model MP 500 with 24 cm of corru-
gated aerosol tubing, ID 2.2 cm, and a two-way non-rebreathing valve.  Nebulizer
output was measured by weighing the nebulizer chamber plus tubing and valve
before and after each nebulization.  To measure particle size distribution, a Malvern
Particle Sizer M 3.0 (laser diffraction) was used, with a special adapter attached
between valve and Starling pump. 

Nebulizer output increased linearly from 1.6 to 2.5 ml·min-1 for VT 250 to 500
ml, with little influence by the respiratory frequency.  Furthermore, we found that
in the range of VT=300–500 ml the mass median aerodynamic diameter (MMAD)
was 2.61 µm, with 100% of the particles less than 5 µm, whereas at VT=150–250
ml the MMAD was 8.89 µm, with 90% larger than 5 µm. 

As output from this ultrasonic nebulizer correlates linearly with tidal volu-
mes, size correction may not be necessary in hypertonic saline challenge tests in
children.  Above a VT of 300 ml, the MMAD is in the respirable range, with
100% of particles less than 5 µm.  However, in children with a VT less than 250
ml, this equipment may be unsuitable to perform hypertonic saline challenge
tests.
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The prevalence of reported asthma in children varies
widely between countries, with high rates reported from
countries in the Southern Hemisphere [1, 2], and lower
rates in the Northern Hemisphere [3].  Epidemiological
surveys of the prevalence of asthma in children have tra-
ditionally relied on questionnaires completed by parents,
and have not used an objective measure of asthma.
Different questionnaires have been used in different sur-
veys.  The International Study of Asthma and Allergies
in Childhood (ISAAC) has developed a standard ques-
tionnaire for use internationally, but this does not over-
come the problem of different languages and different
interpretation of the concept of wheeze in different com-
munities.  In addition, a flaw in such questionnaires is
that the parent's response may be influenced by their own
prior exposure to the condition and the level of aware-
ness of the condition in the community.  It is therefore
important to establish some objective measure of asth-
ma in the community to allow comparisons of asthma
prevalence over time and between geographic regions.

In an attempt to provide an objective measure of asth-
ma, previous workers have used pharmacological chal-
lenges, such as methacholine or histamine [4–6].  As
pharmacological challenges become less acceptable to
some communities, there has been considerable interest
in the use of non-isotonic aerosols as a more clinically
relevant stimulus for the diagnosis of asthma [7–11].  For
epidemiological studies, the test has to be simple, safe,
reliable and reproducible.

Results of inhalation challenge tests are quantitative
and are influenced by a number of factors, such as cha-
racteristics of the aerosol [12], type and output of the
nebulizer [13–18], breathing patterns [8, 12, 15], lung
function [19, 20], age of subjects [15, 21], and measure-
ment and expression of results [22].

The aim of this study was to assess the effect of ti-
dal volume (VT) on the output and particle distribu-
tion of hypertonic saline from an ultrasonic nebulizer
used in an epidemiological survey of asthma in child-
ren.
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Methods

A Starling (piston) pump (C.F. Palmer, London, UK)
was used to generate different VTs over the range 250–
500 ml, at different respiratory rates of 12 and 20
breaths·min-1, to cover the normal range of respiratory
pattern of children aged 7–14 yrs.  The accuracy of the
pump was checked by connecting it to a bell-spirometer
(Expirograph, Godard).

Nebulizer output

The pump was connected to a Timeter Compuneb
Ultrasonic Nebulizer Model MP 500 with 24 cm of cor-
rugated aerosol tubing (smooth interior surface, ID 2.2
cm) and a two-way non-rebreathing valve (Hans Rudolph,
Kansas City, No. 1400).  The nebulizer solution was
4.5% hypertonic saline (HS), and the nebulizer canister
was filled with 200 ml of this solution and refilled after
nebulization of more than 50 ml.  This was done because
the level of fluid in the canister was found to influence
output when there was less than 150 ml of solution in
the nebulizer chamber.  The output was set to maximum
position.  The function of the valve was carefully observed
throughout nebulization, as improper valve function also
had an impact on output.  Airflow, generated by the
blower, through the nebulizer system without the inspi-
ratory valve and the Starling pump attached was mea-
sured with a pneumotachograph (Jaeger, Flowmate) and
was 24 l·min-1.

