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ABSTRACT: Regular exposure to antimuscarinic drugs would be expected to upregu-
late airway muscarinic receptors and could cause a transient increase in airways
obstruction if treatment was stopped or omitted. We have examined peak expira-
tory flow rate (PEFR) during treatment and forced expiratory flow in one second
(FEV1) and airway responsiveness to three constrictor agonists (as the provocative
dose of agonist causing a 20% fall in FEV1, (PD20)) following cessation of regular
inhaled ipratropium bromide, in 13 subjects with mild stable asthma.

Subjects inhaled placebo and ipratropium bromide, 80 pg g.i.d. for 14 days in a
cross-over fashion with a 1 week run-in/wash-out period before and after each treat-
ment period. Subjects recorded symptom scores and PEFR throughout the study,
and FEV1 and PD2¢ to histamine, methacholine and metabisulphite were measured
before and after cessation of treatment.

When compared to baseline, FEV1 was lower after cessation of ipratropium than
after placebo, with a significant difference 30 h after the last dose (difference 190
mL; 95% confidence interval (95% CI) 310-70 mL; p<0.02). FEV1 measured 6-10
days later, did not differ significantly. PEFR was significantly lower after cessation
of ipratropium than after placebo on Day 15 (19-37 h after the last dose) (mean
difference 4.6%; 95% CI 1.6-7.5%; p<0.01) but not on Day 16. There were no sig-
nificant changes in PD20 histamine, methacholine and metabisulphite, symptom
scores or rescue bronchodilator use after cessation of treatment.

Thus, transient bronchoconstriction was found around 30 h after cessation of regu-
lar therapy with inhaled ipratropium for 2 weeks. The mechanism is unclear, as no
evidence of muscarinic receptor upregulation was found. Although the changes were
small and unlikely to be important for most patients, the results of this study indi-
cate that the timing of lung function measurements relative to the last dose of ipra-
tropium is important when interpreting the course of lung function in long-term

studies.
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Inhaled antimuscarinic drugs cause bronchodilatation
by competing for airway muscarinic receptors with acetyl-
choline released from parasympathetic nerves. Drugs such
as ipratropium bromide are thought to act predominantly
on M; receptors on airway smooth muscle, but they may
have some additional effect on autoinhibitory M, recep-
tors on cholinergic nerves or on M, receptors on auto-
nomic ganglia [1].

Vagotomy and atropine cause upregulation of mus-
carinic receptors and an enhanced response to muscarinic
stimuli in a variety of animal tissues ex-vivo [2-5]. Regular
exposure to inhaled antimuscarinic drugs in man would
be expected, therefore, to lead to upregulation of airway
muscarinic receptors, causing increased responsiveness
to muscarinic agonists when the drugs are withdrawn.
The airways would then show increased responsiveness
(known as denervation hypersensitivity) to exogenous mus-
carinic stimuli, such as methacholine, whilst the increased
response to endogenous acetylcholine released from the

vagus would cause bronchoconstriction. There is some
support for this hypothesis, as transient supersensitivity
to inhaled methacholine occurred following cessation of
regular ipratropium in one uncontrolled trial [6], and lung
function deteriorated following long-term inhaled iprat-
ropium bromide in another [7]. Since this effect could
be important clinically and in interpreting studies of long-
term treatment with antimuscarinic drugs, we have looked
at change in lung function during and after cessation of
2 weeks of therapy with inhaled ipratropium bromide in
more detail in subjects with mild asthma. We have also
looked at sensitivity to three inhaled constrictor agents
before and after treatment, to determine whether there was
evidence of muscarinic receptor upregulation. Histamine
was used as a directly acting stimulus, methacholine as
a muscarinic agonist and sodium metabisulphite as a stim-
ulus of vagal pathways [8]. Muscarinic receptor upregulation
would be expected to increase the responsiveness to metha-
choline and sodium metabisulphite but not to histamine.
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Table 1. — Baseline characteristics of subjects
Subj Age Sex FEV1 FEV1 PD20,Mch PD20,His PD20,MBS Medication
No. yrIs L % pred M uM uM
1 28 M 5.1 110 0.37 0.72 1.15 Salb p.r.n.
2 30 F 2.9 94 0.95 0.42 4.80 BDP 200 pg b.i.d.
Salb p.r.n.
3 36 M 34 79 5.60 4.60 7.00 Salb p.r.n.
4 30 F 3.6 100 2.05 1.31 5.60 Salb p.r.n.
5 54 M 2.6 76 0.56 0.20 25.00 Salb p.r.n.
6 20 F 34 113 0.22 0.27 1.34 Salb p.r.n.
7 24 F 2.9 84 0.28 0.46 2.30 Salb p.r.n.
8 39 M 2.8 71 0.36 0.27 2.80 Salb p.r.n.
9 38 M 4.4 98 1.60 0.80 7.50 Salb p.r.n.
10 24 F 3.0 97 0.15 0.21 2.20 Salb p.r.n.
11 32 M 3.5 76 0.06 0.07 0.50 BDP 200 pg b.i.d.
Salb p.r.n.
12 36 M 2.9 85 0.27 0.18 2.40 Salb p.r.n.
13 49 M 3.4 80 1.05 1.20 5.80 BDP 200 pg b.i.d.
Salb p.r.n.

