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Abstract
Background The value of measuring
airway responsiveness in asthma
research is currently limited by the num-
ber of different methods used by differ-
ent investigators, by the lack of a
standardised method of expressing preci-
sion, and by an inability to equate the
results of one method with those of
another.
Methods Two pairs of measurements of
airway responsiveness to methacholine
were performed in 20 asthmatic subjects,
one pair using a dosimeter method
(AR-D) and one pair using the conven-
tional Wright nebuliser tidal breathing
method (AR-W). The two methods
normally use different techniques for
quantifying changing levels in forced
expiratory volume in one second (FEV,)
after each dose of methacholine (the
mean of the highest three of six measure-
ments for AR-D, the lower of two mea-
surements for AR-W), and different
techniques for expressing measurements
of airway responsiveness (the provoking
dose (PD20) and the provoking concentra-
tion (PCQ0) respectively responsible for a
20% decrement in FEV,).
Results The coefficient of repeatability
(and hence precision) for the measure-
ment of airway responsiveness was sig-
nificantly better for AR-D (3.0) than for
AR-W (10.9), but the technique for quan-
tifying FEV, contributed more to this
than the technique for delivering metha-
choline. A PCQ0 of 1 mg/ml with AR-W
was equivalent to a PD,0 of 103 pg with
AR-D.
Conclusions It is practical as well as
desirable to compare the precision of dif-
ferent techniques for the measurement of
airway responsiveness and to derive con-
version factors so that results may be
equated.

(Thorax 1993;48:239-243)

Airway responsiveness provides a useful con-
cept in understanding asthma and its mea-
surement is valuable in asthma research. Of
the various bronchoconstrictor stimuli used,
nebulised methacholine is probably the most
popular. At present several different methods
of methacholine delivery are employed
together with various different methods of

expressing or measuring airway responsive-
ness. This limits the value of such measure-
ments because the results from one
laboratory cannot readily be compared with
those from another. There is consequently a
need to establish some means of defining pre-
cision in measurement-for example, coeffi-
cient of repeatability-and of equating results
between methods.
Of the two measurement methods which

are currently most popular, that using the
Wright nebuliser has become the convention-
al one throughout much of Canada,
Australasia and Europe.' Aerosol is generated
continuously over successive periods of two
minutes from doubling concentrations of
methacholine and is inhaled by the test sub-
ject during tidal breathing. The dose deliv-
ered consequently depends on tidal volume
and ventilatory frequency as well as on
aerosol output and so is not readily quanti-
fied, although it may be closely repeatable for
the individual subject. As a result airway
responsiveness is expressed by the provoking
concentration of methacholine (rather than
the delivered dose) which is estimated to pro-
voke a 20% decrement in the forced expirat-
ory volume in one second (FEV,)-that is,
PC,0. The alternative method, which is cur-
rently popular in the USA and some
European countries, uses a "dosimeter" and
attempts to deliver a precise dose of metha-
choline during part of a single inspiratory
manoeuvre.2 This allows airway responsive-
ness to be expressed by the actual dose pro-
voking a 20% decrement in FEV, (PD20).
There is little evidence, however, that PD,0
provides a more accurate measure of airway
responsiveness than does PC,0.'

Bronchoconstriction provoked by metha-
choline and other non-specific stimuli has
little stability and successive measurements of
ventilatory function over a short time may
vary considerably.45 The precise technique
used for identifying the bronchoconstrictor
response may therefore exert a considerable
influence on the value obtained for the mea-
surement of airway responsiveness and on its
precision.

These factors have influenced the develop-
ment of our own dosimeter method.6 In this
investigation we have used it as an example of
the dosimeter method in general and have
compared it with the conventional Wright
nebuliser tidal breathing method in order (a)
to evaluate the relative importance of the pre-
cision of methacholine delivery and the
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method of assessing response, and (b) to
show how the results from different methods
of measurement can be compared and con-
trasted.

Methods
STUDY DESIGN
Twenty asthmatic subjects (sequential volun-
teers from a "research panel") completed four
methacholine tests on separate days at a stan-
dardized time (+ one hour) within 10 days,
the majority being performed on consecutive
days. Two tests used the dosimeter method
(AR-D) and two the Wright nebuliser tidal
breathing method (AR-W). The four tests for
each subject were performed in a random but
balanced order (Latin square design) by the
same pair of investigators, each performing
one test by each method. Each investigator
was blind to the results obtained by the other.
Baseline FEV, values for each test were at
least 60% of the predicted values. Inhaled fi
agonists were withheld for a minimum of 12
hours and oral fi agonists and theophyllines
for a minimum of 24 hours before each test.
The protocol was approved by the Joint
Ethics Committee of Newcastle Health
Authority and the University of Newcastle
upon Tyne.

