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ABSTRACT: Chronic exposure to b-agonists causes tolerance to their bronchodilator
effects, which is best demonstrated during acute bronchoconstriction. The aim of the
present study was to assess whether tolerance becomes more evident with increasing
bronchoconstriction, as might occur in acute asthma.

In a randomised, double-blind, placebo-controlled, crossover study comprising 15
patients, the treatments were salbutamol 400 mg q.i.d. or placebo given via Diskhaler1
for 28 days with a 2-week washout between treatments. Patients attended on days 14,
21 and 28. Bronchoconstriction was induced on two of these three occasions to achieve a
reduction in the forced expiratory volume in one second (FEV1) of 0 (no methacholine),
15 and 30% (using methacholine) in a randomised order. Immediately after this,
salbutamol 100 mg, 100 mg and 200 mg was inhaled at 0, 5, and 10 min. FEV1 was
measured over 40 min. Dose/response curves were plotted and values for the area under
the curve (AUC)0–40 FEV1 were compared between treatments and by degree of
bronchoconstriction.

Regular salbutamol resulted in attenuation of the acute response to b-agonist, which
was increasingly evident with greater bronchoconstriction. With a reduction in FEV1 of
0, 15 and 30%, the AUC0–40 FEV1 with salbutamol were 11.2, -14.6 and -35.7% respec-
tively, compared to placebo. There was a linear relationship between the magnitude of
bronchoconstriction and the between-treatment differences in AUC0–40 FEV1.

Increasing bronchoconstriction conferred greater susceptibility to the effects of
bronchodilator tolerance.
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b-agonists are widely prescribed for symptomatic relief in
asthma. They are very effective as bronchodilators and as
functional antagonists against a wide range of constricting
stimuli. However, chronic exposure of b-adrenoceptors (b-AR)
tob-agonistdrugs leads toreducedresponsiveness (desensitisation)
and a decrease in the number of receptors (downregulation) [1].

In the clinical setting, tolerance to the nonbronchodilator
effects of b-agonists is readily demonstrated [2, 3]. However,
it has been more difficult to demonstrate tolerance to their
bronchodilator effects. Reduced bronchodilator response after
regular short- and long-acting b-agonists has been reported
[4–7] but the findings have been inconsistent [8–11]. A possible
explanation for these negative results is that bronchodilator
responses were measured in patients with stable asthma in
whom the margin from baseline to maximum bronchodilata-
tion was not sufficient for the effects of tolerance to be
detected.

Recently, HANCOX et al. [12] have described a method that
reliably demonstrates bronchodilator tolerance to b-agonists.
In that study, a 36% reduction in the area under the curve
(AUC) for forced expiratory volume (FEV1) was observed in
patients who had been using regular inhaled b-agonist com-
pared to placebo. Subsequently, other authors have used the
same methodology to show similar effects in patients using
long-acting b-agonists [13, 14]. In both of these studies, measur-
ing the response to b-agonist in the presence of methacholine-
induced bronchoconstriction permitted the demonstration of
tolerance which would not otherwise have been detected.

These findings raise the possibility that the effects of
tolerance to inhaled b-agonists may be further accentuated by
bronchoconstriction beyond the 20% fall in FEV1 that was
induced in these investigations [12–14]. In acute severe
asthma, patients will usually have a reduction in their FEV1

that greatly exceeds 20%. b-agonists are firstline treatment
for acute episodes of asthma and the clinical impact of
bronchodilator tolerance will be most important in this
setting. The aim of this study was to assess whether a
relationship exists between the severity of bronchoconstric-
tion and the impact of tolerance to the acute bronchodilator
effect of b-agonists.

Methods

Study subjects

Volunteers aged 18–70 yrs were screened for airways
reversibility and for response to methacholine. The inclusion
criteria were: a diagnosis of bronchial asthma that met the
American Thoracic Society (ATS) definition [15]; a pro-
vocative dose of methacholine causing a 20% fall in FEV1

(PD20) of v8 mmol [16]; an increase in FEV1 of w15% from
baseline with inhaled salbutamol; nonsmokers or exsmokers
(v5 pack-yrs). Subjects were excluded if they: had a history of
life-threatening asthma; a recent respiratory tract infection
(6 weeks); had recent unstable asthma or needed oral steroids
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in the past 3 months; were dependent on short- or long-acting
b-agonists; or were pregnant or breastfeeding. Baseline char-
acteristics for the subjects who completed the study are shown
in table 1.

