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Study objectives: Recent American Thoracic Society guidelines recommend two different
methods of methacholine challenge testing: the 2-min tidal breathing method with twofold
increases in concentration, and the five-breath dosimeter method with fourfold increases. Since
the tidal breathing method delivers more methacholine to the mouthpiece, we hypothesized that
the provocative concentration of methacholine required to decrease FEV1 by 20% (PC20) would
be lower than with the dosimeter method.
Design: Twelve subjects 18 to 45 years old with stable asthma were selected on the basis of a
screening PC20 (by tidal breathing) of < 1 mg/mL, 1 to 4 mg/mL, or 4 to 16 mg/mL (4 subjects in
each concentration range). On subsequent visits within a 7-day period, methacholine challenge
testing with tidal breathing or dosimeter were performed on separate days, in a randomized
crossover manner.
Results: The geometric mean PC20 was 1.8 mg/mL (95% confidence interval [CI], 0.7 to 4.3) after
tidal breathing and 1.6 mg/mL (95% CI, 0.7 to 3.7) after dosimeter (p � 0.2). There was no
significant difference between the screening PC20 and the PC20 obtained by either method on
randomized study days. The maximum decrease in FEV1 from diluent baseline after the last
concentration was 27.8% (range, 20 to 50%) during tidal breathing and 27.9% (range, 16 to 47%)
during the dosimeter method (p � 0.35).
Conclusions: Both methods give similar results. Fourfold increases in methacholine concentration
with the dosimeter method are as safe as twofold increases with the tidal breathing method.

(CHEST 2004; 125:453–458)
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Abbreviations: AMMD � aerodynamic mass median diameter; ATS � American Thoracic Society; CCC � concordance
correlation coefficient; CI � confidence interval; PC20 � provocative concentration of methacholine required to decrease
FEV1 by 20%

M ethacholine challenge testing is a well-estab-
lished means of evaluating the degree of airway

responsiveness.1–4 It is commonly used to confirm
the diagnosis of asthma in patients with a history of
asthma symptoms but a normal FEV1. Also, it is used
in research studies5–7 to measure the effects of
asthma therapies over time. A recent American
Thoracic Society (ATS) guideline1 recommends two

different methods of methacholine challenge testing:
the 2-min tidal breathing method, and the five-
breath dosimeter method. In the 2-min tidal breath-
ing method, up to 10 twofold increases in concen-
tration of methacholine are placed in a nebulizer
attached to a constant-output compressor. Patients
are instructed to perform tidal breathing for 2 min.
Measurement of response (ie, decrease in FEV1) is
performed over a subsequent 3-min period. In the
five-breath dosimeter method, the patient slowly
inhales five breaths from functional residual capacity
to total lung capacity (ie, a deep slow breath) through
a dosimeter-driven nebulizer containing up to five
fourfold increases in concentration of methacholine.
The dosimeter is an electrically valved system that
enables one to administer aerosol for 0.6 s during
inhalation from the nebulizer. The dose may be
triggered manually by pressing a button or by an
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automatic system that delivers a single dose soon
after the onset of a deep breath. After each of five
inhalations, the patient is instructed to hold his or
her breath for 3 to 5 s. FEV1 is measured before and
3 min after each inhalation challenge. In both pro-
tocols, challenges are repeated at 5-min intervals
until the subject experiences at least a 20% decrease
in FEV1. The primary outcome from each challenge
is expressed as the lowest provocative concentration
of methacholine required to decrease FEV1 by 20%
(PC20) from baseline.