At each VT (500, 450, 400, 350, 300 and 250 ml) three
nebulizations, each lasting for 2 min, were performed.
The output of the nebulizer per minute was determined
by weighing the nebulizer canister with tubing and valve
before and after each nebulization and dividing the dif-
ference by two (Mettler balance, Switzerland).  The results
were expressed as the mean (SD) of these measurements
at each tidal volume.  We compared the output at res-
piratory rates of 12 and 20 breaths·min-1.

Particle size distribution

The particle size distribution at each VT was measured
by laser diffraction using a Malvern Particle sizer M 3.0.
As we were interested in the particle size distribution of
the aerosol through tubing and valve, we developed a
special adapter to attach between valve and tubing on
the one side and the Starling pump on the other side (fig.
1).  The laser beam passed through this adapter, which
was sealed between detector lens and a special holder
for fluid samples.  The nebulizer was switched on for a
period of one respiratory cycle at VT 150, 200, 250, 300,
350, 400, 450 and 500 ml.  Three measurements were
made for each VT and the results were expressed as the
mean (SD).  Particle size distribution of the aerosol through
the tubing but without valve and Starling pump attached
was also measured.  The cumulative particle size distri-
bution and the mass median aerodynamic diameter
(MMAD), together with the geometric standard devia-
tion (GSD), were determined for each VT.

Statistical analysis

Regression analyses were made to determine the mag-
nitude of the effect of VT on nebulizer output and MMAD.
A general linear model (ANCOVA for unbalanced data)
was used for comparison of the nebulizer output at diff-
erent VTs at pump frequencies 12 and 20 breaths·min-1,
as well as for comparison of the output at low and high
fluid levels in the nebulizer canister.  The level of sta-
tistical significance was chosen as p<0.05.  All calcula-
tions were made on an IBM Computer, using Minitab
software programme.

Results

Nebulizer output 

Nebulizer output was linearly and significantly corre-
lated to VT at respiratory rate 12 and 20 breaths·min-1

(table 1 and fig. 2).  The two regression lines at 12 and
20 breaths·min-1 were parallel and significantly different
(p<0.0001).

The level of fluid in the nebulizer canister influenced
output substantially.  At a volume fill of 130 ml, the
output was 2.00 ml·min-1 (VT 500 ml) and 1.53
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Fig. 1.  –  Schematic representation of the Malvern Particle Sizer (sys-
tem for measurement of particle size distribution) with special adapter
between inspiratory valve, aerosol tubing and nebulizer on one side,
and the Starling pump on the other side.  Arrows indicate direction of
flow.
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Output (f=20) = 0.913 + 0.0032 × VT    r2 = 0.92 p<0.0001

Output (f=12) = 0.763 + 0.0031 × VT    r2 = 0.97 p<0.0001

Fig. 2.  –  Effect of tidal volume on the nebulizer output of hyper-
tonic saline at two respiratory rates.  Data are represented as mean±SD.
●:  respiratory rate = 20 breaths·min-1; × :  respiratory rate = 12
breaths·min-1; f:  respiratory rate; VT:  tidal volume.



ml·min-1 (VT 250 ml).  When the volume fill was increa-
sed to 200 ml, the output also increased to 2.49
ml·min-1 (VT 500 ml) and 1.70 ml·min-1 (VT 250 ml)
(p<0.001).

A fluttering valve decreased the output at VT=500 ml
from 2.49 to 0.62 ml·min-1.

Particle size distribution

In the range of VT=300–500 ml, the MMAD was
2.61 (0.29) µm and the GSD was 1.22 (0.03) µm, where-
as at VT=150–250 ml the MMAD was 8.89 (0.36) µm
and the GSD was 1.10 (0.01) µm (table 1 and fig. 3).

The MMAD of the aerosol through tubing but with-
out valve and Starling pump attached was 4.93 (0.15)
µm with a GSD of 1.58 (0.10) µm.