Subj: subject; M: male; F: female; FEV1: forced expiratory volume in one second; % pred: percentage of predicted value;

PD20: provocative dose of agonist causing a 20% decrease in FEV1; BDP: beclomethasone dipropionate; Salb: salbutamol;
PD20,Mch: PD20 methacholine; PD20,His: PD20 histamine; PD20,MBS: PD20 metabisulphate.

Methods

Subjects

Thirteen nonsmoking subjects (5 females and 8 males
aged 20-54 yrs) were recruited (table 1). Subjects had:
a forced expiratory volume in one second (FEV1) of 70%
predicted or more; an increase in FEV1, of at least 15%
after inhaled salbutamol 400 pg; a dose of methacholine
causing a 20% fall in FEV1 (PD20) of 6 uM or less; and
positive skin tests to at least two commonly tested aller-
gens. Subjects were receiving no treatment other than an
occasional dose of inhaled [-agonist (all subjects) and
low-dose inhaled corticosteroids (three subjects), and all
had stable asthma with no exacerbation of their symp-
toms or respiratory tract infection in the 6 weeks prior
to the study. Subjects gave written informed consent to
the study, which was approved by the Nottingham City
Hospital Ethics Committee.

Measurements

FEV1 was measured by dry bellows spirometer (Vitalo-
graph®; Vitalograph Ltd, Bucks, UK) as the higher of
two measurements within 100 mL. Peak expiratory flow
rate (PEFR) was measured as the best of three readings
using a mini-Wright peak flow meter (Airmed, UK). Air-
way responsiveness was measured using a breath-acti-
vated dosimeter (Mefar dosimeter MB3; Mefar S.R.L.,
Bovezzo, Italy), with subjects inhaling from functional
residual capacity (FRC) to total lung capacity (TLC)
(inhalation time 1 s, pause time 6 s, pressure 152 kPa del-
ivering 10-11 pL-puff!). Subjects inhaled three puffs
of saline, followed by 1-4 puffs of methacholine, hista-
mine or sodium metabisulphite as needed to achieve dou-
bling dose increments in the dose ranges of 0.02-42.9
uM for methacholine and histamine and 0.03-136 uM
for metabisulphite. FEV1 was measured 2 min after each
dose, and the test was stopped when FEV1 had fallen by
20% from the postsaline value. PD20 was calculated by

linear interpolation of the last two readings on the log
dose-response plot.

Subjects kept diary cards throughout the study, includ-
ing the run-in and wash-out periods, recording PEFR
twice daily before treatment, rescue bronchodilator use
and symptom scores for morning cough and wheeze and
daytime breathlessness and wheeze (each on a five point
scale: O=no symptoms to 4=severe symptoms).

Protocol

This was a double-blind, randomized, cross-over study,
in which subjects inhaled from identical metered-dose
inhalers containing placebo and ipratropium bromide
(Atrovent Forte®; Boehringer Ingelheim) 80 pg four
times a day for 2 weeks in randomized order, with a 1
week run-in/wash-out period prior to and after each treat-
ment period. Subjects used the short-acting [-agonist,
rimiterol hydrobromide (Pulmadil®; 3M) for symptom
relief throughout the study but not within 2 h of a visit.
The doses of inhaled corticosteroids used by three sub-
jects were kept constant throughout the study, as was the
timing of measurements for each subject. On Day 1 of
each treatment period, subjects attended for measurement
of FEV1, and a histamine challenge, followed 1 h after
completion of the histamine challenge by a methacholine
challenge. Subjects returned 68 h later for measurement
of FEV1, and a metabisulphite challenge.

