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Abstract The aim of this study was to determine whe-
ther 4 weeks of inspiratory muscle training (IMT) would
be accompanied by alteration in cardiopulmonary fit-
ness as assessed through moderate intensity oxygen up-
take ( _V O2) kinetics and maximal aerobic power
( _V O2max). Eighteen healthy males agreed to participate
in the study [training group (Tra) n=10, control group
(Con) n=8]. Measurements of spirometry and maximal
static inspiratory mouth pressure (PImax) were taken
pre- and post-training in addition to: (1) an incremental
test to volitional exhaustion, (2) three square-wave
transitions from walking to running at a moderate
intensity (80% ventilatory threshold) and (3) a maximal
aerobic constant-load running test to volitional fatigue
for the determination of time to exhaustion (Tlim).
Training was performed using an inspiratory muscle
trainer (Powerbreathe). There were no significant dif-
ferences in spirometry either between the two groups or
when comparing the post- to pre-training results within
each group. Mean PImax increased significantly in Tra
(P<0.01) and showed a trend for improvement
(P<0.08) in Con. Post-training Tlim was significantly
extended in both Tra [232.4 (22.8) s and 242.8 (20.1) s]
(P<0.01) and Con [224.5 (19.6) and 233.5 (12.7) s]
(P<0.05). Post-training Tlim was significantly extended
in Tra compared to Con (P<0.05). In conclusion, the
most plausible explanation for the stability in _V O2

kinetics and _V O2max following IMT is that it is due to
insufficient whole-body stress to elicit either central or
peripheral cardiopulmonary adaptation. The extension
of post-training Tlim suggests that IMT might be useful
as a stratagem for producing greater volumes of
endurance work at high ventilatory loads, which in turn
could improve cardiopulmonary fitness.
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Introduction

It has been proposed that inspiratory muscle training
(IMT) has a positive effect on cardiopulmonary fitness
during prolonged exercise performance in healthy sub-
jects (Spengler et al. 1999; Volianitis et al. 2001). How-
ever, this observation appears controversial (Inbar et al.
2000) as the mechanisms by which training of the inspi-
ratory muscles might stimulate exercise performance are
unclear, and research indicates that respiratory muscle
training is not associated with changes to maximal stroke
volume or cardiac output (Markov et al. 2001).

Several studies have reported that decreasing the
work of breathing leads to significantly longer exercise
tolerance which is associated with a reduced rate of
oxygen uptake ( _V O2), ventilation and reduced percep-
tions of respiratory and limb discomfort (Harms et al.
1998, 2000). This suggests that the work of breathing
normally encountered during sustained heavy exercise
has a significant influence on exercise performance,
possibly due to diaphragmatic fatigue or a higher dis-
tribution of blood flow to the working muscles as a
consequence of enhanced respiratory efficiency (Harms
et al. 1997; Johnson et al. 1993; Mador et al. 1993).

Enhanced cardiopulmonary function is commonly
associated with improved performance in appropriately
designed tests of cardiopulmonary fitness. Several stud-
ies have measured maximal aerobic power ( _V O2max)
following IMT, but have not reported significant gains
(Fairbarn et al. 1991; Inbar et al. 2000; Markov et al.
2001; Morgan et al. 1987; Spengler et al. 1999).

Both _V O2 kinetics and _V O2max have been shown to
improve in response to endurance training (Carter et al.
2000; Fukuoka et al. 1997; Phillips et al. 1995) and the two
measurements are also known to be enhanced in well-
trained endurance athletes (Edwards et al. 2003; Saltin
and Astrand 1967). Growing evidence suggests that the
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two measurements represent different components of
cardiopulmonary fitness (Bassett and Howley 1997;
Grassi et al. 1996; Rossiter et al. 1999), where the kinetics
of _V O2 at the onset exercise have been shown to closely
reflect the kinetics of phosphocreatine hydrolysis (Ross-
iter et al. 1999) and muscle oxygen consumption (Grassi
et al. 1996), while limitations in the transport of oxygen to
the working muscles have routinely been proposed as
controlling mechanisms for _V O2max in healthy subjects
(Bassett and Howley 1997; Wagner 1996).

