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ABSTRACT: Tiotropium (Spiriva1) is a new once-daily inhaled anticholinergic that
has its effect through prolonged muscarinic (M)3 receptor antagonism. It has a
clinically documented, long duration of action with once-daily dosing in chronic
obstructive pulmonary disease (COPD). A single-centre, double-blind, ipratropium-
controlled study was conducted in order to characterize the onset of pharmacodynamic
steady state of tiotropium in patients with COPD. Thirty-one patients (25 male, six
female) with a mean age of 62 yrs and a mean forced expiratory volume in one second
(FEV1) of 1.13 L (38% of predicted) were randomly assigned to receive either
tiotropium 18 mg once-daily from a dry-powder inhaler (HandiHaler1, 20 patients), or
ipratropium 40 mg four-times daily from a pressurized metered-dose inhaler (11
patients) for a period of 1 week. FEV1 and forced vital capacity (FVC) were measured
1 h prior to, and just before inhalation (mean value of the two measurements on test-day
1 was the baseline value, while on all other test days it was the trough value), and 0.5, 1,
2, 3, 4, 5, and 6 h after inhalation of the morning dose of the study drug (one capsule
and two puffs) on days 1, 2, 3, and 8.
Trough FEV1 following 8 days of tiotropium was 0.19 L (18%) above baseline.

Approximately 90% of this increase was achieved within 24 h of the first dose (0.17 L,
16%). Trough FVC increased 0.67 L (27%) on test-day 8. Approximately 70% of the
improvement was observed after two tiotropium doses (0.47 L, 19%). Achievement of
FVC steady state was delayed compared to FEV1. Ipratropium performed typically
with an onset of action within 30 min, a peak response between 1–2 h postdosing
and a duration of action ofy4 h. It was concluded that forced expiratory volume in
one second steady state with tiotropium is reached within 48 h, while continued
improvements in forced vital capacity can be expected over or beyond the first week of
therapy. The continued increases in forced vital capacity beyond 48 h suggests that
maintenance bronchodilator therapy is required to achieve maximal changes in
hyperinflation.
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Tiotropium (Spiriva1) is a newly developed anti-
cholinergic bronchodilator, which is structurally
related to the quaternary ammonium compound ipra-
tropium. In vitro studies of isolated guinea pig and
human airway have shown that the drug has a very
long duration of action and a unique kinetic selectivity
for muscarinic (M)3 and M1 over M2-subtypes of the
M receptor [1–3]. In early clinical, single-dose studies
in chronic obstructive pulmonary disease (COPD)
and asthma it was found that tiotropium produced
a bronchodilator effect that was sustained for at
least 24 h [4–6]. Recently published long-term studies
demonstrated that 18 mg of tiotropium is a safe
and effective bronchodilator, suitable for maintenance
therapy in COPD with once-daily dosing [7–9]. Stati-
stically significant and clinically relevant increases
in the forced expiratory volume in one second (FEV1)
value before the next dose and 24 h after the previous
dose, were evident at 1 week into therapy, which
confirmed the long bronchodilating effect.

From a therapeutic standpoint it is relevant to
know the onset of maximum bronchodilator res-
ponse for a drug intended for maintenance therapy,
i.e. its pharmacodynamic steady state. Therefore, the
present study was performed in a subset of patients
participating in an ipratropium-controlled long-
term efficacy and safety study in COPD [8]. Serial
measurements of FEV1 and forced vital capacity
(FVC) were conducted on the first 3 days as well as
after 1 week of treatment in order to characterize
the onset of pharmacodynamic steady state.

Methods

Patients

Patients were required to have a clinical diagnosis
of COPD according to the American Thoracic Society
(ATS) criteria [10]. On the initial screening visit, they
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had to show stable airways obstruction with FEV1

¡65% pred [11] and FEV1/FVCv70%, to be o40 yrs
of age and to have a smoking history of at least
10 pack-yrs. Patients with a history of asthma, allergic
rhinitis, atopy or an elevated total blood eosinophil
count were excluded. In addition, patients with any
of the following were excluded from the study: a
significant disease other than COPD, a recent history
of myocardial infarction, heart failure or cardiac
arrhythmia requiring drug therapy, oxygen therapy,
an upper respiratory tract infection in the 6 weeks
prior to screening, a known hypersensitivity to anti-
cholinergic drugs, known symptomatic prostatic
hypertrophy, and narrow-angle glaucoma.

