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ABSTRACT: Multicentre studies of airway responsiveness (AR) are increasingly im-
portant tools in asthma epidemiology. Because comparisons of AR are made between
centres it is essential that measurement techniques are accurate and standard.

This study investigated the Mefar™ dosimeter which is currently used in the 35
centre European Community Respiratory Health Survey (ECRHS) with the next
phase currently being planned.

Significant differences were found in driving pressures and aerosol outputs between
the three Mefar dosimeters in the laboratory. A linear relationship was also found
between driving pressure and aerosol output (R?=0.96). These differences are impor-
tant as they may lead to variations between centres of =35% in the drug dose deli-
vered in AR measurement, which could potentially diminish the power of individual
study centres to accurately detect national differences in AR.

Dosimeter driving pressure and nebulizer output should be standardized in future
studies of airway responsiveness. With relatively simple quality control measures in
place it is believed that the Mefar dosimeter can produce reliable between-centre
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longitudinal data with an increase in the accuracy of these important studies.

Eur Respir J 1999; 14: 430-434.

Airway responsiveness (AR) is widely used as an ob-
jective measure of asthma prevalence [1-3]. AR is in-
creasingly measured by challenge testing with nebulized
bronchoconstrictor agents, such as methacholine chlor-
ide, using dosimeter systems to gain accuracy [4]. AR is
expressed conventionally as provocative dose causing a
20% fall in forced expiratory volume in one second
(PD20).

Recent suggestions that asthma prevalence is increas-
ing worldwide [1, 2, 5, 6] have led to the development of
major multicentre studies of AR, which may provide a
means of establishing risk factors for the development
of asthma. The European Community Respiratory Health
Survey (ECRHS) was established in 1992 as a cross sec-
tional study [7], but plans are now well advanced in many
centres for a second phase follow-up longitudinal study
and in some centres for a repeat cross-sectional pre-
valence study. In such studies, the standardization of
measurement methodology is essential as variation in
technique between centres, or within centres over time,
may directly affect PD20 and therefore interpretation of
differences and changes in asthma prevalence.

Dosimeter systems are designed to administer a known
quantity of provocative aerosol to determine AR. These
systems consist of an electromechanical device which de-
livers air under pressure to a nebulizer for a specified
activation time. There are many dosimeters available but
the authors examined the Mefar™ system (Mefar, Brescia,
Italy) because of its widespread use and, specifically, be-
cause of its uniform adoption in the ECRHS.

The authors have previously raised concerns regarding
the operation of the Mefar dosimeter system [8, 9] and as a

consequence of this decided to study it in detail and to
assess suitability for continued use in the longitudinal and
cross-sectional ECRHS studies of AR. The relationships
of weight output and true aerosol output to driving pres-
sure and activation time have been examined. Accurate
calibration of the Mefar system has been found to be
essential to ensure accurate aerosol delivery. It is believed
that this information is highly relevant to the ECRHS and
that it must be considered if differences in measured AR
are to be reliably attributed to differences in asthma pre-
valence.

Materials and methods

Three Mefar (IV) dosimeters (Mefar) and a set of five
new Mefar (Mefar) nebulizers were studied.

Static driving pressure

Static driving pressure was measured without a nebu-
lizer attached to the dosimeter since individual nebulizers
have a distinct but variable resistance to flow; and if at-
tached would reduce the down stream measured driving
pressure.

Driving pressure was measured with a pressure gauge
(Dobbie Instruments, Sydney, Australia) and by a rapid
response pressure transducer (Biomedical Engineering,
Alfred Hospital, Melbourne, Australia) connected to the
dosimeter. The voltage produced from the transducer was
digitized and interpreted using data acquisition software
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(AgKnowledge; Biopack Systems Inc., Goleta, CA, USA).
The pressure transducer was calibrated at five pressures (0,
100, 120, 140, 200 kPa) using medical grade compressed
air.

During pressure measurement the dosimeter was pro-
grammed with a 6 s delay between activations to allow
sufficient pressure to build up in the dosimeter. The output
tubing of the dosimeter was connected directly to the pres-
sure transducer. The dosimeters were activated sequen-
tially 10 times, and the peak driving pressure recorded.