Each method utilizes a unique nebulizer with
specific performance characteristics. The nebulizer
for the 2-min tidal breathing method must deliver an
aerosol with an aerodynamic mass median diameter
(AMMD) between 1.0 �m and 3.6 �m, with a
calibrated output of 0.13 mL/min (� 10%).1 The
Wright nebulizer (Roxon Medi-Tech; Montreal, PQ,
Canada) generates particles between 1.0 �m and
1.5 �m AMMD and is recommended for this meth-
od,8 but other nebulizers that meet these specific
criteria may also be acceptable.1 The nebulizer used
in the five-breath dosimeter method should deliver
9 �L (0.009 mL) [� 10%] of solution per 0.6-s
actuation during inhalation.9 The DeVilbiss model
646 nebulizer (Sunrise Medical; Somerset, PA) is
recommended for this technique.1

Approximately 80% of the aerosol produced by the
Wright nebulizer (2-min tidal breathing method) is
within the ideal size range (ie, � 5 �m) for optimal
delivery to the small airways of the human lung.10

For a calibrated output of 0.13 mL/min and a
respiratory cycle (inspiratory time divided by total
respiratory cycle time) of 0.34 for 2 min of tidal
breathing, approximately 0.089 mL of solution would
be delivered to the mouthpiece.11 While much of
this would be deposited in the airways, many smaller
particles will be exhaled. Approximately 70% of the
aerosol produced by the DeVilbiss 646 nebulizer
(five-breath dosimeter method) is � 5 �m.4 For a
calibrated output of 9 �L (0.009 mL) per 0.6-s
actuation for five breaths, a total of 0.045 mL of
solution would be delivered to the mouthpiece.4
Thus, twice the volume of methacholine solution is
available for inhalation with the tidal breathing
method. Consequently, it was our hypothesis that the
PC20 would be lower with the tidal breathing
method than with the dosimeter method.

Although previous studies2,4 have compared these
two methods, the results are not consistent and no
study has been conducted under the current guide-
lines with the newer equipment now commercially
available. Previous studies used only doubling
methacholine concentrations,2,4,12,13 and did not test
the quadrupling concentrations now recommended

as an option for the dosimeter method.1 In addition,
previous studies were conducted with the original
English-made Wright nebulizer, which is no longer
manufactured. The Wright nebulizer currently avail-
able is manufactured by a different company in
Canada, and that company has no data on the
performance of their product. Thus, the present
study was conducted to test our hypothesis using the
equipment and methods specified in the recent ATS
guidelines.

Materials and Methods

Subjects

Twelve subjects with stable asthma recruited from the com-
munity with baseline FEV1 � 60% and PC20 � 16 mg/mL
(Tables 1, 2) were randomized. Subjects had to be nonsmokers,
not pregnant or breast feeding, able to withhold medications that
could have an acute effect on PC20, and able to perform
acceptable and reproducible spirometry.14 Subjects were ex-
cluded if they had an asthma exacerbation requiring oral steroids,
an emergency department visit or hospitalization for asthma
within 3 months, an upper respiratory tract infection in the past
6 weeks prior to or during the study, or a history of hypertension,
life-threatening asthma, or anaphylaxis. Also, subjects were ex-
cluded if they had a history of any disease or medication use that
might interfere with the results, or place the subject in jeopardy
if withheld. General screening included review of allergic status
and allergen exposure. Specific allergen testing for atopy was not
performed. Although seasonal exposure to allergens can play a
role in the overall degree of airway hyperresponsiveness,15 this
would not be a confounding factor since all visits were completed
within 14 days within the same season. Subjects were selected on
the basis of a tidal breathing screening PC20 that fell within the

Table 1—Demographic Characteristics and Medication
History During the Screening Visit for Randomized

Subjects*

Subject
No. Sex

Age,
yr

FEV1, L
(% Predicted) Medications

1 Male 41 2.80 (65) None
2 Female 28 2.96 (82) �2 (14 times per week)
3 Female 20 3.95 (81) �2 (once per week), LTM
4 Female 35 3.66 (109) �2 (once per week), LTM,

ICS
5 Female 25 2.70 (81) None
6 Male 26 4.16 (94) �2 (7 times per week)
7 Female 36 2.94 (93) �2 (once per week), ICS
8 Female 20 2.90 (82) �2 (less than once per

month), ICS
9 Female 42 3.36 (107) �2 (once per week)