Subjects then started their study medication, with instruc-
tions to take two puffs four times daily and to take the last
dose on the morning of Day 14. On Day 15, starting 24 h
after the last dose of placebo/ipratropium, the sequence of
FEV1 measurements and histamine and methacholine
challenge was repeated in the morning, followed 6-8 h later
by measurement of FEV1 and a metabisulphite challenge.
Subjects reattended for a further measurement of FEV1
on the morning and afternoon of Day 16 and in the morn-
ing 6-10 days later at the end of the second wash-out
period. Subjects increased the frequency of PEFR rec-
ordings to 4 hourly during waking hours for 2 days prior
to and 3 days after the last dose of placebo/ipratropium.
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The study design gave 95% power to detect a difference
in FEV1 of 84 mL, and 80% power to detect a difference
in airway responsiveness of one doubling dose with 12
subjects, according to previous studies [9—11].

Analysis

PD20 values were log transformed prior to analysis and
are expressed as geometric mean values. Change in PD20
was measured in doubling doses of constrictor agonist
[12]. Analysis of variance (ANOVA) was used, accord-
ing to ARMITAGE [13], to determine whether there was
any period or order effect of treatment and to compare
baseline values for FEV1 (a.m. and p.m.) and PD20 his-
tamine, methacholine and metabisulphite on Day 1 of
each treatment period. Change from baseline values in
PEFR during treatment and FEV1 (a.m. and p.m. on Days
15 and 16) and PD20 histamine, methacholine and meta-
bisulphite after treatment were compared by paired t-test.

Four hourly measurements of PEFR were put into
six hourly time windows (04:00-10:00, 10:00-16:00,

Table 2. — Baseline values of FEV1, PEFR and PD2o
histamine, methacholine and metabisulphate before place-
bo and ipratropium

Placebo Ipratropium
PEFR L-min’! a.m. 516 (41) 510 (46)
p.m. 531 (43) 519 (39)
FEV1 L a.m. 3.26 (0.7) 3.21 (0.49)
p.m. 3.31 (0.71)  3.40 (0.57)
PD20* puM Histamine 0.41 (0.53) 0.35 (0.52)
Methacholine 0.50 (0.66)  0.35 (0.56)
Metabisulphate  3.16 (0.53)  3.89 (0.53)

Values are presented as mean, and sp in parenthesis. *: geo-
metric mean, with sp in parenthesis, in doubling doses. PEFR:
peak expiratory flow rate. For further abbreviations see leg-
end to table 1.

16:00-22:00) as a mean recording for each subject with-
in the time window, and compared between groups on
Days 15 and 16 by area under the PEFR versus time
curve. The 22:00-04:00 h time window was not used as
there were few recordings. Symptom scores and use of
rimiterol were compared after withdrawal from placebo
and ipratropium using the Wilcoxon ranked sum test.
Mean values are given with 95% confidence intervals
(95% CI). A p value of 0.05 was considered to be statis-
tically significant.

Results

Four of the 13 subjects were withdrawn; two develo-
ped an upper respiratory tract infection (one on ipra-
tropium and one on placebo); one for personal reasons;
and one for noncompliance with visits. There were no
treatment order or period effects and no significant dif-
ferences in mean baseline values for FEV1 or PD20 his-
tamine, methacholine and metabisulphite (table 2).

Change in PEFR during treatment

There was no significant difference in the change in
morning PEFR on ipratropium compared with placebo
(-23 versus -12 L-min’!'; p<0.4) (table 3) or in PEFR vari-
ability measured as amplitude percentage mean on ipra-
tropium and placebo (3.3 versus 0.2%; p<0.1).