Study design

The trial was designed as a randomized, double-
blind, double-dummy, parallel group study and was
approved by the hospital Medical Ethics Committee.
All patients gave written informed consent before
any study procedure was undertaken. The 1-week
treatment period was preceded by a run-in period
of 2 weeks. The patients continued to take the
permitted medication for their COPD in stable
doses, which included inhaled steroids, oral steroids
up to 10 mg?day-1 prednisone and mucolytics. Long-
acting inhaled b2-agonists, oral b2-agonists and
cromolyn sodium were not allowed for at least
1 month before the screening visit as well as through-
out the study period. Anticholinergics were allowed
during the run-in period, but were discontinued at the
randomization visit. Patients were given open-label
salbutamol to use as rescue medication. Patients were
randomly assigned to receive either tiotropium 18 mg
once-daily (Spiriva1)z ipratropium-matched placebo
q.i.d. (two-thirds of the patients) or ipratropium 40 mg
q.i.d. (Atrovent1) z tiotropium-matched placebo
(one-third of the patients). Tiotropium was inhaled
from the HandiHaler1, a dry-powder inhaler system
[12], between 08:00–10:00 h. Ipratropium (two puffs
of 20 mg) was inhaled from a pressurized metered-dose
inhaler (pMDI) between 08:00–10:00 h, at lunch,
dinner and before going to bed.

Measurements

Pulmonary function testing always started between
08:00–09:00 h. FEV1 and FVC were obtained 1 h
prior to, and just before inhalation and at 0.5, 1, 2, 3,
4, 5 and 6 h after inhalation of the morning dose
(one capsule and two puffs from the pMDI). While
the sampling interval chosen was not optimal to
identify the time of onset of action, the intervals
chosen were a practical compromise of the need to
perform repeated pulmonary function measurements
in a COPD population. When the 6-h postdosing
measurement was completed, the second daily dose
from the pMDI (two puffs) was administered and
pulmonary function testing was continued at 0.5,
1 and 2 h. These measurements were performed with
a spirometer meeting ATS criteria [13]. The highest

values of FEV1 and FVC from three technically
adequate measurements were retained. Short-acting
b2-agonists and inhaled steroids were withheld 12 h
before the lung function test. None of the randomized
patients were receiving theophylline. In conjunc-
tion with the spirometry, measurements of blood
pressure and pulse rate were collected. The labor-
atory safety evaluation, an electrocardiogram record-
ing and physical examination were performed after
3 months of treatment as part of the long-term study
[8].

Statistical analysis

Baseline FEV1 was defined as the mean of the two
FEV1 readings in the morning of the randomization
visit before inhalation of the study drug. For the other
test days, the mean of the two morning predose FEV1

values was defined as trough FEV1 (i.e. y23–24 h
after the preceding dose of tiotropium or 8–9 h after
the preceding dose of ipratropium). The trough
FEV1 response was defined as the change from
baseline to trough FEV1; this parameter was chosen
as the primary efficacy end point in order to establish
pharmacodynamic steady state. As an additional
bronchodilator parameter the peak FEV1 response
during the 6-h period after inhalation on the pul-
monary function test days was examined. Analogous
definitions were used for FVC-based parameters.

Only randomized patients with complete baseline
data and data at the end of the first week were eligible
for the efficacy analysis. Descriptive statistics were
used to evaluate the baseline comparability of the
two treatments groups and no formal statistical com-
parison of the treatment groups was made. Change
from baseline was evaluated using a paired t-test for
each treatment group. The onset of pharmacodynamic
steady state was verified using a repeated measures
analysis applied to the repeat measurements for
each tiotropium patient taken on test-days 2, 3 and
8. Test-day was specified as a fixed effect and patient
as a random effect. The model was fit using maximum
likelihood with an unstructured covariance matrix
for the repeated measures. The randomization list
was generated using a validated internal software
program. The randomized list was based on block
sizes of three.

Results

Of the 35 patients screened for entry into the
study, 31 were eligible. Twenty patients were ran-
domly assigned to the tiotropium and 11 to the
ipratropium group. The groups were well balanced for
all demographic and baseline data (table 1). On the
second test-day one patient in the tiotropium group
was withdrawn from the study because of an exacer-
bation of COPD. Two other patients in the tiotropium
group were excluded from all efficacy analysis due
to incomplete data in the 1-week observation period.
The mean (SEM) baseline FEV1 at the start of
treatment period was 1.04 (0.09) L for the tiotropium
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group and 1.07 (0.12) L for the ipratropium group.
The FEV1 time/response curves after inhalation of
the morning doses of tiotropium and ipratropium on
test-days 1, 2, 3 and 8 are shown in figure 1.