METHACHOLINE ADMINISTRATION
A locally designed microprocessor controlled
dosimeter was used to generate aerosols
sequentially from 10 Turbo jet nebulisers
(Medic Aid, Pagham, UK), each having been
calibrated to release 10 pl (± 10%) of aerosol
during an individually timed activation of
approximately two seconds at a driving pres-
sure of 20 psi (138 kPa).6 Aerosol release into
a mouthpiece was activated by a pressure
transducer during inspiration from functional
residual capacity to inspiratory capacity and
five inhalations (total of 50 pl) were taken for
each incremental dose. A Wright nebuliser
(MG Electrics, Colchester, UK) was calibrat-
ed to give a total output by weight-that is,
aerosol of methacholine solution plus water
vapour-of 130 mg/min" Generated aerosol
was delivered into a loosely fitting face mask
and was inhaled during two minutes of tidal
breathing. A nose clip was used in all cases.
Doubling concentrations of methacholine
from 0-0625 to 32 mg/ml were used for the
dosimeter method, the cumulative dose avail-
able for administration ranging from 3-125 to
6400 ,ug. With the Wright nebuliser the same
concentrations of methacholine were used
with the addition of one further dilution of
0-03125 mg/ml. For both methods sequential
doses were administered at five minute inter-
vals until a decrement in FEV. exceeding
20% of baseline was achieved.

EXPRESSION OF AIRWAY RESPONSIVENESS
Ventilatory function was assessed by mea-
surement of FEV, with a Jaeger Screenmate
pneumotachometer (Erich Jaeger UK Ltd,

Market Harborough, UK) with an Apple
Macplus PC running software by
Collingwood Measurement Ltd (Packington,
Leicestershire, UK). Two alternative meth-
ods were used to estimate FEV, at each time
point, the mean of the highest three of six
measurements (M3/6FEVI) and the lower of
two measurements made one minute apart
(L/2FEVI). The first is the method we use to
estimate AR-D, baseline FEV, being mea-
sured as the overall mean from measurements
at - 10, - 5, and 0 minutes-that is, the
mean of nine measurements. The second is
the method recommended to estimate AR-W,
baseline FEV, being defined as the lowest of
the first three measurements at zero minute
which are reproducible within 5%.' In order
to allow both methods of FEV, determination
to be used with both methods of aerosol
delivery, a total of seven FEV, measurements
were taken during each five minute dose cycle
at the following times after the start of metha-
choline delivery: 150 seconds (x 1); 210 sec-
onds ( x 1); 210-240 seconds (x 5)-that is,
the first two for AR-W and the last six for
AR-D. No control inhalation of diluent was
used with either method of drug delivery as
we have shown that the control inhalation
does not affect PD20 measurement by the
dosimeter method (and so we do not use it)
and we wished to use the same protocol
throughout.6 In not using a control inhalation
of the diluent and in using seven rather than
two measurements of FEV, we acknowledge
that our protocol for AR-W showed minor
differences from that recommended.'
Incremental challenges with methacholine
were continued until there was a decrement
in both M3/6FEV1 and L/2FEVI exceeding
20%. Airway responsiveness was then
expressed by the dose (PD20) or concentra-
tion (PC2,) calculated to provoke a decrement
in FEV1 of exactly 20% using the method of
linear interpolation from a dose response
plot. 12

STATISTICAL METHODS
Log transformed data were used for all ana-
lyses of PD20 and PC20. The coefficient of
repeatability for each method of measure-
ment of PD20 and PC20 together with a 95%
confidence interval was calculated from the
within subject standard deviation and this
was used to assess the precision of measure-
ment of airway responsiveness.13The coeffi-
cient of repeatability (CR) was calculated as
antilog(2s), where s = V/(Xd , /n), di is the dif-
ference in paired values of log PD20 (or log
PC20) for the ill subject, and n is the number
of subjects. An approximate 95% confidence
interval for the CR is then given by antilog
(2s ±2s /(2/n)). The CR itself yields an
approximate 95% confidence interval for the
result of the second of a further pair of PD,0
or PC,0 measurements given the result of the
first (lower limit = first measurement/CR,
upper limit = first measurement x CR). CR
has a minimum value of 1; the closer it is to 1
the more repeatable (and precise) is the
method of measurement.
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Table 1 Geonmetric nean values and 95% cotnfidence intervals for PD2,,17,,,,and nean
baselinie FEV, for the paired niethacholine tests in 20 subjects