_V O2 kinetics and _V O2max are known to be interre-
lated; however, Powers et al. (1985) reported a relatively
low coefficient of determination between the two mea-
sures (R2=0.64), which further supports the view that
they are reflective of different components of cardio-
pulmonary fitness. As changes in cardiopulmonary fit-
ness are routinely detected through individual responses
to appropriately designed fitness tests, the role of IMT
has therefore been assessed in terms of whether there is a
functional change in _V O2max and _V O2 kinetics in healthy
subjects undertaking this form of training.

Methods

Subjects

Eighteen healthy male subjects agreed to participate in
the study (Table 1.). All participants had normal spi-
rometry and were physically active. All subjects were
informed of the procedures in advance of the study and
informed consent was provided prior to any data col-
lection in accordance with the Institution’s Research
Ethics Committee. The subjects were assigned into two
groups one being the training group (Tra n=10) and the
other a control group (Con n=8) group.

The tests were performed at similar times of the day
and were conducted in the same routine order prior to
and following 4 weeks of training. All subjects were
required to continue their habitual physical activity
patterns over the 4 weeks training period.

Experimental design

At the beginning of the study, maximal static inspiratory
mouth pressure (PImax) was measured using a portable
hand held mouth pressure meter (Precision Medical,

London, UK) and baseline spirometry measurements
were recorded [forced vital capacity (FVC), forced
expiratory volume in 1 s (FEV1), maximal voluntary
ventilation (MVV)] (Vitalograph, Compact, Bucking-
ham, UK). These measures were followed by an incre-
mental test to volitional exhaustion on a treadmill
(Woodway PPS 55, Germany) for the combined assess-
ment of maximal aerobic power and ventilatory
threshold (Tvent).

On a subsequent occasion, all subjects completed
three square-wave exercise transitions from walking at
4 km h�1 for 4 min to running for 6 min at a moderate
intensity (80% Tvent) for the assessment of moderate
intensity _V O2 kinetics. Following a rest of 1 h, all sub-
jects completed a constant-load exercise test to examine
time to exhaustion (Tlim). The maximal running velocity
and incline of the Tlim test utilised the maximal velocity
and incline attained by each subject in the initial
assessment of _V O2max. In the Tlim test, the maximal
velocity and incline were attained progressively over 30 s
as a ramp function and followed a 5 min warm-up at
65% Tvent. Subjects were unaware of test duration and
therefore could not make a judgement as to when to
conclude the test. Tlim was identified as the time taken
(seconds) to reach volitional fatigue. All subjects com-
pleted post-test questionnaires for the analysis of per-
ceptual discomfort at maximal exercise intensity using a
Borg scale (Borg 1982).

Inspiratory muscle training

Both groups performed 30 inspiratory efforts daily using
an inspiratory muscle trainer (POWERbreathe, MT
Technologies, Birmingham, UK). Tra were required to
complete 30 maximal breaths while Con also inspired
30times, but at a resistance equivalent to 15% of maxi-
mum effort using the POWERbreathe device. The use of
negligible inspiratory resistance has been used as a
control measure in other studies (Volianitis et al. 2001),
and is thought to elicit only a minor training effect
(Romer and McConnell 2003).

Measurement of gas exchange parameters

For all exercise trials, gas exchange and minute ven-
tilation were continuously measured breath-by-breath

Table 1 Pre- and post-training
anthropometric and pulmonary
characteristics of the subjects in
the training and control groups.
Values are means (SD). FVC
Forced vital capacity, FEV1

forced expiratory volume in 1 s,
MVV maximal voluntary
ventilation

*Significant difference from
pre-training value (P<0.01)

Parameter Training (n=10) Control (n=8)

