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Aims

 

Spirometry, plethysmography and impulse oscillometry (IOS) measure different
aspects  of  lung  function.  These  methods  have  not  been  compared  for  their
ability  to assess long- and short-acting anticholinergic agents. We therefore performed
a double-blind, placebo-controlled, four-way cross-over study in 30 healthy subjects.

 

Methods

 

Single doses of tiotropium bromide (Tio) 54 and 18 mcg, ipratropium bromide (IB)
40 mcg and placebo were administered. Specific conductance (sGaw), total lung
capacity (TLC), inspiratory capacity (IC) and residual volume (RV) were measured
using plethysmography, while IOS measured resistance (R5–25) and reactance (RF
and X5). Pulmonary function was measured for 26 h post dose.

 

Results

 

Tio caused significant improvements in sGaw, forced expiratory voume in 1 s (FEV

 

1

 

),
maximum mid-expiratory flow (MMEF) and R5–R25 at time points up to 26 h, with
no clear differences between doses. IB improved the same parameters, but only up
to 8 h. The weighted mean change (0–24 h) caused by Tio 54 mcg compared with
placebo for FEV

 

1

 

 was 240 ml (95% confidence interval 180, 300), while for sGaw
the ratio of geometric means (Tio compared with placebo) was 1.35 (1.28, 1.41).
Neither drug caused consistent statistically significant changes in RF, forced vital
capacity, TLC or IC over 26 h. RV was significantly improved from 8 to 24 h by Tio
54 mcg only.

 

Conclusions

 

In addition to spirometry, IOS resistance measurements and sGaw can distinguish
between the effects of long- and shortacting anticholinergic effects in healthy subjects.
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Introduction

 

Spirometry is the most commonly used method for the
measurement of bronchodilation in clinical trials. How-
ever, there are potential advantages to the use of impulse
oscillometry (IOS) and body plethysmography for the
measurement of pharmacological effects. First, there is
evidence that IOS and plethysmography are more sen-
sitive than spirometry for detecting bronchodilator
effects in patients with asthma and chronic obstructive
pulmonary disease (COPD) [1–3]. Second, IOS and
plethysmography assess physiological parameters not
measured by spirometry, namely pulmonary resistance
and reactance. Despite these potential advantages, IOS
and plethysmography are not routinely used in double-
blind, placebo-controlled clinical trials to assess the
effects of bronchodilator drugs.

The initial clinical development of novel respiratory
drugs usually involves studies in healthy volunteers
(phase 1 studies). These are designed principally to
assess pharmacokinetics and safety. The measurement
of bronchodilator effects may also be useful, to assess
whether the drug has the desired pharmacological activ-
ity. Clearly, it would be advantageous to use the most
sensitive methods in such studies. It is known that IOS,
plethysmography and spirometry can all detect bron-
chodilator effects in healthy volunteers [1, 2]. However,
the sensitivity of these three methods in a placebo-
controlled clinical trial in healthy volunteers has not
been compared.

The measurement of bronchodilation in healthy vol-
unteer phase 1 studies may provide important prelimi-
nary information regarding the onset, peak and duration
of effect of the drug. This information may be used to
aid the design of studies in patients with disease. While
it is known that bronchodilators cause measurable
effects in healthy subjects [1, 2], it is not known whether
differences in the duration of effect of short- and long-
acting bronchodilators can be robustly detected in
healthy volunteers, and whether the duration of action
is similar to that observed in patients. This important
issue will determine whether results from healthy vol-
unteer studies can be used to predict duration of action
in patients.

Inhaled muscarinic receptor antagonists are used as
bronchodilator agents in the treatment of asthma and
COPD. These drugs inhibit central (M1) and postsynap-
tic (M3) receptor signalling [4]. The nonselective (M1,
M2 and M3) antagonist ipratropium bromide (IB) has a
relatively short duration of action (approximately 6 h)
compared with tiotropium bromide (Tio) which has
greater selectivity for the M1 and M3 receptor subtypes
[4, 5]. 

 

In vitro

 

 studies have demonstrated that Tio is a

competitive receptor antagonist with a slow dissociation
half-life from the M3 receptor, contributing to a pro-
longed duration of action [6]. This prolonged duration
of action has been observed 

 

in vivo

 

; for example, Tio
causes bronchoprotection against methacholine that
lasts for at least 72 h in asthmatics [7], while bronchod-
ilation in COPD patients is sustained for at least 24 h
[5, 8].

