G Model
RESPNB-1277;

No. of Pages 9

ARTICLE IN PRESS
Respiratory Physiology & Neurobiology xxx (2009) xxx–xxx

Contents lists available at ScienceDirect

Respiratory Physiology & Neurobiology
journal homepage: www.elsevier.com/locate/resphysiol

Effects of different respiratory muscle training regimes on fatigue-related
variables during volitional hyperpnoea
Samuel Verges ∗ , Andrea S. Renggli, Dominic A. Notter, Christina M. Spengler
Exercise Physiology, Institute for Human Movement Sciences, ETH Zurich, and Institute of Physiology and Center for Integrative Human Physiology (ZIHP),
University of Zurich, Zurich, Switzerland

a r t i c l e

i n f o

Article history:
Accepted 7 September 2009
Keywords:
Respiratory muscle endurance training
Hyperpnoea
Respiratory muscle fatigue
Respiratory sensations

a b s t r a c t
We compared the effects of the most commonly used respiratory muscle (RM) training regimes: RM
endurance training (RMET; normocapnic hyperpnoea) and inspiratory resistive training (IMT), on RM
performance. Twenty-six healthy men were randomized into 3 groups performing 4 weeks of RMET, IMT
or sham-training. Lung function, RM strength and endurance were tested before and after training. RM
fatigue during intermittent hyperpnoea was assessed by twitch oesophageal (Poes,tw ) and gastric pressures
with cervical and thoracic magnetic stimulation. Respiratory sensations (visual analogue scale, 0–10) and
blood lactate concentrations ([La]) were assessed during hyperpnoea. RMET increased maximal voluntary
ventilation while IMT increased maximal inspiratory pressure. Both RMET and IMT increased vital capacity and RM endurance, but only RMET improved the development of inspiratory muscle fatigue (from
−31% to −21% Poes,tw ), perception of respiratory exertion (4.2 ± 0.1 to 2.3 ± 2.3 points) and [La] (1.8 ± 0.4
to 1.3 ± 0.3 mmol l−1 ) during hyperpnoea. Whether these speciﬁc RMET-induced adaptations observed
during hyperpnoea would translate into greater improvements in exercise performance compared to IMT
remains to be investigated.
© 2009 Elsevier B.V. All rights reserved.

1. Introduction
Respiratory muscle training has been used to improve respiratory muscle function in healthy subjects [for review see: (Sheel,
2002)] and in patients [for review see: (Geddes et al., 2005;
Padula and Yeaw, 2007)]. In studies with healthy subjects, two
different forms of respiratory muscle training have mainly been
employed: (i) respiratory muscle endurance training in the form
of volitional normocapnic hyperpnoea [RMET (Leith and Bradley,
1976; Boutellier et al., 1992; Boutellier and Piwko, 1992; McMahon
et al., 2002; Holm et al., 2004; Leddy et al., 2007; Wylegala
et al., 2007)] and (ii) inspiratory muscle training using external resistances or threshold loads [IMT (Leith and Bradley, 1976;
Suzuki et al., 1993; Volianitis et al., 2001; Romer et al., 2002a;
Gething et al., 2004; Brown et al., 2008)]. While RMET involves
high-speed/low-resistance contractions of both inspiratory and
expiratory muscles, IMT employs resistance-training principles
with high-resistance/low-speed contractions and is conﬁned to
inspiratory muscles.
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fax: +33 4 76 76 56 17.
E-mail address: sverges@chu-grenoble.fr (S. Verges).