10 Female 42 2.34 (86) �2 (once per week)
11 Female 33 2.31 (73) �2 (twice per week)
12 Male 19 4.77 (95) �2 (3 times per week)

Mean 31 3.24 (87)
SD 8.7 0.76 (13)

*�2 � short-acting �2 sympathomimetic; LTM � leukotriene modi-
fier; ICS � inhaled corticosteroid.
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strata of airway responsiveness: � 1 mg/mL, 1 to 4 mg/mL, and
4 to 16 mg/mL.1 The study was approved by the Institutional
Review Board at the University of Florida, and all subjects gave
witnessed, written, informed consent.

Study Design

This was an unblinded, randomized, crossover study consisting
of three visits. Each visit was at least 24 h but not more than 7
days apart. Thus, for any given subject, the study was completed
within 14 days. Testing sessions were performed in the morning
hours. The first visit was a screening visit to determine eligibility
and baseline PC20, followed by two subsequent study visits using
tidal breathing and dosimeter. Before each randomized metha-
choline challenge test, FEV1 had to be within 10% of the value
obtained during the screening visit. Albuterol was withheld for
8 h, and leukotriene modifiers were withheld for 24 h. The
morning dose of inhaled corticosteroids was not withheld. None
of the subjects were receiving long-acting �-agonists. No changes
in maintenance medication were made during the study, and
adherence was not measured.

Test Products

Methacholine solutions were prepared from a commercial
powder (Provocholine; Methpharm; Brantford, ON, Canada)
using aseptic technique by the Investigational Drug Unit of
Shands Hospital Pharmacy. Each concentration (2 mL) was
dispensed in a sterile unit-dose syringe and stored frozen until
use. Solutions stored in this manner are stable for 4 to 6 months,
depending on the concentration.16 Solutions were allowed to
warm to room temperature before testing, and unused dilutions
were discarded.

Tidal Breathing Method

Concentrations of 0.03, 0.06, 0.125, 0.25, 0.50, 1, 2, 4, 8, and
16 mg/mL were prepared for use with the tidal breathing

method. These solutions were delivered to subjects over 2 min by
a Wright nebulizer (Roxon Medi-Tech), calibrated to an outflow
of 0.13 mL/min (� 10%), powered by dry compressed air. A
Hans Rudolph one-way valve (Hans Rudolph; Kansas City, MO)
was interposed between the nebulizer and the mouthpiece.

Dosimeter Method

Methacholine concentrations of 0.06, 0.25, 1, 4, and 16 mg/mL
were prepared for the dosimeter method. These solutions were
delivered to subjects through a mouthpiece attached to a De-
Vilbiss 646 nebulizer (Sunrise Medical) driven by the KoKo
Digidoser system (Pulmonary Data Service; Louisville, CO). The
KoKo Digidoser/nebulizer was calibrated to produce an output of
0.009 mL (� 10%) per 0.6-s actuation. After normal tidal expi-
ration to functional reserve capacity, the technician triggered the
dosimeter at the onset of inspiration, and the subject was asked to
inhale slowly and deeply over 5 s to total lung capacity. Subjects
held their breath for 5 s, followed by slow exhalation for 5 s. This
procedure was repeated four times for a total of five cycles at
each concentration.

Procedures Common to Both Methods

All challenge procedures were performed according to the
recent ATS guideline.1 A minimum of three but no more than
four FEV1 measurements were performed at 30 to 90 s after each
challenge. All subjects wore a nose clip and inhaled the metha-
choline through a mouthpiece.