Nebulizer output

Nebulizer output was measured gravimetrically on an
analytical balance (sensitivity £0.0001 g) and by an aerosol
tracer method using lithium chloride (LiCl) [10]. Briefly,
the nebulizer was filled with 4 mL of LiCl solution and
activated five times with a 6 s pause between activations.
The generated aerosol was entrained onto a glass fibre
filter paper and the LiCl subsequently desorbed in 5 mL
of double osmosis purified water and the concentration of
the resultant LiCl solution measured by flame photometry
[10]. The LiCl concentration is taken to represent the
aerosol output fraction of nebulized drug [10]. In addition
the percentage aerosol output was calculated (i.e. per cent
of weight loss that represents true drug-containing aerosol
output rather than evaporative water loss).

Five nebulizers were calibrated using a dosimeter with
an initial driving pressure of 180 kPa. Driving pressures
were measured in triplicate before and after the cali-
brations. One nebulizer was studied with a dosimeter set
sequentially at different driving pressures which were
achieved by adjusting the pressure control valve inside the
dosimeter. A single nebulizer was used to exclude output
variation due to nebulizer differences. Measurements were
performed in triplicate at 100, 150, 180 and 200 kPa (driv-
ing pressure was checked in triplicate before and after
measurements).

Activation time

Activation time is the time that driving gas is passed
through the nebulizer. Activation time was subdivided into
two components, the time taken to reach 95% of peak
pressure and the time spent at, or above, 95% of peak
pressure.

Activation time is controlled by the Mefar dosimeter
with programmable times in increments of 0.1 s. The out-
puts from the five nebulizers were studied at two activation
times of 1.0 and 1.7 s at a static driving pressure of 180
kPa. The Mefar dosimeter activation time was assessed in-
dependently and electronically by data acquisition soft-
ware (AqKnowledge, Biopack Systems Inc.).

Statistical methods

All statistics were performed using Minitab software
(Minitab Inc., PA, USA), release 11.0. Weight loss, aerosol
output and percentage aerosol output were all related to
driving pressure by linear regression and the square of the
correlation coefficient (R?), was calculated. Differences
between dosimeters were examined by one way analysis of
variance.

Table 1. — Aerosol output of mefar nebulizers for two ac-
tivation times (driving pressure 180 kPa)

Aerosol output mg

Neb. 1.0 s activation 1.7 s activation
1 6.15+0.38 12.29+0.13
2 5.79+0.25 8.12+0.80
3 6.54+0.25 11.83+0.15
4 6.36+0.64 10.66+0.68
5 5.13+0.29 10.34+0.15
Mean 5.99+0.56 10.65+1.63

Output measured in triplicate. Data are presented as mean=+sp of
three measurements. Neb.: nebulizer number.

Results
Driving pressure

The observed mean static driving pressures, under base-
line operational conditions of the three Mefar dosimeters,
were 182, 192 and 207 kPa respectively, which were sig-
nificantly different from each other (p=0.0001). The of-
ficial "set" pressures described by the manufacturer’s under
technical information received with these dosimeters were
183, 183 and 186 kPa, respectively.

The aerosol outputs of each nebulizer are shown in table
1. The relationships between weight loss, aerosol output
and driving pressure are presented in table 2 and the
relationships of weight, aerosol and percentage aerosol
output to driving pressure are shown graphically in fig-
ures 1 and 2. There was a significant difference between
weight and aerosol output (p=0.0006) but the two were
correlated (r=0.95). There was a linear relationship be-
tween driving pressure and each index of output: with
weight loss R?=0.88 (p=0.0001), aerosol output R*=0.96
(p=0.0001) and percentage aerosol R?=0.90 (p=0.0001).