From ‘general’ skeletal muscle training it is well known that
the ability of a training stimulus to improve performance in a
target task depends on speciﬁc structural and functional adaptations occurring, i.e. the speciﬁcity of the muscle groups involved,
contraction characteristics (e.g. velocity, strength), neuromuscular
coordination and metabolic requirements (Faulkner, 1984). Thus,
because RMET and IMT involve to some extent, different muscle groups, muscle loads and speeds of contraction, these training
methods are likely to cause different respiratory muscle adaptations, as suggested by speciﬁc functional adaptations. Examples of
these adaptations are the increased capacity to perform intensive
hyperpnoea after RMET only (Leith and Bradley, 1976; Boutellier
et al., 1992; Boutellier and Piwko, 1992; McMahon et al., 2002;
Holm et al., 2004; Leddy et al., 2007; Wylegala et al., 2007), and
the increased maximal inspiratory mouth pressure generation after
IMT only (Leith and Bradley, 1976; Suzuki et al., 1993; Volianitis
et al., 2001; Romer et al., 2002a; Gething et al., 2004; Brown et
al., 2008). Hence the speciﬁc muscular adaptations to RMET and
IMT may have different effects on muscle fatigue and endurance
performance as well as physiological responses (e.g. lactic acid production, respiratory sensations) during hyperpnoea.
Currently, respiratory muscle fatigue is believed to affect wholebody endurance performance by eliciting a metaboreﬂex (Dempsey
et al., 2006). This reﬂex is thought to originate in fatigued respiratory muscles by stimulating type IV afferents as a result of increased
local metabolites, e.g. lactate concentration, which then increase
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muscle sympathetic output causing limb vasoconstriction. Therefore the efﬁciency of different respiratory muscle training regimes
in improving whole-body endurance performance may depend on
the ability to prevent or reduce respiratory muscle fatigue and the
associated changes in local metabolites during exercise-induced
hyperpnoea. The ability and extent to which the different respiratory muscle training regimes applied in current exercise studies
speciﬁcally affect the development of respiratory muscle fatigue
and local metabolism during hyperpnoea is, however, unknown.
Therefore, the aim of the present investigation was to compare
the effects of the two most frequently used training regimes in
healthy subjects: RMET and IMT. Based on the speciﬁc characteristics of the ventilatory load applied during hyperpnoea and during
inspiratory resistive breathing (Belman et al., 1994), we hypothesized that (i) only RMET would induce endurance training-speciﬁc
metabolic changes (e.g. reduction in blood lactate concentration),
(ii) RMET would reduce the development of inspiratory as well
as expiratory muscle fatigue during volitional hyperpnoea and
improve endurance performance more than IMT, which would only
reduce respiratory muscle fatigue (if at all), and (iii) as a result, during volitional hyperpnoea, adverse respiratory sensations would be
reduced to a larger extent after RMET than after IMT.

device provides the subject with breath-by-breath feedback of tidal
volume (VT ) and respiratory frequency (fR ). Target minute ventilation (V̇E ) was ﬁrst set at 70% of maximal voluntary ventilation in 15 s
(MVV15 ) with VT at 50–60% of vital capacity (VC, similar to hyperpnoea during intense exercise) and fR adjusted accordingly. The
device was connected to a metabolic cart (Oxycon Alpha, Jaeger,
Höchberg, Germany) equipped with a turbine and an infrared
absorption sensor for CO2 -measurement to check ventilatory variables and normocapnia. V̇E was adjusted, if necessary, to allow the
subject to just complete 8 min of hyperpnoea (eventually leading
to 135 ± 14 l min−1 for the RMET-group, 140 ± 24 l min−1 for the
IMT-group and 140 ± 17 l min−1 for the SHAM-group, i.e. 70 ± 9%,
69 ± 13% and 74 ± 6% of individual MVV15 , respectively).
The second experimental session, which included the RET, took
place at least 2 days later. Following this, the subjects started the
30-day training period. For details of both, see below.
At least 2 days after the last training session lung function and
maximal mouth pressures were determined, and after at least a
further 2 days the RET was repeated.
The person conducting the experimental sessions was blinded
regarding the type of training that the subjects had performed.
2.3. Respiratory endurance test (RET)