When baseline FEV1 was within 10% of screening baseline,
each subject received, at 5-min intervals, the respective concen-
trations of methacholine via either method. Each challenge
began with diluent followed by the lowest concentration of
methacholine for the respective method, and was increased until
either a 20% decline in FEV1 was achieved, the maximum
methacholine concentration was administered without at least a
20% change in FEV1, or the subject requested inhaled albuterol.
Spirometry was performed using the KoKo Pneumotach Spirom-

Table 2—Responses to Methacholine Challenge Tests

Subject No.

Maximum Decrease in FEV1, % PC20, mg/mL

Screening*
Tidal

Breathing Dosimeter Screening*
Tidal

Breathing Dosimeter

1 35 50 47 2.8 4.6 4.7
2 22 25 24 0.8 0.3 0.7
3 24 21 27 0.7 0.5 0.5
4 26 24 40 2.8 12.7 4.9
5 36 28 27 1.1 0.7 0.6
6 49 27 22 1.1 0.8 0.8
7 36 23 22 4.5 6.8 3.3
8 24 28 32 0.3 0.2 0.1

9† 21 29 33 0.2 11.7 0.5
10 24 20 16 13.6 15.8 16.1
11 25 29 22 4.5 0.6 0.8
12 20 30 23 7.7 8.7 10.0

Mean‡ 28.5 27.8 27.9 2.1 1.8 1.6
SD 8.7 7.7 8.7
95% CI 1.1–3.9 0.7–4.3 0.7–3.7

*The tidal breathing method was used to perform the methacholine challenge during the screening visit.
†Data for subject 9 was excluded from the calculation of mean and statistical analysis (see “Results” section).
‡The decrease in FEV1 is expressed as an arithmetic mean and SD, while the PC20 is expressed as a geometric mean and 95% CI. There were
no significant differences between study days in either maximum percentage decrease in FEV1 (p � 0.9) or PC20 (p � 0.2).
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eter and software (Pulmonary Data Service). Nebulizer particle
sizes were not measured in this study. Each study visit ended
when the subject’s FEV1 returned to at least 90% of the baseline
value after administration of albuterol from a metered-dose
inhaler through a valved holding chamber (Aerochamber; Mon-
aghan Medical; Plattsburgh, NY).

Data Analysis and Statistical Methods

The PC20 was calculated by interpolating the last two FEV1
values plotted on the y-axis vs the noncumulative log concentra-
tion of methacholine on the x-axis. PC20 values were log-
transformed since they were not normally distributed.

Data analysis was performed using SAS version 8 (SAS Insti-
tute; Cary, NC). Two statistical procedures were used to deter-
mine and compare the relationship between the two methods.
The first was to calculate the concordance correlation coefficient
(CCC) of Lin17 and a 95% confidence interval (CI) for the CCC,
which tests for both differences in mean response and variability.
The CCC method evaluates the degree to which the pairs of data
fall on the line of identity, where the PC20 of one method is
plotted on the x-axis and PC20 of the other method on the y-axis.
It contains both measures of accuracy and precision. In short,
CCC � �Cb where rho (�) is the Pearson correlation measure of
precision or how far each observation deviated from the best fit
line, and Cb is a measure of accuracy: how far the best fit line
deviates from the line of identity, also referred to as the bias. This
bias measure (Cb) contains a location and a scale shift parameter.
The location shift parameter should be close to zero, indicating
that the means are equal, and the scale shift parameter should be
close to one, indicating that the variances of the two methods are
equal. Values of CCC close to one indicate that there is good
agreement between the two methods.

A paired t test was used to compare the maximum decrease
from diluent baseline after the last concentration of methacholine
as well as the geometric mean PC20 after each method. � � 0.05
was required to reject the null hypothesis.

Results

Of 25 subjects screened, 12 subjects were random-
ized (Table 1). The results for subject 9 after tidal
breathing were unreasonable based on clinical expe-
rience. Her PC20 values were as follows: screening,
0.23; dosimeter, 0.54; and tidal breathing, 11.7.
Therefore, we suspected surreptitious use of albu-
terol before the randomized tidal breathing test day.
Initially, statistical analyses were performed twice,
once including this subject and once excluding this
subject. Since including this data affected the results
of CCC and the value on the tidal breathing day was
probably spurious, data for this subject were ex-
cluded from analysis.