Change in FEVI, PEFR, symptom scores and rimiterol
use after cessation of treatment (table 3)

Following cessation of treatment, there was a fall in
FEV1 from baseline values after ipratropium and place-
bo. Although the fall was greater after ipratropium for
all four measurements on Days 15 and 16 and greatest
in the afternoon of both days, it was only significant in

Table 3. — Change in PEFR during treatment and in FEV1 and PD2o0 histamine, methacholine
and metabisulphate after treatment, with the mean difference (95% CI) between treatments

Ipratropium Placebo Within subject difference between
ipratropium and placebo
Mean (95% CI) p-value

During Treatment
PEFR a.m.# L-min! -23 (13) -12 (5) -11 (-38 to 17) NS
PEFR p.m# L-min-! -2 (13) -10 (5) 7 (-30 to 44) NS
Post-treatment
Day 15 am. FEVi# L -0.18 -0.07 -0.11 (-0.38 to 0.17) NS

0.1) (0.07)
Day 15 p.m. FEVi#¥ L -0.22 -0.03 -0.19 (-0.31 to -0.07) p<0.02

(0.06) (0.05)
Day 16 am. FEVi# L 0 0.07 -0.07 (-0.23 to 0.09) NS

(0.09) (0.05)
Day 16 p.m. FEVi# L -0.08 0.12 -0.20 (-0.38 to 0.02) Ns (p=0.06)

0.07) (0.05)
Day 15 am. PD20, Hist DD -0.5 -0.12 -0.36 (-1.4 to 0.66) NS

(-1.26 to 0.29) (-0.73 to 0.46)
PD20, Mcht DD -0.36 -0.61 0.25 (-0.84 to 1.34) NS
(-1.23 t0 0.52) (-1.22 to 0.02)
p.m. PD20, MBS+ DD -0.4 0.23 -0.63 (-2.0 to 0.73) NS

(-1.23 t0 0.43) (-0.53 to 1.0)

# mean, and SEM in parenthesis; *: mean, and 95% CI in parenthesis. 95% CI: 95% confidence inter-
val. DD: doubling doses. Ns: nonsignificant. For further definitions see legend to table 1 and 2.



1630 P.J. WILDING

the afternoon on Day 15, 30 h after the last dose of ipra-
tropium (mean difference -190 mL; 95% CI -310 to -70
mL; p<0.02). FEV1 had risen when measured 6—10 days
after cessation of treatment, and was not significantly
different when compared to baseline values after iprat-
ropium or placebo (mean difference 140 mL higher after
ipratropium; 95% CI 230 to -51 mL; p<0.4).

PEFR on Day 15 (19-37 h after the last dose) was
significantly lower after cessation of ipratropium than
after placebo (mean difference 4.6%; 95% CI 1.6-7.5%;
p<0.01) but did not differ significantly by Day 16 (mean
difference 0.1%; 95% CI -3.4-3.6%). There were no sig-
nificant changes in symptom scores or rimiterol use after
cessation of treatment.

Change in airway responsiveness

There was a small fall in PD20 histamine and metha-
choline on Day 15 both after ipratropium and placebo
(table 3) but the differences between treatments were not
statistically significant. The difference in PD20 metabisul-
phite (p.m. Day 15) after ipratropium and placebo was
also nonsignificant.

Discussion

We have compared the airways response during and
after 2 weeks of treatment with ipratropium and place-
bo in subjects with mild asthma. There was a fall in FEV1
from baseline on the two days following cessation of
treatment with ipratropium compared to treatment with
placebo, which had disappeared 6—-10 days later. The
reduction in FEV1 was significant 30 h after cessation
of treatment, coinciding with the significant fall in
PEFR 19-37 h after treatment. The maximum difference
in FEV1 (200 mL) was seen in the afternoon on the sec-
ond day following the final dose. The consistency of
these findings and the tendency towards lower PEFR
readings in the morning on regular ipratropium treatment
suggest that ipratropium is associated with a small reduc-
tion in lung function when its bronchodilator effect wears
off. There was no significant change in sensitivity to in-
haled histamine, methacholine or metabisulphite mea-
sured 24, 25 and 30 h after cessation of treatment,
respectively. Although the power of the study was reduced,
since four subjects withdrew, this is unlikely to have
affected the significance of the PD20 values, since none
was close to being statistically significant.