Discussion

The results of this study demonstrate that different tidal
volumes can be important determinants of output and
particle size distribution from an ultrasonic nebulizer used
to nebulize hypertonic saline.  This is of importance,

especially for inhalation challenge tests in children, as
results of the response to these tests are usually quanti-
tative.  Standardization of inhalation provocation tests
have been developed for various pharmacological agents,
exercise tests, cold and dry air hyperventilation and non-
isotonic aerosols.  Jet nebulizers are used for nebuliza-
tion of pharmacological agents, whereas non-isotonic
aerosols are inhaled via ultrasonic nebulizers.

An increase in nebulizer output from 1.3 to 2.3
ml·min-1 improved the accuracy of challenge with 4.5%
HS from 75 to 90% in children with mild asthma and
in control children [13].  

Output of an ultrasonic nebulizer may be influenced
by the acoustic frequency of the transducer [23], com-
ponent tolerance [23], line voltage [23], and the solution
level [23, 24].  The latter determinant was confirmed in
this study.  The output of the same nebulizer also varies
with the length of the tubing to the valve.  With the
delivery system attached, maximum output was reduced
from 3.5 to 1.2 ml·min-1 [7].  These measurements were
performed without the respiratory valve, whereas we
measured output and particle size distribution with the
valve attached to the tubing.  We were able to measure
output more precisely by including the respiratory valve
in the gravimetric procedure because, with the use of
the Starling pump, there were no problems with saliva-
tion.  The HS that condensed in the valve was included
in the weighing.  Measurements without the valve over-
estimate the output, because they miss the solution that
condenses in the valve.  A proper function of the valve
is imperative, since any "fluttering" increases condensa-
tion and reduces output.  Output is also determined by
the rate and depth of respiration [25].  Therefore, the
actual density of the aerosol within each breath varies
according to the VT.  We were able to show that VT and
output were linearly correlated over a range of 250–500
ml for respiratory rate 12 and 20 breaths·min-1.  However,
the same increase in minute ventilation, brought about
by increasing VT, resulted in a greater increase in nebu-
lizer output than by increasing respiratory rate.  

We speculate that, with increasing flows at higher res-
piratory rates, more aerosol particles impact on the walls
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Table 1.  –  Nebulizer output and particle size distribution at different tidal volumes

Tidal volume  ml

150 200 250 300 350 400 450 500

Output ml·min-1

at f=20 1.60 1.90 1.98 2.18 2.33 2.49
(0.09) (0.10) (0.08) (0.08) (0.09) (0.06)

at f=12   1.67 1.88 2.05 2.18 2.30
(0.03) (0.03) (0.05) (0.03) (0.01)

MMAD µm 9.10 9.10 8.48 2.87 2.97 2.57 2.33 2.33
(0.10) (0.10) (0.53) (0.21) (0.21) (0.42) (0.25) (0.25)

GSD µm 1.09 1.10 1.11 1.20 1.21 1.21 1.21 1.28
(0.01) (0.05) (0.05) (0.03) (0.04) (0.05) (0.08) (0.08)

Data are presented as mean, and SD in parenthesis.  f:  respiratory rate (breaths·min-1);  MMAD:  mass median aerody-
namic diameter;  GSD:  geometric standard deviation.
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Fig. 3.  –  Mean±GSD.  Effect of tidal volume on particle size dis-
tribution of hypertonic saline.  MMAD:  mass median aerodynamic
diameter; GSD:  geometric standard deviation.
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of the tubing and at the inspiratory valve, which reduces
output.  This is also in keeping with the decrease of the
MMAD at higher tidal volumes, because the larger par-
ticles are more likely to impact at higher flows.  This is
in contrast to the concept of air entrainment in jet nebu-
lizers from which all children over the age of 12 months
inspire the same dose, because after that age inspiratory
flow exceeds nebulizer flow and the entire nebulizer out-
put is inhaled during inspiration [15].  Most jet nebu-
lizers operate with flow rates between 6–10 l·min-1,
whereas we measured a flow rate of 24 l·min-1 from the
ultrasonic nebulizer used in this study.  The peak inspi-
ratory flow at VT=500 ml was 30 l·min-1 and at VT=250
ml was 15 l·min-1.  Therefore, peak inspiratory flow
rates exceeded nebulizer flow rates only at a VT of more
than 400 ml.  In clinical practice, this means that the
smaller children are taking smaller breaths and, thus,
receive appropriately smaller doses, which may render
size or weight correction unnecessary.  On the other hand,
it indicates the importance of weighing the nebulizer unit
plus tubing to precisely assess nebulizer output when
intersubject comparisons are made in bronchial challenge
tests with HS in children.