ATS criteria for acceptability and reproducibility14

of all measured FEV1 values were met 93% of the
time. The geometric mean PC20 for the 11 evaluated
subjects was 1.8 mg/mL (95% CI, 0.7 to 4.3) after
randomized tidal breathing and 1.6 mg/mL (95% CI,
0.7 to 3.7) after dosimeter (not significantly different,
p � 0.2) [Fig 1, Table 2]. The CCC provided three
possible contrasts: (1) screening vs randomized tidal

Figure 1. PC20 values. The tidal breathing and dosimeter methods were performed in a randomized
manner on different study days. The geometric mean PC20 was 1.8 mg/mL (95% CI, 0.7 to 4.3) after
tidal breathing and 1.6 mg/mL (95% CI, 0.7 to 3.7) after dosimeter (p � 0.2) with data from subject
9 deleted. It is our suspicion that subject 9 surreptitiously took albuterol before the challenge on the
randomized tidal breathing day. According to the ATS guidelines,1 airway responsiveness is categorized
as moderate to severe (� 1 mg/mL), mild (1 to 4 mg/mL), borderline (4 to 16 mg/mL), and normal
bronchial reactivity (� 16 mg/mL).
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breathing PC20, (2) screening vs dosimeter PC20, and
(3) randomized tidal breathing vs dosimeter (Table
3). The location shift parameter, reflecting accuracy,
was not significantly different from zero, and the
scale shift parameter, reflecting precision, was not
significantly different from 1.0. These results imply
that there was no significant difference between the
two methods in measuring PC20.

Similarly there were no significant differences by
t test of the mean differences in PC20 between tidal
breathing and dosimeter on randomized days
(p � 0.52). With a sample size of n � 11, the power
to detect a twofold difference in mean PC20 with a
SD of the log difference of 0.5 was 98%.

The two methods induced a similar degree of
bronchospasm. The mean maximum decrease in
FEV1 after the last concentration of methacholine
was 27.8% (range, 20 to 50%) from diluent during
the tidal breathing method and 27.9% (range, 16 to
47%) during the dosimeter method (p � 0.88) [Ta-
ble 2].

Four subjects previously stratified into the 1 to 4
mg/mL group during screening changed strata dur-
ing the actual testing procedures (Table 2). During
the tidal breathing, randomized, test day, two sub-
jects moved from 1 to 4 mg/mL to 4 to 16 mg/mL
and two subjects moved from 1 to 4 mg/mL to � 1
mg/mL. The same pattern occurred during the
dosimeter treatment. The proportion of subjects
changing categories was not significantly different
between the two methods, and only one subject who
was � 16 mg/mL during screening had a value � 16
mg/mL on the dosimeter randomized day.

Discussion

The results of this study indicate that the two
methods of methacholine challenge recommended
in the recent ATS guideline provide similar PC20
values. Estimates of accuracy and precision of the
two methods are similar. Differences found between
individuals are more likely a result of day-to-day
differences in airway responsiveness than the

method used to assess this. Moreover, both methods
were equally safe. The maximum bronchospasm
induced by increasing concentrations in fourfold
steps with the dosimeter method was no greater than
that produced by twofold increases with the tidal
breathing method.

We calculated that the tidal breathing procedure
would deliver approximately twice as much metha-
choline to the mouthpiece than dosimeter. However,
the results suggest that similar amounts of drug
reach the relevant muscarinic receptors in the air-
ways. The difference, therefore, is likely a result of
one or two possibilities. Either the dosimeter
method results in greater retention and distribution
of aerosol or more methacholine is left in the
equipment and/or lost to the atmosphere with the
tidal breathing method, or tidal breathing may be
associated with greater loss of methacholine due to
greater mouth deposition.