The most likely cause of the fall in lung function fol-
lowing regular treatment with ipratropium is upregulation
of muscarinic receptors, causing denervation hypersen-
sitivity. The lack of any significant change in the response
to inhaled methacholine or metabisulphite compared to
placebo is surprising, therefore, and argues against such
a mechanism. Evidence from animal studies suggests that
metabisulphite acts through the vagus [14], though this
may be partly via nonadrenergic noncholinergic path-
ways, since the effect of atropine on the bronchocon-
strictor response to metabisulphite and SO,, its putative
mediator, is variable in man [11, 15]. Newcomb et al.
[6] found a fall in PD20 methacholine of half a doubling
dose 24 h after cessation of 3 weeks of treatment with

ipratropium, in an uncontrolled trial. The fall in PD20
methacholine in their study is similar to that seen in our
study but we found a similar fall after placebo. In addi-
tion, the change in the response to histamine in our study
was similar to that for methacholine, which would not
have been expected with muscarinic receptor upregula-
tion. Change in FEV1 was not recorded in the study by
NEwcomB et al. [6]. Muscarinic receptor upregulation
might also be expected to cause tolerance to the bron-
chodilator action of ipratropium, unless the dose of ipra-
tropium is sufficient to block the upregulated receptors.
Tolerance to ipratropium has not been examined in a
placebo-controlled trial, although tolerance has been
shown with inhaled atropine [16].

Other theories to explain the bronchoconstriction seen
in our study are more speculative. Methacholine and ipra-
tropium are considered to be nonspecific muscarinic ago-
nist and antagonist, respectively, and would be expected
to act on the same population of muscarinic receptors,
since both were given by inhalation. Differences in dis-
tribution or tissue penetration of ipratropium and metha-
choline could cause selective upregulation of different
muscarinic receptor subtypes and could conceivably
account for the fall in FEV1 in the absence of change in
PD20 methacholine. Upregulation of ganglionic M, recep-
tors, for example, would increase endogenous acetylcho-
line release and cause a fall in FEV1 without necessarily
increasing the sensitivity to an inhaled muscarinic stimu-
lus; although it might be expected to increase the response
to metabisulphite. It has been suggested that M, recep-
tors may be dysfunctional in asthma [1] and this could
cause them to be less susceptible to upregulation than
the facilitatory subtypes (M, and My); this would increase
cholinergic neurotransmission and could account for the
bronchoconstriction in our study, though it does not
explain why methacholine responsiveness was not in-
creased. Finally, upregulation of muscarinic receptors on
airway submucosal glands after ipratropium could cause
hypersecretion and worsening airflow obstruction, with-
out an increased response to inhaled muscarinic stimuli.

The design of the present study meant that histamine
challenge was followed 1 h later by methacholine chal-
lenge and 6 h later by metabisulphite challenge; there-
fore, it is possible that the histamine challenge affected
the subsequent methacholine and metabisulphite PD20
values. Most studies have not shown refractoriness fol-
lowing histamine challenge in patients with asthma [17,
18], although it may occur in subjects with very mild
asthma [19, 20]. Refractoriness to methacholine has not
been seen in asthmatic patients [21], so that cross-refrac-
toriness with metabisulphite would not be expected. The
order and timing of the challenges was the same for both
limbs of the study; therefore, any refractoriness follow-
ing histamine should not have obscured an effect of ipra-
tropium.

Whatever the underlying mechanism, the present find-
ings may be relevant to the study by VAN SCHAYCK ef al.
[7], which showed a decline in FEV1 over 2 yrs in sub-
jects with chronic obstructive pulmonary disease given
regular, rather than as needed, treatment with salbutamol
or ipratropium bromide. They interpreted their findings as
a progressive decline in lung function, although the great-
est fall in FEV1 was seen at the first measurement 6
months into the study, with more variable change thereafter.
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An alternative explanation for their findings is that they
were observing a temporary rebound bronchoconstriction,
as they made a single measurement only, at least 8§ h
after the last dose of bronchodilator. The fall in FEV1
in the present study (200 mL) is of the same magnitude
as the fall in their study at 2 yrs [7], and is similar in
magnitude to the fall in FEV1 seen in several studies fol-
lowing cessation of 3-agonist treatment [22—26]. Whether
the rebound effect seen in subjects with asthma in our
study is seen in patients with smoking-related airflow
obstruction is uncertain, since it was not seen in the Lung
Health Study which, unlike the study by vaN ScHAYcK
et al. [7], excluded patients with asthma [27]. The results
of the present study suggest that the time at which mea-
surements of lung function are made after the last dose
of drug may be important in long-term studies of antimus-
carinic drugs, such as that by vaN ScHAYCK et al. [7]. It
is difficult to judge the clinical significance of these find-
ings but patients who take ipratropium regularly may
experience transient deterioration in lung function when
they omit or stop treatment.
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