Table 2. — Weight, aerosol and percentage aerosol output
at different driving pressures

Pressure Weight output ~ Aerosol output % Aerosol
kPa mg-s”' mg-s™ output
100 5.5 2.5 449
100 6.4 2.2 34.6
100 7.9 24 30.4
Mean+sp 6.6+1.2 2.4+40.1 36.6
150 NA 5.6 NA
150 9.5 5.5 57.4
150 9.7 54 56.1
Meansp 9.6+0.1 5.540.1 56.7
180 9.7 5.8 59.8
180 NA 6.1 NA
180 10.9 6.5 59.9
Mean+sp 10.3+£0.8 6.1£0.4 59.8
200 12.4 8.1 65.2
200 12.0 8.0 67.0
200 10.9 8.1 73.6
Mean=+sp 11.8+0.8 8.1+£0.0 68.6

Outputs measured in triplicate. Data are presented as individual
measurements and means+sb shown. Given that the concentra-
tion of the tracer (lithium chloride (LiCl)) used was only 0.24 M
(1% weight/volume) a direct comparison of weight and aerosol
output can be made assuming that 1 pL LiCl solution=1 mg of
solution. NA: not available.
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Fig. 1. — Weight and aerosol output at varying driving pressures. All
measurements were performed on the same nebulizer with a 1 s ac-
tivation time under identical conditions. Measurements were carried out
in triplicate. - lines of best fit; @: weight output (R’=0.88;
regression equation: Y=1.66839+5.02E-02X); O: aerosol output (R*=
0.96; regression equation: Y=2.92606+5.36E-02X).

At a driving pressure of 100 kPa percentage aerosol
output was 36% (2.36+0.13 mg-s™) compared to 62%
(6.15+ 0.38 mg-s) at 180 kPa (table 2).

Activation time

Driving pressure plotted against activation time is shown
in figures 3a and 3b. Compartmentalization of the timing
(i.e. time to peak pressure, and time at peak pressure) is
presented in table 3. At a programmed activation time of
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Fig. 2. — Percentage aerosol nebulizer output (AO) at varying driving
pressures. Percentage aerosol represents the aerosol fraction of total
weight loss, calculated as: %AO=(AO/weight output) x 100. : line
of best fit; @: % AO (R?=0.90; regression equation: Y=6.12811+
0.311984X). The recommended operating range is that supplied by the
manufacturer with the dosimeter operating instructions.
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Fig. 3. — Dynamic pressure plotted against time. (Pressure measured
from an in line pressure transducer down stream from the test nebu-
lizer). a) 1.0 s activation time. b) 1.7 s activation time.

1 s (and a driving pressure of 180 kPa) 48% (0.5 s) of time
was spent at peak pressure. This figure increased to 69%
(1.2 s) at a programmed activation time of 1.7 s.

For a 1-s activation time the mean aerosol output was
5.99 mg-s at 180 kPa. Using this value the activation time
required to produce a mean aerosol output of 10 mg-s’1 was
calculated to be 1.67 s. The closest programmable time to
this with the dosimeter was 1.7 s, calculated to produce a
mean aerosol output of 10.19 mg. The actual mean mea-
sured aerosol output at this adjusted activation time was
10.60 mg-s" (sp 1.63 mg-s™).

Table 3. — Breakdown of activation time (driving pressure
180 kPa)

Programmed activation time

1.0 s 1.7 s
Peak (dynamic) pressure kPa* 147+0.6 144+0.6
95% Peak pressure kPa 140+0.6 137+0.0
Time to 95% peak pressure s 0.6+0.0 0.6+0.0
Time at 95% peak pressure s 0.5+0.0 1.240.1
Total activation time s 1.1+£0.0 1.8+0.1
Percentage of activation time 48+0.0 69+1.2

spent at 95% of peak pressure

Data are presented as mean+sp of three measurements. *: mea-
sured with nebulizer in the circuit therefore observed pressure
lower that the up-stream 180 kPa static pressure.
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Discussion

Significant differences in output between Mefar nebu-
lizers using the same dosimeter have been reported
previously [9—11]. However the marked differences in
operational driving pressures between Mefar dosimeters
observed in this study were unexpected. The data show
that aerosol output is directly proportional to driving
pressure, so that the differences in driving pressure seen
in this study (182-207 kPa) would result in up to a 31%
difference in aerosol output between dosimeters even
with the same nebulizer connected. These differences ar-
ise solely from driving pressure variation and occur be-
fore any effect of nebulizer variation has been taken into
account. This finding has important implications for mul-
ticentre studies which seek to compare challenge data and
may result in artificial differences in AR between centres.