The particle size distribution may vary with the acoustic
frequency of the transducer, the viscosity and vapour
pressure of the nebulizer fluid and the flow rate gener-
ated [25].  It may, however, also vary with the tubing
and valve through which the aerosol passes.  A hetero-
dispersed aerosol with a MMAD of 5.6 µm became
homodispersed with a smaller MMAD of only 3.6 µm
when delivery circuit attached [7].  We measured parti-
cle size distribution with tubing and valve attached at VT

150–500 ml in 50 ml steps, and found the mean MMAD
over VT 300–500 ml to be 2.61 µm compared to 8.89
µm over VT 150–250 ml.  There was a trend for the
MMAD to increase slightly from VT 500 ml to 300 ml
which was clinically unimportant.  However, at VT 250
ml or less the MMAD increased into the nonrespirable
range.  As we did not alter the inspiratory time, it was
the inspiratory flow that changed with changing VT.  We
speculate that with higher flow rates at higher VTs more
larger particles impact on the walls of the tubing and the
valve.  This can explain the increase in MMAD from
2.33 µm at VT 500 ml to 2.97 µm at VT 300 ml.  However,
it does not explain the sharp and sudden increase in par-
ticle size below VT 300 ml.  As these measurements were
performed in a random order, a systematic effect is un-
likely.  It is more likely that there is a critical inspira-
tory flow between VT 250 and 300 ml below which
particle sizes get out of the respirable range.  It might
be that this low flow does not sufficiently open the inspi-
ratory valve.  This leads to an increase in resistance,
which decreases nebulizer flow in the aerosol tubing to
such an extent that the particles clump together.  Hence,
we think that the inspiratory valve in the delivery circuit
might be the critical place where this substantial change
in particle size distribution occurs.  Evaporation is ano-
ther factor affecting particle size distributions of aerosols
generated by jet nebulizers, where compressed cold air
cools and concentrates nebulizer solutions.  With ultra-
sonic nebulizers, however, there is no compressed and

cool air.  Temperature of the solution increases with time
and output may increase, although, due to the relatively
large volumes, the effect appears to be negligible.  The
only open contact that the ultrasonic nebulizer plus tub-
ing and inspiratory valve has to the ambient air, is the
air inlet.  However, the aerosol coming from the nebu-
lizer chamber is not pushed back to the air inlet during
tidal breathing.  Even if there was some evaporation it
would not explain the sudden and sharp increase in
MMAD below VT 300 ml.

The MMAD of the aerosol through tubing but with-
out valve was 4.93 µm compared to 2.61 µm at VT

300–500 ml with the valve attached.  It is most likely
that larger droplets impacted on the valve and, thus, were
filtered out, leading to a decrease in MMAD with the
valve attached.

In conclusion, this study demonstrates that nebulizer
output from an ultrasonic nebulizer was linearly corre-
lated to tidal volumes.  For most children aged 7–14 yrs
their inspiratory flow rates would not exceed the nebu-
lizer flow rate.  Hence, there is no need for weight or
size correction in HS challenge tests using this type of
ultrasonic nebulizer, because the smaller children get less
aerosol to their lungs in proportion to their VT.  Furthermore,
it shows that different equipment is necessary for sma-
ller children with a VT less than 250 ml, because the
MMAD is outside the respirable range.  Therefore, aerosol
characteristics need to be assessed in studies looking at
bronchial response to HS in children of different age
groups.
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