Pre-training Post-training Pre-training Post-training

Height (cm) 180.0 (5.8) 180.0 (5.8) 180.9 (5.3) 180.9 (5.3)
Body mass (kg) 83.3 (5.2) 83.1 (5.1) 85.3 (6.4) 85.1 (6.4)
FVC (l) 5.0 (0.2) 5.0 (0.2) 5.0 (0.2) 5.0 (0.2)
FEV1 (l) 4.1 (0.1) 4.2 (0.1) 4.2 (0.1) 4.2 (0.1)
MVV (l min�1) 157.0 (7.1) 157.8 (8.9) 153.6 (12.3) 154.6 (9.8)
PImax (cm H2O) 105.4 (5.5) 132.2 (7.3)* 106.8 (9.5) 114.4 (5.6)
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at the mouth. Gases were continuously drawn through
a capillary line and analysed for oxygen and carbon
dioxide concentrations by fast-response analysers util-
ising principles of electrochemical reactions for the
detection of oxygen and absorption by carbon dioxide
of appropriate wavelengths of infrared light (Cortex
3B Metalyser, Cortex Biophysik, Germany). The sys-
tem was calibrated before and verified after each test
with standard calibration gases. Expired volume was
measured by a volume-measuring turbine, which was
calibrated with a 3 l syringe (Hans Rudolph, Kansas
City, Mo.). Non-physiological background ‘noise’ was
smoothed from the breath-by-breath data by the use of
a 5-breath average.

Data analysis of _V O2 kinetics

Breath-by-breath data for the three repetitions of the
square-wave exercise transitions were linearly interpo-
lated at 1-s intervals, time aligned to the start of exercise
and ensemble-averaged to yield a single data set per
subject.

The kinetic parameters of amplitude, time delay (d)
and time constant (s) were identified from a mono
exponential model of the _V O2–time relationship in the
on-transient (Whipp et al. 1982). A mean response time
(MRT) was calculated to represent time constant and
delay (d+s). The initial 20 s of the response was re-
moved from the data set to eliminate the contribution of
the cardiodynamic phase which is not associated with
muscle _V O2 (Hughson and Morrissey 1982; Whipp et al.
1982).

Blood lactate

Arterialised capillary whole-blood samples were taken
from the finger tip prior to and at the end of each
maximal exercise test. Analysis was performed with an
Analox GM7 Multi Assay analyser (Analox, London,
UK).

Statistical analysis

The statistical software package SPSS (version 10.0,
SPSS, Chicago, Ill.) was used for all statistical analysis.
Pre- and post-training results and group interactions
were statistically compared using one-way or two-way
repeated measures analyses of variance and post-hoc
Tukey tests of honest significant difference as appro-
priate. Other group comparisons were made using
paired Student’s t-tests. The relationships between data
sets were examined using Pearson product moment
correlations. Probability values of less than 0.05 were
considered significant. All results are expressed in means
(SD) unless otherwise stated.

Results

There were no significant differences in FVC, FEV1 or
MVV either between the two groups of subjects or
within each group pre- to post-training (Table 1). Mean
PImax increased significantly in the Tra group (P<0.01)
and showed a trend for improvement (P<0.08) in the
Con group (Fig. 1). Following statistical analysis, there
were no significant relationships between spirometry and
PImax.

The results of the post training tests of _V O2 kinetics
and _V O2max showed there were no significant differences
in the two cardiopulmonary fitness measurements for
either Tra or Con (Table 2). However, both groups were
able to maintain maximal constant-load treadmill run-
ning in the Tlim test for a significantly extended duration
following the training period (Fig. 1.). The statistical
significance of this observation was strongest in Tra
(P<0.01), although this effect was also significant in
Con, albeit at a lower level (P=0.048, P<0.05)
(Table 2). Post-training Tlim was significantly extended
in Tra compared with Con (P<0.05). There were no
differences between perceptions of maximal effort across
the testing conditions.