Dosimiieter M316 FEV, (AR-D) Tidal breathing L12 FEV, (AR-W)

PD.,, ()ig) Baselitne FEV, (7) PCI,, (nzgl/il) Baseline FEV, (1)

Initial test 32-4 2 60 0 253 2-45
(15-4-66 4) (2-18-3-01) (0-107-0-598) (2 04-2-87)

Repeat test 36-9 2-55 0 444 2-44
(19 9-68 4) (2 09-3 02) (0 205-0 963) (2 02-2 85)

Mean 34 6 2 57 0 335 2-44
(18-0-66-4) (2-17-2-98) (0-190-0-592) (2 04-2 85)

Table 2 Coefficienit of repeatability (CR) for mzeasurenments of airway responsiveness and
95% conifidenice itntervals (CI).

PD,, PC.,, PD,,,* PC2,,
M316 FEV, (AR-D) M316 FEV, L/2 FEV, L12 FEV, (AR-1159

n 20 20 15 20
CR 3 04 3-93 4-64 10-89
95% CI (2-14-4-31) (2 55-6 06) (2-65-8-13) (5-12-23-6)

*For five subjects L/2 FEV, gave a greater than 20% decrement after the first dose of
methacholine, thereby preventing calculation of PD,,

Results
Twenty asthmatic subjects (16 women) of
median age 34 (range 18-65) years were recruit-
ed. The mean baseline FEV, for the group
before all four methacholine tests was 85% of
that predicted. A decrement of at least 20% in
FEV, was achieved with all tests in all subjects.
Five subjects showed a greater than 20% decre-
ment in FEV, after the first dose of metha-
choline with one or other of the dosimeter tests
when the IJ2FEV, (but not the M3/6FEV,) was
used to quantify FEV,. Linear interpolation
could not, therefore, be used to calculate a PD20
from IJ2FEV, for these particular tests. There
was no difference in results between the two
investigators.

Geometric means for PD20 and PC20 are
shown in table 1 together with the mean values
for baseline FEV,. The overall mean PD20 with
AR-D was 34-6 ,ug and the overall
mean PC20 with AR-W was 0 335 mg/ml. A
PC2, of 1 mg/ml (based on L/2FEV,) was conse-
quently equivalent to a PD20 of 103 ,ug (based on
M3/6FEV,). After standardisation of the method
of drug delivery, use of the M3/6FEV, compared
with the L12FEV, increased the airway respon-
siveness measurement by about 2-3 fold (2 1 for
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Figure 2 Duplicated measurements of airway
responsiveness (PC2) in all subjects with the Wright
nebuliser tidal breathing method.

PD20 and 2-5 for PC20).
The CR values in table 2 show the com-

bined effects of the method of drug delivery
and the method of quantifying FEV, on the
precision of airway responsiveness measure-
ment. The CR was significantly smaller with
the dosimeter and with M3/6FEV, (that is,
AR-D) than with the Wright nebuliser and
IJ2FEVI (that is, AR-W). Of the two factors,
the use of M3/6FEV, contributed more to this
superior precision than the use of the dosi-
meter.

Fig 1 shows the ratio of the repeat to the
initial measurement of AR-D for each indi-
vidual (a measure of repeatability) plotted
against the geometric mean of the two mea-
surements (the best estimate of the true
value). The closer the scatter to the line y =
1, the more closely repeatable is the method
of measurement.'2 Fig 2 illustrates the data
for AR-W, the scatter being significantly
wider. Neither plot showed evidence of
heteroscedasticity.