Ryan and colleagues9 demonstrated that variation
in particle sizes between 1.3 �m and 3.6 �m in
AMMD as produced by the English-made Wright
nebulizer did not affect PC20 measurement. There
are no published data on the particle size distribution
with the currently available Wright nebulizer, and
the manufacturer could provide no data. Since our
results are similar to those of Ryan et al,9 we can only
speculate that the Canadian-made Wright nebulizer
used in our study delivers particles in the 1.3- to
3.6-�m range.

Although the guidelines state that 3 mL of metha-
choline should be used,1 we chose 2 mL to decrease
the cost of the methacholine. The difference in fill
volume should not affect nebulizer performance
since the volume nebulized is small (13% for tidal
breathing and 3.4% for dosimeter), and thus most of
the fill volume remains in the nebulizer at the
completion of the challenge.

The ATS guidelines recommend quadrupling con-
centrations for the dosimeter method,1 and paren-
thetically state that it is safe to use the shorter
procedure with the tidal breathing method. A few
studies18–20 have determined the usefulness and

Table 3—Estimates From the CCC Analysis*

Parameters Rho Coefficient Lower CI Upper CI
Location Shift

(p Value)
Scale Shift
(p Value)

TB/D 0.949 0.945 0.916 0.964 0.069 (0.96) 1.057 (0.43)
D/screen 0.903 0.838 0.779 0.883 0.231 (0.87) 0.729 (0.83)
TB/screen 0.849 0.786 0.716 0.841 0.145 (0.92) 0.690 (0.87)

*TB � 2-min tidal breathing method; D � five-breath dosimeter method; screen � 2-min tidal breathing method on screening day; Rho � the
Pearson correlation measure of precision. The location shift should be close to zero if the means are equal, and the scale shift should be close
to one if the variances of the two methods are equal. Note that data for subject 9 were deleted from the analysis. p Values reflect testing that
the location shift parameter was 0 and the scale shift parameter was 1.0.
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safety of shorter protocols for the methacholine
challenge test with the tidal breathing method. The
protocols are shortened by starting at a higher
concentration when FEV1 is initially normal (eg,
2 mg/mL) and skipping concentration steps when the
previous dilution resulted in � 10% decrease in
FEV1. However, there are no previous studies of
fourfold steps with the dosimeter method. Since the
emphasis of the guidelines was on a twofold increas-
ing concentration with tidal breathing and fourfold
steps with dosimeter, we chose to conduct the study
in this manner.

Ryan et al9 found no difference between the tidal
breathing and dosimeter, whereas Bennett and Da-
vies2 reported lower PC20 values with tidal breath-
ing. One reason for the difference between their
studies may have been related to the nebulizers
employed. Bennett and Davies2 used the same
DeVilbiss nebulizer for both methods, whereas Ryan
et al9 used the English-made Wright nebulizer for
the tidal breathing method and a DeVilbiss nebulizer
for the dosimeter method. Our study was similar to
Ryan et al9 using the equipment, dilutions, and
protocol recommended in the ATS guidelines.

There are some inherent pitfalls in performing
methacholine challenges with either method. These
include errors in dilution, erroneous spirometry val-
ues, and inaccurate delivery if equipment is not
calibrated. Subject factors that may lead to inaccu-
rate results include variation in performance of
spirometry as well as day-to-day variation in lung
function. To minimize the effects of these factors,
several steps were taken. All methacholine dilutions
were prepared by one pharmacist at the same time
and stored frozen in unit-dose syringes, equipment
was calibrated, baseline FEV1 had to be within 10%
of the screening value on each study day, and only
subjects capable of performing acceptable and re-
producible spirometry were selected.

We conclude that the two methods give similar
results. Fourfold increases in concentration with the
dosimeter method are as safe as twofold increases in
concentration with the tidal breathing method when
ATS guidelines are followed and potential causes of
variability minimized.
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