Study design

Subjects initially entered a 2-week run-in period during
which inhaled b-agonists were withdrawn and baseline peak-
flow measurements and symptom data were recorded. The
only "reliever" medication allowed was ipratropium bromide
(Atrovent1; Boehringer, Ingelheim, Germany) for use as
required. Subjects were withdrawn from the study if they
could not tolerate or obtain adequate symptom relief using
ipratropium bromide, or had unstable asthma during these
2 weeks. Diary data from the run-in was used to construct
individual asthma self-management plans for use during the
remainder of the study.

Subjects then received two study treatments according to
a randomised, double-blind, placebo-controlled, crossover
design. The treatment periods lasted 4 weeks each and were
separated by a 2-week washout. The study medications
were salbutamol 400 mg q.i.d via Diskhaler1 (Ventolin1;
GlaxoWellcome, Greenford, UK) or matching placebo. Subjects
were randomised according to a schedule generated by the
Dunedin Hospital Pharmacy (Dunedin, New Zealand).

Study visits and measurements

Subjects visited the research laboratory on days 14¡2,
21¡2 and 28¡2 of each treatment period. Study medication
and ipratropium bromide were withheld for o6 h prior to
each visit. On two of the three visits a methacholine challenge
was performed in order to achieve bronchoconstriction. A fall
in FEV1 of 15% was induced on one occasion and 30% on
another. On a third occasion no methacholine challenge was
undertaken. The order of the three tests was randomised, but
was identical during the second treatment arm. The broncho-
dilator response to salbutamol was performed following
methacholine challenge.

Methacholine challenge

A modified procedure [16] was used in which increasing
doses of methacholine were administered using a Morgan
Nebicheck1 Dosimeter (Morgan, Gillingham, UK). The
procedure was stopped when the required fall of 15% (PD15

group) or 30% (PD30 group) in FEV1 from baseline was
achieved. The PD of methacholine was calculated by linear

interpolation. Methacholine was not administered if the
prechallenge FEV1 was v1 L. Although a fall in FEV1 of
30% was greater than would normally be induced during a
methacholine challenge, it was less than would be expected
during an acute exacerbation of asthma and was considered
appropriate in order to test the study hypothesis. The
challenges were all performed under medical supervision
and in a laboratory that had ready access to full resuscitation
facilities.

Bronchodilator response

Immediately after the required fall in FEV1 was achieved, a
dose/response test to inhaled salbutamol (GlaxoWellcome)
was performed. Salbutamol was administered at 0, 5 and
10 min via a metered-dose inhaler and large-volume spacer
device (GlaxoWellcome). The doses were 100 mg, 100 mg and
200 mg respectively. FEV1 was measured prior to each dose
and also at 15, 25 and 40 min. A dose/response curve was
plotted for FEV1 against time (0–40 min). In cases where
adequate reversal of bronchconstriction was not achieved
using these doses, additional salbutamol was administered by
nebuliser (2.5 mg). Patients remained in the research labora-
tory until baseline FEV1 had been recovered.

Sample size and statistical analysis

The sample-size calculation was based on the results of two
previous studies [12, 14], although in these studies, differences
in AUC0–40 FEV1 followed a 20% fall in FEV1 (rather than
the 15 and 30% in this study). The primary study end-point
was AUC (AUC0–40 FEV1) for change in FEV1 over 40 min
following inhaled salbutamol. Differences between treatments
and by magnitude of bronchoconstriction were measured by
analysis of covariance using baseline FEV1, PD of methacho-
line and fall in FEV1 from baseline as covariates. Curves were
also constructed that compared changes in AUC0–40 FEV1 to
magnitude of bronchconstriction, and their slopes were then
compared between treatments. All results are presented as
least squares means with Bonferroni corrections.