In the manufacturer’s instructions which accompany the
dosimeter, Mefar recommends that dosimeters should op-
erate between 152 and 182 kPa. Indeed each dosimeter is
theoretically "set" with an individual driving pressure
marked on the dosimeter. However, observed pressures
differed from these "set" pressures. It is possible that the
activation pressures may have drifted with sustained use,
but, if this is the case, then it should be pointed out that the
same trend would almost certainly be reflected in other
dosimeters used in the ECRHS.

In clinical terms it can be calculated from the regression
of driving pressure against aerosol output (fig. 1) that a
PD20 of 2 mg obtained from a dosimeter operating at 182
kPa would become 2.6 mg at 152 kPa. This represents a
23% difference in output (and hence PD20) even within
the range recommended by Mefar. Two of the dosimeters
were working outside this range, and at the extreme
observed in this study (207 kPa) the PD20 in the same
hypothetical individual would become 1.7 mg. This rep-
resents a potential 35% difference in PD20 that would be
measured in an individual between a dosimeter working
at 152 and 207 kPa.

For PD20s to be directly comparable, the operating pres-
sure of the Mefar dosimeter should be standardized and
checked regularly. The data show that at increased driving
pressures the nebulizer performs more efficiently, produ-
cing a greater percentage aerosol output. As a consequence
a driving pressure of 180 kPa is recommended, since it is
still within the recommended limits but represents a satis-
factory aerosol output. In addition, there is evidence that
higher operating pressures produce more particles within
the respirable range <5 uM [12-14].

The results suggest that, the very least, driving pressure
always needs to be stated to make sense of data given for
Mefar nebulizer output. Thus, in a recent study providing
post-study calibration of nebulizers used in the ECRHS,
[11] a mean aerosol output of 43% was reported. It was
subsequently commented that this output was unexpect-
edly low for a modern nebulizer system [8]. This per-
formance profile would be consistent with the Mefar
dosimeter being set at a low driving pressure. Extrapola-
tion from the present regression data would suggest that
the pressure used was 143 kPa, which is outside and be-
low the manufacturer’s stated specification of driving
pressure.

The same investigators [11] suggested that the use of
log dose response (LDR) rather than PD20 would limit the

effect of differences in nebulizer output between centres
providing that the within-centre coefficient of variation is
small. They demonstrated a low coefficient of variation
between batches of nebulizers but these nebulizers were
all calibrated in a single centre presumably using a single
dosimeter working at a single uniform pressure. This
would not be representative of actual field conditions,
where a wide range of dosimeter driving pressures are
likely to exist. The experience of the current authors
would suggest that significant differences exist between
dosimeters even within one centre.

The LDR is a useful index, but it is felt that, wherever
possible, PD20 should still be the measurement of choice in
studies of AR. This is of particular significance in longi-
tudinal studies where the repeatability of the PD20 is well
characterized but where LDR repeatability has yet to be
fully assessed [11]. A recent study suggests that the use of
LDR is acceptable only at levels of AR where PD20 is
actually measurable [15].

The Mefar system is designed to achieve an output of 10
mg of solution per dose. In this study it has been shown
that if nebulizer activation time is increased to account for
evaporative loss then a true aerosol output of 10 mg can be
easily achieved. In the case of the nebulizers used in this
study, this was achieved by changing the activation time
from 1.0 to 1.7 s.

Increasing the activation time to correct for evaporative
loss will impact on the results in epidemiological surveys
because, effectively, 40% more drug is being nebulized,
thus leading to a greater number of subjects with a mea-
surable PD20. Consequently, there will be less statistically
censored PD20 data, which would increase the statistical
power of studies which seek to use PD20 to represent as-
thma prevalence. This insight also emphasizes why it is
important to know the true aerosol output before mean-
ingful comparisons can be drawn from data obtained by
different centres. It has previously been pointed out that
major confounding, in apparent changes in asthma pre-
valence, can potentially arise when changes are made in
equipment without appreciating the impact on aerosol out-
put [16].