Thirty minutes after inhalation of the first dose
of tiotropium, there was a statistically significant
increase of 21% in FEV1 over baseline (pv0.01).
The peak increase in FEV1 at 3–4 h after inhalation
was 30%, while an improvement of 23% was still
found after 8 h. On test-day 2 the mean FEV1 trough
response was 16% and there was a further increase
to 32% over baseline FEV1 at 3 h after inhalation
of the second day dose. This profile was maintained
on test-days 3 and 8 with FEV1 trough increases
of 13% and 18% over baseline (pv0.01), respectively.
The rapid onset of trough response following tiotro-
pium is illustrated in figure 2. Approximately 90%

of the FEV1 improvement was achieved within 24 h
after the first tiotropium dose. The repeated measures
analysis showed no significant difference (pw0.05)
among test-days 2, 3, and 8 for trough and peak
response.

The inhalation of the first dose of ipratropium
produced a statistically significant increase in FEV1

of 24% over baseline after 30 min (pv0.01). The
peak increase in FEV1 of 26% was achieved 1–2 h
after dosing, while 6 h after inhalation the response
had dropped to 8% above baseline. The benefit of
the additional ipratropium dose given after the 6-h
measurement was evident. On test-day 2, i.e. after
four doses of ipratropium on test-day 1, the mean
FEV1 trough response was 5%. The FEV1 time/
response curves of ipratropium on test-days 1, 2, 3
and 8 were comparable.

The mean (SEM) baseline FVC was 2.49 (0.22) L
for the tiotropium group and 2.68 (0.22) L for the
ipratropium group. The time/response curves on the
four test days are shown in figure 3. The trough and
peak response in FVC for the two drugs are illustrated
in figure 2. Approximately 70% of the day 8 FVC
trough response in the tiotropium group was seen on
test-day 2, i.e. 24 h after the first dose. An additional
increase was observed on test-day 3, while the peak
effect was reached on day 8. The repeated measures
analysis showed no significant difference (pw0.05)
among test days for peak response. However, there
was a significant difference (pv0.05) for trough
response. Also, in the ipratropium group there was
a small trough FVC response (day 8), which was
of similar magnitude on test-days 2 and 3. However,
as with tiotropium the trough response continued to
improve from day 1–8.

Discussion

Tiotropium represents a new generation anti-
muscarinic agent that has been shown to provide
effective bronchodilation with once-daily dosing [7–9].
This once-daily dosing, coupled with its sustained

Table 1. –Demographics and baseline characteristics of
the randomized patients

Tiotropium Ipratropium

Subjects n 20 11
Sex M:F 15:5 10:1
Age yrs 61¡9 64¡9
Height cm 170¡8 173¡8
Weight kg 72¡14 73¡14
Smoking history pack-yrs 29¡12 38¡16
Duration of disease yrs 11¡8 10¡10
FEV1 L 1.13¡0.27 1.12¡0.42
FEV1 % pred 39¡11 37¡11
FVC L 2.87¡0.83 2.83¡0.77
FEV1/FVC % 41¡9 39¡9
Prestudy medication
for COPD n (%) of patients
Anticholinergics 5 (25) 5 (46)
b2-agonists inhaled 20 (100) 10 (91)
Steroids inhaled 15 (75) 10 (91)
Steroids oral 0 0

Data are presented as mean¡SD unless otherwise stated.
M: male; F: female; FEV1: forced expiratory volume in
one second; FVC: forced vital capacity; COPD: chronic
obstructive pulmonary disease.
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effects throughout the dosing period [7–9] makes it an
attractive agent for maintenance therapy. In general,
published information on the spirometric character-
ization of bronchodilators in COPD has included
measurements at the beginning of testing and often
1 week or 1 month later. This study sought to define
precisely the achievement of spirometric steady state in
order to fully characterize tiotropium by monitoring

serial spirometry daily for the first 8 days of therapy.
The primary finding was that trough FEV1 improve-
ment reached steady state over the first 2 days of
therapy.