Ethical considerations

The study was approved by the Otago Ethics Committee.
Each subject gave written informed consent. Asthma control
was monitored throughout the study and individual asthma
self-management plans were given to each patient. Patients
had access to a study investigator 24 h?day-1.

Results

Subjects

Twenty-one subjects were randomised, of whom 15 com-
pleted both treatment arms. Reasons for withdrawal are
shown in table 2. Only patients who completed both arms of
the study were included in the analysis. One patient was
excluded from having a PD30 methacholine challenge because
the baseline FEV1 was v1 L. No patient experienced signifi-
cant adverse events following methacholine apart from mild
wheeze. Adherence to study medication, measured by returned
disk count, was 90% in the first arm and 95% in the second
arm.

Table 1. – Baseline data for patients who were randomised to
study treatments

Subjects n (F) 15 (9)
FEV1 L 2.06 (1.68–2.43)
FEV1 % pred 75.3 (66.6–84.0)
Mean daily ICS dose (range) mg 640 (0–1000)
Reversibility after salbutamol# % 25.7 (20.2–31.2)
PD20 methacholine mmol} 0.32 (0.21–0.50)

Data are presented as mean (95% confidence intervals), unless
otherwise stated. F: females; FEV1: forced expiratory volume in
one second; % pred: % predicted; ICS: inhaled corticosteroid. #:
DFEV1 as % of baseline; }: the provocative dose of methacho-
line causing a 20% fall in the FEV1 (PD20) is given as geometric
mean.
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Changes in forced expiratory volume in one second
before and after methacholine

Baseline FEV1 and per cent fall in FEV1 after methacholine
are shown in table 3. Compared to placebo, the baseline
FEV1 prior to methacholine administration was reduced by
0.23 L (p=0.04), 0.14 L (p=0.2) and 0.18 L (p=0.002) with regular
salbutamol on each of the three study days respectively.

Relationship between tolerance and magnitude of
bronchoconstriction

The AUC0–40 (FEV1) values are shown in table 4 and
figure 1. There was a highly significant reduction (35.7%) in
the AUC0–40 FEV1 with active treatment when the target fall
in FEV1 was 30% (p=0.0001) but not when the target fall in
FEV1 was 0 or 15%. Whereas with placebo treatment the
AUC0–40 FEV1 tended to increase with greater magnitudes of
bronchoconstriction, the opposite effect occurred with regular
salbutamol. Curves were constructed to evaluate the relative
changes in AUC0–40 FEV1 with increasing bronchoconstric-
tion (fig. 1). There was a highly significant difference between
the slopes of the curves (p=0.0001).

Dose/response curves to salbutamol after methacholine

Dose/response curves to salbutamol are shown in figure 2.
The FEV1 achieved at 40 min (of three measurements on

separate days) was lower in each of the salbutamol arms
compared to placebo. This was most marked with the target
fall in FEV1 of 30%, where the difference compared to
placebo was -0.27 L (p=0.0001).

Discussion

The results of this study show that in subjects with mild-to-
moderate asthma, continuous use of inhaled b-agonist causes
an attenuated bronchodilator response to acutely administered
b-agonist. Compared to pre-treatment with placebo, there
was a highly significant near-linear reduction in AUC0–40

FEV1 with b-agonist as bronchoconstriction increased (pv0.0001).
Thus, the present study goes further than earlier investiga-
tions [12–14] by demonstrating that, in the same patient, the
effects of pharmacological tolerance become increasingly
apparent with increasing degrees of bronchoconstriction.