In conclusion, it is recommended that dosimeters be
checked on a regular basis to ensure that an adequate driv-
ing pressure is being used. This is a relatively simple task
using a standard pressure gauge that would be available in
any clinical lung function laboratory. Even so, it is also
recommended that all nebulizers be calibrated by an aero-
sol tracer method, such as the lithium chloride method, at a
stated driving pressure. Many centres are now making ac-
tive plans for the next phase of the European Community
Respiratory Health Survey and the current findings are
therefore extremely timely and pertinent. Relatively minor
and technically simple changes to laboratory routines
would add greatly to the quality control of airway res-
ponsiveness measurements.

References

1. Peat JK, van den Berg RH, Green WF, Mellis CM, Leeder
SR, Woolcock AJ. Changing prevalence of asthma in
Australian children. BMJ 1994; 308: 1591-1596.

2. Bumey PG, Chinn S, Rona RJ. Has the prevalence of
asthma increased in children? Evidence from the national



434

R.J. WARD ET AL.

study of health and growth 1973 — 86. BMJ 1990; 300:
1306-1310.

Devereux G, Ayatollahi T, Ward RJ, et al. Asthma, air-
ways responsiveness and air pollution in two contrasting
districts of northern England. Thorax 1996; 51: 169-174.
Beach JR, Young CL, Avery AJ, et al. Measurement of
airway responsiveness to methacholine: relative impor-
tance of the precision of drug delivery and the method of
assessing response. Thorax 1993; 48: 239-243.
Mitchell EA. International trends in hospital admission
rates for asthma. Arch Dis Child 1985; 60: 376-378.
Peat JK, Haby M, Spijker J, Berry G, Woolcock Al.
Prevalence of asthma in adults in Busselton, Western
Australia. BMJ 1992; 305: 1326-1329.

Burney PGJ, Luczynska C, Chinn S, Jarvis D. The Euro-
pean Community Respiratory Health Survey. Eur Respir
J 1994; 7: 954-960.

Ward RJ, Reid DW, Walters EH. Variation in nebuliser
output and weight output from the Mefar dosimeter. Im-
plications for multicentre studies. Eur Respir J 1997; 10:
2436-2437.

Dennis JH, Avery AJ, Walters EH, Hendrick DJ. Cali-
bration of aerosol output from Mefar dosimeter implica-
tions for epidemiological studies. Eur Respir J 1992; 5:
1279-1282.

10.

I1.

12.

13.

14.

15.

16.

Ward RJ, Reid DW, Leonard RF, Johns DP, Walters EH.
Nebuliser Calibration using lithium chloride: an accur-
ate, reproducible and user-friendly method. Eur Respir J
1998; 11: 937-941.

Chinn S, Arossa WA, Jarvis DL, Luczynska CM, Burney
PG@J. Variation in nebuliser output and weight output from
Mefar dosimeter: implications for multicentre studies.
Eur Respir J 1997; 10: 452-456.

Bates DV, Fish BR, Hatch TF, Mercer TT, Morrow PE.
Deposition and retention models for internal dosimetry of
the human respiratory tract. Task group on lung dyna-
mics. Health Physics 1966; 12: 173-207.

Stahlhofen W, Gebhart J, Heyder J. Biological variabil-
ity of regional deposition of aerosol particles in the
human respiratory tract. Am Ind Hyg Ass J 1981; 42: 348—
352.

O'Callaghan C, Barry PW. The science of nebulised drug
delivery. Thorax 1997; 52: S31-44.

Refini RM, Amerini R, Vichi G, et al. Repeatability of the
dose-response slope to methacholine. A4m J Respir Crit
Care Med 1998; 157: A157.

Hartley-Sharpe CJ, Booth H, Johns DP, Walters EH. Dif-
ferences in aerosol output and airways responsiveness
between the DeVilbiss 40 and 45 hand held nebulisers.
Thorax 1995; 50: 635-638.