Maximal blood lactate concentrations following
_V O2max assessment were not significantly different be-
tween Tra and Con either before training [8.5 (1.4) and
8.4 (0.9) mmol l�1 respectively] or following 4 weeks of
IMT training [8.3 (1.2) and 8.4 (1.1) mmol l�1 respec-
tively]. The maximal blood lactate concentrations fol-
lowing Tlim testing were also unaffected by IMT training
and also showed no difference between the two groups
(Fig. 2). Mean blood lactate concentrations showed a

Fig. 1 Time to exhaustion in the training (Tra) and control (Con)
groups, prior to and following 4 weeks of inspiratory muscle
training. *Significant difference pre- to post-training (P<0.05),
**P<0.01. #Significant difference between Tra and Con groups
P<0.05

141



tendency for lower peak values post training in Tra and
higher peak values in Con, but this was not a significant
observation.

Significant correlations were observed between _V O2

kinetics and _V O2max pre- (r=�0.78) (P<0.01, Fig. 3A)
and post-training (r=�0.66) (P<0.01, Fig. 3B). Coef-
ficients of determination show that MRT is significantly
dependent on _V O2max pre- (61%) and post-training
(44%). Tlim did not significantly correlate with either the
mean response time of _V O2 kinetics and _V O2max.

Maximal ventilatory measurements for _V O2max

[expiratory flow ( _V E) and _V E/ _V O2] were unchanged
from pre- [Tra 113.6 (7.7) and 28.5 (1.1) l min�1; Con
117.9 (8.6) and 29.4 (1.8) l min�1] to post-training [Tra
111.4 (8.5) and 27.6 (1.1) l min�1; Con 119.6 (8.3) and
29.9 (1.4) l min�1]. The significant extension of Tlim

observed in both groups was not supported by changes
in the ventilatory measures _V E and _V E/ _V O2 from pre-
[Tra 109.9 (7.6) and 27.8 (1) l min�1; Con 114.4 (6.3)
and 28.7 (1.4) l min�1] to post-training [Tra 107.6 (8.7)
and 26.9 (0.9) l min�1; Con 112.8 (8.1) and 28.3
(1.2) l min�1], although there was a trend for lower
maximal _V E in Tlim compared with _V O2max in Tra
(P=0.09).

Discussion

The results of the present study have shown that Tlim is
significantly extended following IMT, but this perfor-
mance gain is not supported by alteration in either _V O2

kinetics or _V O2max as indicators of cardiopulmonary
fitness.

_V O2 inmuscle is known to rapidly adjust to short-term
training in humans (Berry and Moritani 1985; Cadefau
et al. 1994; Green et al. 1995; Phillips et al. 1995) and _V O2

kinetics have previously been shown to improve after as
little as 4 days of whole-body endurance training (2 h per
day at 60% pre-training peak _V O2) (Phillips et al. 1995).
However, as a sole stratagem, IMT appears unlikely to be
a sufficient stimulus to improve whole-body cardiopul-
monary fitness in healthy subjects.

The most plausible cause of the observed stability in
_V O2 kinetics across the training period is the minimal
cardiopulmonary stimulation of this form of training.
Greater respiratory efficiency might lead to a greater
availability of oxygen for the working limb muscles, but
oxygen transport limitations have not consistently
proved influential in the assessment of _V O2 kinetics.
Speeded _V O2 kinetics would, more likely, be dependent
on direct influence on mitochondrial enzyme activation
and/or the concentrations of putative cellular metabolic
controllers at the working muscles (Grassi et al. 1996).

It is possible that a training effect could be disguised
within breath-by-breath variability as this is known to
be dependent on the algorithm used for the expression of
alveolar gas exchange (Capelli et al. 2001). In this study,
oxygen transfer was measured at the mouth and esti-
mation was not made of alveolar gas exchange. The
assessment of oxygen transfer at the mouth could lead to
greater breath-by-breath variability and artificially long
time constants of the _V O2 on-responses; however, pro-
vided sufficient repetitions of the square wave exercise
transition are performed and averaged, the noise due to
random changes of _V E is greatly reduced. Therefore,
even though the precise time course of the alveolar
oxygen transfer at the alveolar level was not estimated,
our data suggest that it was not affected by IMT.