Although challenge with methacholine is an artificial means
of inducing bronchconstriction, the findings may have clinical
implications for the treatment of acute severe asthma. Most
patients attending an emergency department with acute
asthma will have used large amounts of b-agonist medications
before presentation and will have bronchoconstriction that is
even more severe than that induced in this study. Furthermore,
there is evidence that with increasing airway inflammation,
b-AR become hyporesponsive, thus potentially compounding
the effects of pharmacologically mediated downregulation
[17]. The present results suggest that the effects of b-agonist
tolerance in such patients may be accentuated and result in
resistance to acutely administered b-agonist therapy. Indirect
evidence to support this has been obtained from studies that
describe the benefit of combined salbutamol/ipratropium com-
pared to salbutamol alone in acute asthma [18–20]. These
investigations showed that the increase in FEV1 with com-
bination therapy was most marked in patients with the most
severe asthma at presentation. It may be that this observation
was due to "resistance" to the bronchodilator effects of acutely

Table 2. – Reasons for withdrawal during run-in

Reason Subjects n

Exacerbation of asthma 3
Poor compliance 1
Drug reaction 1
Used b-agonist inappropriately 1

Table 3. – Changes in the forced expiratory volume in one second (FEV1) before and after methacholine

Target fall in
FEV1 %

Pretreatment with placebo PD
(mmol)

Pretreatment with regular salbutamol PD
(mmol)

Before
MCh

After
MCh

% change Before
MCh

After
MCh

% change

0 2.19
(1.75–2.62)

NA 0 0 1.96
(1.56–2.36)

NA 0 0

15 2.21
(1.80–2.63)

1.81
(1.36–2.02)

18.0
(16.6–20.6)

0.11
(0.09–0.14)

2.07
(1.66–2.49)

1.81
(1.36–2.03)

18.2
(16.0–19.9)

0.17
(0.09–0.32)

30 2.27
(1.87–2.67)

1.49
(1.22–1.75)

34.6
(32.2–36.5)

0.71
(0.57–0.87)

2.09
(1.70–2.49)

1.48
(1.11–1.67)

33.6
(32.1–36.0)

0.72
(0.34–1.53)

Data are presented as mean (95% confidence intervals). The provocative dose (PD) of methacholine is given as the geometric mean
(mmol). The target fall in the FEV1 was achieved on separate days in random order. MCh: methacholine; NA: not applicable.

Table 4. – Area under the curve (AUC0–40 forced expiratory volume in one second (FEV1)) values for the postmethacholine
changes in FEV1 following salbutamol

Target fall in FEV1 % AUC0–40 FEV1 Difference % p-value

Salbutamol Placebo

0 30.25 (22.76–37.74) 27.20 (19.58–34.82) 11.2 1.0
15 25.72 (19.19–32.25) 30.12 (23.57–36.67) -14.6 0.602
30 20.37 (12.80–27.94) 30.66 (23.90–38.42) -35.7 0.0001
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administered b-agonist rather than improved efficacy attri-
butable to ipratropium bromide.

From figure 2, it can be seen that the response curves for
FEV1 after acute salbutamol administration at the end of the
placebo treatment period converged, whereas with regular

b-agonist they did not. This effect was seen most clearly when
a 30% fall in FEV1 was induced. Even after an interval of
40 min following 400 mg of salbutamol, by which time there
would have been substantial spontaneous recovery from
methacholine-induced bronchconstriction [12], bronchodila-
tation was less with salbutamol pretreatment than with
placebo. The implication is that against a background of
continuous inhaled salbutamol use, the acute response to
b-agonist is submaximal in comparison to the patient9s
potential best. Significant heterogeneity was also observed in
individual postbronchoconstriction bronchodilator responses.
Some patients were highly resistant to acutely administered
b-agonist at the end of the salbutamol treatment period, to the
extent that recovery to baseline FEV1 could not be achieved
after the methacholine challenge (30% fall) (fig. 3). Perhaps
such patients are most at risk during acute severe asthma [21,
22]. While the cumulative dose of salbutamol (400 mg) used in
this study appears to be small, it was administered via a large
volume spacer in controlled laboratory conditions. The amount
of drug delivered was probably higher than that achieved by
some patients during an acute asthma episode. Although
in emergency departments, the effects of tolerance may be
overcome by using high doses of nebulised salbutamol [23],
the appropriateness of this approach in an unattended setting
is questionable.