This rapid steady state in the lung is not unexpected
as the topical concentration following inhalation
of 18 mg rapidly equilibrates with lung fluid and
membrane-bound receptors in the lung tissue. These
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Fig. 2. –Mean and SEM (whiskers) changes in trough and peak (over 6 h) response in forced expiratory volume in one second (FEV1)
following inhalation of a) tiotropium and b) ipratropium and forced vital capacity (FVC) following inhalation of c) tiotropium and
d) ipratropium on test-days 2, 3 and 8.
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concentrations are high in relation to the affinity
constant of tiotropium at M3-receptors and probably
leads to saturation of w90% with the first dose [3].
The rapid onset of pharmacodynamic steady state is
in contrast to the achievement of steady state in
plasma. Here, as with many long-acting agents, which
achieve a long duration of action by long plasma
half-lives, there is a slow linear accumulation in
plasma with steady state achieved at very low levels
(i.e. 5 pg?mL-1) by the second to third week of
treatment. Thus, there is no chronic accumulation
beyond this level as evidenced by steady plasma levels
for several months [14].

While the FEV1 trough response reached pharmaco-
dynamic steady state rapidly, the maximum FVC
response appeared to lag behind improvement in
FEV1 during the first week of therapy. In fact,
continued improvement in FVC was observed at the
last measurement (day 8). However, it is likely that
FVC improvements with tiotropium plateau between
day 3–8, as the report by vAN NOORD et al. [8] indicates
no significant difference between day 8–51 values. Of
interest, a similar pattern of FEV1 and FVC changes
was observed with ipratropium, although the magni-
tude of changes was clearly superior with tiotropium.
The changes in FVC observed over 8 days with
tiotropium are unlikely to be explained by slowly
accumulating M3-receptor occupancy alone, given the
observations seen with ipratropium. Hence such
changes may reflect slow improvement of the ventila-
tory condition of the lung by permanent or longer
patency of previously closed airways.

Recent data suggests that volume changes are more
important for improving the patient9s perception of
breathlessness. O9DONNELL et al. [15] has reported
that changes in hyperinflation are significantly corre-
lated to improvements in dyspnoea during exercise
testing in patients with COPD. While other measures
of static lung volume were not measured in the present
study, the improvement in FVC most likely reflects
improvements in hyperinflation. The gradual increase
in FVC over many days is consistent with the clinical
observations of improvements being a continuing
process that may not be fully appreciated within
the first few days of treatment with inhaled broncho-
dilators. Studies with other classes and formulations
of agents would also be useful in understanding these
observations.

Further implications relate to what constitutes a
bronchodilator response in patients with COPD. The
classic assessment of a "bronchodilator response" is
an FEV1 improvement higher than a predefined
threshold acutely seen with a short-acting inhaled
b-agonist, a test profiled primarily in patients with
asthma. These data and the increased emphasis on
objective monitoring of dyspnoea in clinical trials
suggests that therapeutic decisions based on an acute
b-agonist response may not be the most appropriate
test of a bronchodilator response in patients with
COPD, and a negative acute test should not exclude
a relevant clinical response. Therefore, bronchodilator
studies in patients with COPD should consider speci-
fying volume changes after several days to weeks as
an important end point, in addition to changes in

FEV1 after the first dose. These data suggest that
simple spirometric testing during clinical studies after
the first dose should not lead to definitive conclusions
about a bronchodilator9s benefits in COPD.

Future investigations may consider extending the
period of observation to determine more precisely
when FVC pharmacodynamic steady state occurs
following tiotropium administered once-daily and
assess whether the attainment of steady state is similar
for other static lung volumes including slow vital
capacity, residual volume, inspiratory capacity, func-
tional residual capacity and total lung capacity.
Furthermore, the sample size in the present study is
insufficient to determine the influence of severity of
disease on the time required to attain steady state.
It is quite probable that the extent of differing time
constants within the lung would influence the time
required to reach a steady state lung volume following
pharmacological intervention. Clinically, this phe-
nomenon provides a rationale for prolonged trials
of inhaled bronchodilators before conclusions of
clinical benefit can be stated. It is possible that a
longer trial might have allowed time for a similar
long-term improvement in lung function with ipra-
tropium [16]. A recent 12-week trial with salmeterol
in patients with COPD did also indicate progressive
improvements in morning predose FEV1 and FVC
after 4 weeks of treatment [17].

To conclude, once-daily tiotropium provides sus-
tained bronchodilation over 24 h with rapid improve-
ments in spirometric measurements. The majority of
bronchodilation is achieved with one to two doses;
however continued improvements in lung volumes
may be expected over or even beyond the first week of
therapy.
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