The effects of Tio in healthy subjects have not previ-
ously been studied using IOS and plethysmography. We
have conducted a placebo-controlled, double-blind,
cross-over study in healthy volunteers using single
doses of Tio (18 and 54 mcg) and IB (40 mcg) and
measured pulmonary function using IOS, plethysmog-
raphy and spirometry. The aims of this study were (i) to
compare the ability of IOS, plethysmography and
spirometry to assess anticholinergic effects in a clinical
trial of healthy subjects and (ii) to assess whether the
duration of effect of short- and long-acting bronchodi-
lator drugs could be distinguished in a healthy volunteer
study and whether these results were similar to the
known data in patients. Our results have important
implications for the future design of phase 1 studies of
bronchodilator drugs.

 

Methods

 

Subjects

 

Thirty healthy male subjects participated (mean age
29 years). Screening lung function data are presented in
Table 1. Subjects did not have any clinically significant
disease and were either lifelong nonsmokers or ex-
smokers with a history of less than 10 pack years. Exclu-
sion criteria were a history of asthma or COPD, a
respiratory tract infection in the previous 4 weeks,
known hypersensitivity to IB, Tio bromide or atropine
and forced expiratory voume in 1 s (FEV

 

1

 

) 

 

<

 

80% pre-
dicted or FEV1/forced vital capacity (FVC) 

 

<

 

70%. All
participants were required to give written consent and
the study was approved by the local research ethics
committee.

 

Study design

 

This was a double-blind, randomized, placebo-
controlled, four-way cross-over study performed at a
single centre (PAREXEL Clinical Pharmacology
Research Unit, Northwick Park Hospital). Subjects
received a single dose of study treatment on each of four
study days that were separated by 10 days to allow ade-
quate washout. The randomized treatments were IB
40 mcg, Tio 18 mcg, Tio 54 mcg and placebo. All treat-
ments were delivered using dry powder inhalers. Sub-
jects were trained in the use of the inhaler devices.
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Subjects were given both of these inhaler devices on
each study day, with at least one being a placebo. Study
medication was administered at 08.00 h and pulmonary
function was measured predose and at 2, 5, 8, 12, 16,
24 and 26 h postdose.

 

Pulmonary function measurements

 

For IOS (Masterscreen IOS; Erich Jaeger, Hoechberg,
Germany) subjects supported their cheeks to reduce
upper airway shunting while impulses were applied dur-
ing tidal breathing for 30 s. R5, R10, R15, R20 and R25
(respiratory resistance 5–25 Hz), X5 (reactance at 5 Hz)
and RF (resonant frequency) were recorded. Airway
resistance (Raw), specific conductance (sGaw), func-
tional residual capacity (FRC), vital capacity (VC) and
inspiratory capacity (IC) were measured in a constant
volume plethysmograph (Jaeger Masterscreen body).
Total lung capacity (TLC) and residual volume (RV)
were then calculated from these parameters. IOS and
body box measurements were performed in triplicate
and the mean used for further analysis. Maximum
expiratory flow volume measurements [FEV

 

1

 

, FVC and
MMEF] were performed using the Jaeger Masterscreen
body. Readings were again performed in triplicate, with
the highest FEV

 

1

 

 and FVC and the mean MMEF used
in further analysis.

 

Statistical analysis

 

The sample size for this study was based on the primary
endpoint of sGaw. Our previous data estimate the
between-subject variability of sGaw to have a standard
deviation of 0.22 kPa

 

−

 

1

 

 s

 

−

 

1

 

. Using 30 subjects provided
90% power to detect a 21% decrease in sGaw at 24 h.
Pulmonary function data were analysed using a mixed
model that included treatment, time, period, a treatment
by time interaction and baseline (a continuous covariate)

fitted as fixed effects and subject fitted as a random
effect. Baseline was defined as the predose measurement
for each treatment group. Individual time points were
compared as well as weighted mean values over 24 h.
Nonparametric data (sGaw, Raw and RF) were analysed
following a natural logarithmic transformation and treat-
ment ratios of all statistical comparisons calculated by
taking the antilog of the difference between the least
squared means. Effect sizes were determined by calcu-
lating the treatment differences (active 

 

vs.