Fig 3 shows the mean FEVy values of each
of the seven sequential expiratory manoeuvres
(all tests, all subjects) after the last dose of
methacholine-that is, the point at which
decrements in FEV, just exceeded 20%. It
shows progressive and highly significant
(p < 0 001, F test) increases in FEV, follow-
ing this critical time point, most of which
occurred between the second and third
manoeuvres. They are probably due to "deep
breath bronchodilatation." M3/6FEV, (which
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Figure 3 Mean FEV, of all subjects for each of the seven

expiratory manoeuvres after the last dose of methacholine
of allfour tests (SE differences ofmeans = 0 015).
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Figure 1 Duplicated measurements of airway
responsiveness (PD2a) in all subjects with the dosimeter
method.
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depends usually on measurements 5-7 and is
more affected by deep breathing) consequent-
ly differs appreciably from U2FEV, (which
depends usually on the first measurement and
is less affected by deep breathing).

Discussion
Precision in quantifying airway responsive-
ness may be assessed by the closeness of
duplicated measurements in individual test
subjects and can be quantified usefully by
the CR when duplicated measurements
have been carried out in a sufficiently large
number of subjects. Values of CR from
about 2 to 10 or more have been reported
(or can be deduced), CR often differing con-
siderably between different investigators
using apparently identical methods, including
AR-W.37814-16 Comparative values for CR in
the present study indicate that the dosimeter
method (using the Newcastle dosimeter) cou-
pled with the M3/6 FEV, method of measuring
change in ventilatory function provides signif-
icantly greater precision than the convention-
al Wright nebuliser method using U2FEV,.
The method of estimating FEV,, however,
contributed more to this improvement in pre-
cision than the method of methacholine deliv-
ery. The contribution of the dosimeter itself
was relatively modest and this needs to be
weighed against its greater cost (LI 000-2000
compared with L50-60).

In earlier work using AR-D we obtained
values of less than 2 for CR for both metha-
choline and histamine, but in these investiga-
tions the subjects were selected to have
closely reproducible baseline measurements
of FEVI.78 Some had undergone previous
measurements using AR-D and all were stud-
ied by the same investigator. These factors
may have produced artificially optimistic
results for the precision of PD20 measure-
ments and we have since shown that, if peak
expiratory flow is used to assess changing
ventilatory function and if the study popula-
tion is elderly, the CR is less satisfactory.'7

In the present study subjects were selected
without regard to the repeatability of baseline
FEV, measurements and most had never pre-
viously undergone a methacholine test.
Different investigators were responsible for
the paired measurements, the result of the
initial test being unknown to the second
investigator. Furthermore, 53 of the 80
methacholine tests were performed just 24
hours after the previous test and so may have
been affected by the recently suggested
phenomenon of refractoriness to metha-
choline.'8 19 If this was relevant, the balanced
ordering of the methacholine tests should
have inflated all CR values equally. We could
not identify any systematic bias which might
have affected AR-D differently from AR-W,
and values for geometric mean PD20 or PC20
did not differ significantly between the paired
tests. We consequently doubt if refractoriness
(or our minor deviations from the standard
AR-W protocol) could have exerted much
influence over our comparison of AR-D with

AR-W. A CR of about 3 in this particular
subject group may consequently be consid-
ered satisfactory for the AR-D method. These
factors may, however, help to explain why the
CR for the AR-W method was relatively high
in our hands compared with its originators,
although other investigators have reported a
similar experience to our own with AR-W.'4
Not only does the CR provide a confidence

limit for quantifying airway responsiveness
but it defines a range beyond which changed
levels can be recognised-that is, in the pre-
sent study population a subsequent PD20 (by
AR-D) of less than a third of the initial mea-
surement suggests a significant increase in
airway responsiveness while one that is three
times or more greater suggests a significant
decrease. Such recognition may be invaluable
in detecting adverse environmental factors of
relevance to asthma or the beneficial effects
of therapeutic agents. This would be much
less easy with the AR-W method and a CR of
about 10.
Our results suggest that a PC20 of 1 mg/ml

with the conventional Wright nebuliser
method (with U2FEV,) is equivalent to a
PD20 of the order 100 ug with our dosimeter
(with M3/6FEV,). This is fully consistent with
clinical experience, substantial airway respon-
siveness being expressed by PC20 < 0 125
mg/ml and PD20. 12-5 pug, moderate respon-
siveness by PC20 0 125-1 0 mg/ml and PD20
12-5-100 ,ug, and mild responsiveness by
PC20 1 0-8&0 mg/ml and PD20 100-800 pg.'
We would also recognise a further category of
minimal but nevertheless measurable respon-
siveness with a PD20 of 800-6400 pg with the
AR-D method. We conclude that it is practi-
cal as well as desirable to derive such equiva-
lents for other techniques of measurement.
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