There was also a significant trend towards lower baseline
FEV1 measurements with regular salbutamol. Overall the
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Fig. 1. – Relationship between changes in area under the curve
(AUC)0–40 for the forced expiratory volume in one second (FEV1)
and degree of bronchoconstriction. There was a significant fall in
AUC with regular salbutamol ($), but no change with placebo (&).
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Fig. 2. – Mean changes in the forced expiratory volume in one second
(FEV1) for pretreatment with a) salbutamol and b) placebo (n=15)
after administration of inhaled salbutamol 100 mg (dashed arrow),
100 mg (solid arrow) and 200 mg (dotted arrow) with different degrees
of bronchconstriction (target fall in FEV1 0 ($), 15 (&) and 30%
(+)) achieved using inhaled methacholine.

���

���

���

���

���

��
�

�

�#

�

�

�

�
�

�
�

�
�

��
�

�

�

���

���

���

���

���

��
�

�

"#

�
�

�� �� ��
 ���
���!

�

�

�

�
� �

�

�

�

�
�

�

Fig. 3. – Bronchodilator response to salbutamol (inhaled salbutamol
100 mg (dashed arrow), 100 mg (solid arrow) and 200 mg (dotted
arrow)) in two individual patients after inducing a 30% fall in the
forced expiratory volume in one second (FEV1). In one patient,
pretreatment with salbutamol conferred a) a significant degree of
bronchodilator tolerance whereas in the other b) no significant
tolerance occurred. #: salbutamol; $: placebo.
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mean difference was -0.18 L (pv0.0001). This has been noted
in a number of previous studies [24–26] and it was for this
reason that the baseline FEV1 on each study day was used as
a covariate in the analysis of results. The exact mechanism for
this reduction in airway calibre with short-acting b2-agonists
is unclear, but includes "rebound" bronchoconstriction as a
result of downregulation of airway b2-receptors. The broncho-
dilator response to b2-agonist in human airways is primarily
mediated by b-adrenoceptors on smooth muscle. There are
also prejunctional b-receptors on postganglionic parasympa-
thetic nerves which inhibit cholinergic transmission [27, 28].
The effects of stimulation of these receptors are the inhibition
of parasympathetic control of bronchomotor tone and anta-
gonisation of acute cholinergically mediated bronchoconstric-
tion. Prejunctional b-receptors are likely to be desensitised
and/or downregulated just as much as receptors on airway
smooth muscle, and thus the decrease in baseline FEV1 may
be due to decreased inhibition of cholinergic tone.

The results of this study were obtained in a setting of
artificially induced bronchoconstriction, using inhaled metha-
choline. Although designed to mimic an acute asthma episode,
there are important differences. In reality, exacerbations of
asthma are characterised by airway inflammation causing
mucosal oedema and mucus hypersecretion in addition to
smooth muscle contraction. Thus, during acute severe
asthma, there are likely to be additional interactions between
pharmacological, physiological and physical factors not
accounted for in the study model, which impair broncho-
dilator response. Nevertheless, b-agonists are used in acute
asthma for their relaxing effect on airway smooth muscle,
and this is what has been tested in this study. Further, in a
recent study, similar suboptimal responses to b-agonist were
observed using exercise rather than methacholine to induce
bronchoconstriction, arguably a less artificial setting than the
present one in which to evaluate tolerance [29]. Cortico-
steroids are also a routine part of the management of acute
asthma and, apart from their anti-inflammatory actions, have
been shown to upregulate b2 receptors [1]. They were not
administered in this study model. It has been reported that
b-adrenoceptor downregulation may be reversed with sys-
temic corticosteroids [30]. However, JONES et al. [14] have
shown that intravenous hydrocortisone does not reverse
b2-adrenoceptor downregulation within the first 2 h of
administration and HANCOX et al. [12] demonstrated that
long-term administration of inhaled steroid does not prevent
the development of bronchodilator tolerance.

To conclude, it has been demonstrated that a significantly
attenuated bronchodilator response to acutely administered
b-agonist occurs in patients who are continuously exposed to
inhaled b-agonist and that this effect increases linearly with
increasing bronchoconstriction. This was evident in terms of
the rate of response to bronchodilator as well as maximum
bronchodilatation achieved. There was striking variability
between patients in these outcomes. The present results may
help to explain the clinical observation that the response to
b-agonist during acute severe asthma is variable and often
poor.
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