 

 placebo)
divided by the within-subject SD of repeated measure-
ments. This allowed the magnitude of the change in the
different measurements to be compared by standar-
dizing the treatment effects by the variability of the
measurement.

 

Results

 

Twenty-nine subjects completed the study. One subject
withdrew consent after the first study day, at which IB
was administered. The data for this subject are included
in the statistical analysis.

Tio 54 mcg and 18 mcg caused statistically signifi-
cant improvements in sGaw and Raw at all timepoints
up to 26 h postdose compared with placebo (see
Figure 1 for mean and 95% confidence intervals). How-
ever, this effect was observed only for IB up to 8 h
postdose. Similar results for both Tio and IB were
observed using the spirometry measurements FEV

 

1

 

 and
MMEF (Figure 2) and the IOS resistance measure-
ments R5, R15, R20 and R25 (Figure 3). IOS reactance
measurements (RF and X5, see Figure 3) did not show
any consistent pattern of change over 26 h. Lung vol-
ume measurements (FVC, TLC and IC, data not
shown) did not change with any of the treatments. The
only exception to this pattern was observed for RV; Tio

 

FEV

 

1

 

 (l) 4.8 (0.5) R5 (kPa l

 

−

 

1

 

 s) 0.25 (0.04)
FVC (l) 5.8 (0.5) R15 (kPa l

 

−

 

1

 

 s) 0.22 (0.04)
MMEF (l s

 

−

 

1

 

) 5.0 (1.5) R20 (kPa l

 

−

 

1

 

 s) 0.23 (0.04)
sGaw (s

 

−

 

1

 

 kPa

 

−

 

1

 

) 1.6 (0.3) R25 (kPa l

 

−

 

1

 

 s) 0.24 (0.04)
Raw (kPa l

 

−

 

1

 

 s) 0.17 (0.04) RF (Hz) 9.9 (2.0)
RV (l) 2.2 (0.4) X5 (kPa l

 

−

 

1

 

 s)

 

−

 

0.07 (0.03)
IC (l) 3.9 (0.5)
TLC (l) 7.9 (0.8)

 

FEV

 

1

 

, Forced expiratory voume in 1 s; FVC, forced vital capacity; MMEF, maximum
mid-expiratory flow; sGaw, specific conductance; Raw, airway resistance; RV, resid-
ual volume; IC, inspiratory capacity; TLC, total lung capacity. 

 

Table 1

 

Baseline lung function data for 30 healthy 
subjects. Mean (SD) presented
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(54 mcg dose) caused statistically significant decreases
in RV from 8 to 24 h postdose (Figure 4).

The weighted mean changes over 24 h in the pulmo-
nary function measurements that showed improvements
at individual time points after drug treatments (i.e.
sGaw, Raw, FEV

 

1

 

, MMEF and IOS resistance measure-
ments) are shown in Table 2. The 95% confidence inter-
vals demonstrate statistically significant improvements
in sGaw, Raw, FEV

 

1

 

, MMEF and IOS resistance mea-
surements after both doses of Tio. As the duration of
effect of IB was only 8 h, the weighted mean changes
over 24 h were smaller. To compare the weighted mean
changes obtained by different measurements, the
weighted mean percentage changes (compared with pre-

dose) after the 54 mcg dose of Tio were calculated. The
greatest percentage improvement compared with pla-
cebo was observed with sGaw (35%), with smaller
changes for R5 (13.1%), R20 (13.6%), FEV

 

1

 

 (5.1%) and
MMEF (19.4%). The relative changes in lung function
were further compared by the use of effect sizes
(Table 3); sGaw data demonstrated larger effect sizes
compared with the other parameters.

 

Discussion

 

Our primary objectives were to compare the sensitivity
of IOS, plethysmography and spirometry for measuring
anticholinergic effects in a clinical trial of healthy sub-
jects and to assess whether the duration of effect of

 

Figure 1 

 

Effect of anticholinergic bronchodilators on body plethysmographic measurements in 30 healthy subjects. The data was log-transformed data and the 

ratio of the geometric means compared to placebo is presented. Error bars are 95% confidence intervals. 
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Figure 2 

 

Effect of anticholinergic bronchodilators on spirometry measurements in 30 healthy subjects. The mean difference compared to placebo is presented. 