The significant relationships between MRT and
_V O2max max pre- (r=0.78) and post-training (r=0.66)
(Fig. 3.) support the contention that both measurements
reflect cardiopulmonary fitness, while simple linear
regression analysis shows that _V O2 max can only explain

Fig. 2 Whole-blood lactate concentration across the maximal
testing conditions of maximal aerobic power ( _V O2max) and time
to exhaustion (Tlim), prior to and following 4 weeks inspiratory
muscle training

Table 2 Parameters of oxygen
uptake response for oxygen
uptake kinetics and maximal
aerobic power ( _V O2max) prior
to and following inspiratory
muscle training in the training
and control groups. Values are
means (SD). A, Amplitude, d
time delay, s time constant,
MRT (d+s) mean response
time

Parameter Training (n=10) Control (n=8)

Pre-training Post-training Pre-training Post-training

A (ml min�1) 1,650 (185) 1,669 (196) 1,639 (142) 1,686 (191)
d (s) 12.4 (2.1) 12.1 (2.2) 12.6 (2.0) 12.5 (2.1)
s (s) 18.5 (3.5) 18.3 (3.1) 19.0 (3.1) 18.6 (3.2)
MRT (s) 30.9 (3.6) 30.4 (2.3) 31.6 (3.6) 31.3 (1.9)
_V O2max

(ml kg�1 min�1)
47.9 (3.9) 48.3 (2.7) 47.4 (3.3) 47.0 (3.2)
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44% of the variation in MRT post-training (R2=0.44).
This supports the view that _V O2 kinetics may be con-
trolled by mechanisms differing to those limiting
_V O2max.

The post-training extension of Tlim in Tra (P<0.01)
provides an interesting observation as it is not supported
by significant changes in ventilation or other gas ex-
change parameters. However, this result supports earlier
work (Markov et al. 2001) in which cycle endurance
performance was extended following 15 weeks of respi-
ratory muscle training without cardiovascular adapta-
tions. Performance studies are typically prone to much
variability in Tlim because of day-to-day variations in
subject motivation, effort perceptions, learning effects
and normal biological variability. It is possible that the
cause of this finding is related to one or more of these
factors, especially as Con also significantly extended Tlim

post training (P<0.05). Sustained motivation or re-
duced dyspnoea, would clearly prove useful if they were
to lead to the maintenance of greater sustained work
loads during training, however, the long-term relation-
ship between Tlim and IMT remains to be elucidated.

An alternative explanation for the extension of Tlim

may be attributable to respiratory pump fatigue. The

occurrence of diaphragmatic fatigue has already been
established (Johnson et al. 1993; Mador et al. 1993) and
the observations of this study suggest that the respira-
tory system might prove an exercise-limiting factor in
high intensity, constant-load exercise independent of
cardiovascular adaptation (Markov et al. 2001).

Post-training blood lactate concentrations in this
study were not significantly different in either group. Tra
in this study showed a trend for lower peak blood lactate
concentrations post IMT (Fig. 2), which could suggest
greater respiratory efficiency in the utilisation and
turnover of lactate, but this observation would require
further investigation. The significant extension of Tlim

following IMT may be related to alterations in lactate
production and clearance at the respiratory muscles, but
the cause remains unclear and could be related to
increased exposure to high ventilatory challenges in
the _V O2max and Tlim tests.

In conclusion, the improvement of Pi,max in Tra
shows that IMT training enhances inspiratory muscle
strength (P<0.01); however, this is not supported by
improvement in either _V O2 kinetics or _V O2max. It is
therefore likely that IMT training alone is not of direct
benefit to the cardiopulmonary fitness of healthy sub-
jects. However, diaphragmatic fatigue may have a lim-
iting role in maximal constant-load exercise and
consequently, IMT might be a useful stratagem of
extracting greater volumes of endurance work at high
ventilatory loads, which in turn could improve cardio-
pulmonary fitness.
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