 

Error bars are 95% confidence intervals. 
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short- and long-acting bronchodilator drugs could be
distinguished in a healthy volunteer study. The key find-
ings were of improvements in pulmonary resistance,
whether measured by plethysmography or IOS (R5–
R25) and spirometric parameters (FEV

 

1

 

 and MMEF).
However, there were no consistent improvements in IOS
reactance measurements and lung volume measure-
ments (except for RV after the higher Tio dose). Pulmo-
nary resistance, FEV

 

1

 

 and MMEF measurements were
therefore the most sensitive for assessing the effects of
anticholinergic bronchodilators in this healthy volunteer
study. Importantly, these measurements clearly demon-
strated differences in duration of action between Tio and
IB, and may be of considerable use in defining the
duration of action of novel bronchodilator agents in
future healthy volunteer studies.

Previous studies comparing IOS, plethysmography
and spirometry in healthy subjects were not placebo
controlled or blinded and studied only the effects of
short-acting bronchodilators [1, 2]. In contrast, the cur-
rent study was double blinded and placebo controlled
and involved both long- and short-acting agents. This
study design enabled a robust comparison of the three
different measurement techniques. It was clearly dem-
onstrated that the magnitude of effect differs between
techniques, e.g. the weighted mean change over 24 h
after Tio 54 mcg compared to placebo was 35% for
sGaw, but only 5.1% for FEV

 

1

 

. Interestingly, the per-
centage changes observed for body plethysmography,
spirometry and IOS resistance parameters were very
similar to the maximal effects reported in dose–response
studies of IB [2] and salbutamol [1], i.e. in these previ-

 

Figure 3 

 

Effect of anticholinergic bronchodilators on IOS measurements in 

30 healthy subjects. For IOS resistance measurements (R5 and R20), the 

mean difference compared to placebo is presented. R15 and R25 data 

(not shown) was similar to R5 and R20. RF data was log-transformed and 

the ratio of the geometric means compared to placebo is presented. X5 

data (not shown) was similar to RF data. Error bars are 95% confidence 

 

intervals. 
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Figure 4 

 

Effect of anticholinergic bronchodilators on RV measurements in 

30 healthy subjects. The mean difference compared to placebo is 

presented. Error bars are 95% confidence intervals. 
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ous reports, the maximal sGaw changes in healthy sub-
jects were in the range 18–26%, FEV

 

1

 

 improvements
were 

 

<

 

10%, while MMEF and IOS resistance parame-
ters were between 10 and 20%. The current study, com-
bined with these previous reports [1, 2], shows the
degree of change that can be expected in these mea-
surements in healthy subjects after bronchodilator
treatments.

The sensitivity of a lung function method to detect a
drug effect is determined by the magnitude of effect
caused by the drug relative to the variability of the
method. Indeed, it has been demonstrated that reducing
the variability of sGaw in healthy subjects, by increasing
the number of readings, reduces method variability and
consequently increases sensitivity [2]. We used effect

sizes to compare treatment effects with the variability of
the measurement, and found that the largest effect size
was observed with sGaw. This indicates that sGaw not
only had the largest percentage improvements after drug
treatment, but was also the most sensitive measurement
in the current study. It should be noted that the variabil-
ity of sGaw can be relatively high in healthy subjects [1,
2]. The current study, using a large sample size and
placebo-controlled cross-over design, enabled this vari-
ability to be controlled so that sGaw could sensitively
detect the effects of anticholinergic agents in healthy
subjects.

IOS uses flow oscillations generated by a loud
speaker that are superimposed on normal breathing. The
resulting pressure and flow changes are analysed by

 

Table 2

 

Weighted mean change (0–24 h) in lung function measurements compared to placebo

 

sGaw Raw FEV

 

1

 

MMEF R5 R20

 

Tio 54 mcg 1.35 0.76 0.24 0.92

 

−

 

0.035

 

−

 

0.034
(1.28, 1.41) (0.72, 0.8) (0.18, 0.3) (0.74, 1.1) (

 

−

 

0.044-

 

−

 

0.025) (

 

−

 

0.043-

 

−

 

0.024)
Tio 18 mcg 1.28 0.79 0.18 0.76

 

−

 

0.034

 

−

 

0.035
(1.22, 1.34) (0.75, 0.84) (0.12, 0.24) (0.58, 0.94) (

 

−

 

0.044-

 

−

 

0.025) (

 

−

 

0.044-

 

−

 

0.025)
IB 1.08 0.93 0.06 0.2

 

−

 

0.002

 

−

 

0.008
(1.03, 1.14) (0.88, 0.99) (0.001, 0.12) (0.03, 0.39) (

 

−

 

0.012-0.008) (

 

−

 

0.017-0.002)

 

Tio, tiotropium bromide; IB, Ipratropium bromide. Only parameters that showed statistical significance at individual time points
are shown. R15 and R25 data not shown as similar to other IOS data. For log-transformed data [sGaw and Raw], the ratio
compared to placebo is presented. For other endpoints, the difference compared to placebo is presented [units are FEV

 

1

 

: l;
MMEF: l s

 

−

 

1

 

; R5 and R20: kPa l

 

−1 s). All data is mean (95% CI).

Treatment Time, h sGaw FEV1 MMEF R5 R20

IB 40 µg 12 0.27 0.06 0.01 −0.07 −0.25
Tio 18mcg 12 2.31 1.46 1.43 −1.57 −1.49
Tio 54mcg 12 2.94 1.80 1.93 −1.68 −1.57
IB 40mcg 24 −0.46 −0.11 −0.14 0.57 0.30
Tio 18mcg 24 2.30 1.43 1.79 −1.49 −1.49
Tio 54mcg 24 2.56 1.90 2.10 −1.45 −1.29

IB, Ipratropium bromide; Tio, tiotropium bromide; sGaw, specific conductance; FEV1,
forced expiratory volume in 1 s; MMEF, maximum mid-expiratory flow. For sGaw,
FEV1, MMEF and RV, improvements in lung function cause positive effect sizes. For
R5 and R20, improvements in lung function cause negative effect sizes (as impulse
oscillometry resistance parameters decrease as lung function improves).

Table 3
Effect size calculations for treatments 
compared with placebo
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Fourier analysis to determine respiratory resistance and
reactance at multiple frequencies. The identical changes
that we observed in resistance measurements across the
range of frequencies between 5 and 25 Hz probably
reflect physiological changes in large airways, without
associated change in resistance in peripheral airways
(9). In contrast, there was no change in IOS reactance
measurements. This is entirely consistent with previous
findings in healthy subjects using IB [2] or salbutamol
[1]. This is probably because healthy subjects have nor-
mal respiratory reactance that does not change after
bronchodilation. In contrast, patients with obstructive
lung disease have abnormalities of reactance mea-
surements, which can be improved by bronchodilation
[1–3].

No changes in lung volume measurements at any time
point except for RV after the higher Tio dose were
observed. Tio is known to cause a reduction in hyperin-
flation in COPD patients [10, 11]. Obviously, healthy
volunteers do not have hyperinflation, but nevertheless
our data show that Tio does cause some changes in lung
volumes in healthy subjects, albeit at a higher dose than
used in clinical practice for COPD.

Tio is known to cause bronchodilation in COPD
patients that lasts for at least 24 h [4, 5, 8]. Furthermore,
this drug protects against methacholine challenge in
asthmatics for up to 72 h [7]. In the current study, a
single dose of Tio caused improvements in lung physi-
ology in healthy subjects that lasted for at least 26 h.
This indicates that healthy volunteer studies of bron-
chodilation caused by anticholinergic agents provide
data on duration of action that are similar to results in
patients. We encourage the future measurement of bron-
chodilation in healthy volunteer studies of novel anti-
cholinergic drugs. The choice of measurement methods
is usually guided by sensitivity, as well as practical
issues. Although this study has shown that body plethys-
mography is a sensitive method, it is also the most
complex and time consuming, requiring a greater degree
of operator training. IOS is a practically simpler
procedure for measuring respiratory resistance. It also
provides measures of resistance across a range of fre-
quencies to reflect separate indices of peripheral or more
proximal airway effects [9].

In summary, we have shown that pulmonary anticho-
linergic effects in a healthy volunteer clinical trial can

be measured using sGaw, IOS resistance measurements,
FEV1 and MMEF. These measurements provide infor-
mation regarding duration of action that is similar to
published data in patients, and thus can be used to esti-
mate the likely dosing frequency for future novel bron-
chodilator agents.

Competing interests: None declared.
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