2. Methods
2.1. Subjects
Twenty-six moderately trained, non-smoking, male volunteers
with normal lung function (see results for details) were studied. Subjects were randomly assigned to one of three groups:
RMET-group (n = 8; age 28 ± 4 years, height 180 ± 5 cm, weight
72 ± 4 kg; performing respiratory muscle endurance training in
the form of normocapnic hyperpnoea), IMT-group (n = 10; 26 ± 6
years, 183 ± 5 cm, 76 ± 6 kg; performing inspiratory resistive training) and SHAM-group (n = 8; 26 ± 6 years, 181 ± 6 cm, 71 ± 7 kg;
performing sham-training). Subjects refrained from strenuous
physical exercise 2 days before the test sessions and performed
no physical exercise the day prior to as well as the day of the test.
Caffeinated beverages were forbidden before the test and subjects
ate their last meal at least 2 h before each test. Subjects did not
receive any ﬁnancial reimbursement for participating, and all gave
their written informed consent. The protocol was approved by the
local ethics committee and performed according to the Declaration
of Helsinki.
2.2. Protocol
In a preliminary session, subjects were thoroughly familiarized
with their respective training device and with the different laboratory procedures, i.e. performance of lung function measurements,
respiratory muscle pressure measurements, and performance
of normocapnic hyperpnoea as required during the respiratory
endurance test (RET; for details see below).
In the ﬁrst experimental session, maximal inspiratory (MIP) and
expiratory (MEP) mouth pressures were determined (from residual volume and total lung capacity, respectively). Pressures were
measured via a mouthpiece attached to a non-compliant tubing
system, including a 0.4 mm leak to avoid glottis closure, attached
to a Validyne pressure transducer (DP45-34; Northridge, CA, USA),
and the signal being ampliﬁed (CD19A, Validyne, Northridge, CA,
USA), ADD-converted (MacLab, ADInstruments, Castle Hill, Austral)
and stored (Chart Software 5.0.1, ADInstruments). The manoeuvres
were performed according to standard procedures (ATS/ERS, 2002).
The level of hyperpnoea to be used in the RET was then determined:
subjects breathed with the SpiroTiger (Idiag, Fehraltorf, Switzerland), a partial rebreathing device that ensures normocapnia. This

The RET consisted of 8-min of normocapnic hyperpnoea followed by a 6-min pause, followed by a further 8-min of hyperpnoea,
another 6-min pause, etc., until task failure, as previously described
(Renggli et al., 2008). The test was performed with the SpiroTiger
device connected to the metabolic cart. Task failure was deﬁned
as (i) subjective exhaustion and/or (ii) the subject’s inability to
maintain target ventilation (V̇E , VT or fR ) despite three consecutive “warnings” by the experimenter. The test was stopped by the
experimenter if the subject reached a total of 40 min of hyperpnoea,
i.e. test duration of 64 min.
V̇E , VT , fR and end-tidal CO2 partial pressure (PET CO2 ) were
recorded continuously during hyperpnoea. To assess Poes and
Pga , conventional balloon-catheters (Milic-Emili et al., 1964) were
connected to Validyne pressure transducers (DP45-34). Transdiaphragmatic pressure (Pdi ) was obtained by online subtraction
of Poes from Pga . Analogue signals were ampliﬁed, digitized and
recorded on a Macintosh computer.
Subjects were asked to rate their perception of respiratory
sensations before the start of RET, during the last 30 s of each
8-min period of hyperpnoea, and at task failure. Breathlessness
and respiratory exertion were assessed by means of a visual analogue scale (VAS) split post hoc into values between 0 and 10.
They were labelled with the qualities “breathlessness” and “respiratory exertion” and ranged from “none” on the left-hand side
to “maximal” on the right-hand side. Subjects were interviewed
extensively prior to the test regarding their experience and understanding of different respiratory sensations. Subsequently, we
discussed which sensations meant breathlessness (Atemnot, i.e.
the sensation of “not getting enough air”) and which meant respiratory exertion (Atmungsanstrengung, i.e. “how difﬁcult it is to
breathe”), respectively. This ensured that subjects could distinguish between breathlessness and respiratory exertion (Harver et
al., 2000; Lansing et al., 2000). The deﬁnitions were read to the
subjects before each test and the following calibration terms were
used as previously discussed with the subjects: “none” was deﬁned
as perceiving no breathlessness/respiratory exertion, similar to the
sensation when sitting on a chair at rest; “maximal” was deﬁned
as the intensity at which the hyperpnoea task would have to be
stopped immediately due to this particular sensation. Immediately
after the rating, 20 l of arterialized capillary blood was taken from
an ear lobe for blood lactate analysis. Analysis was performed with a
Biosen 5040-lactate analyzer (EKF Diagnostik, Barleben, Germany).
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Poes and Pga were recorded during cervical and thoracic magnetic nerve stimulation before the start of the RET, immediately
after each 8-min period of hyperpnoea, at task failure, and after
30 and 60 min of recovery. Magnetic nerve stimulation was carried
out using a MagStim 200 (MagStim, Shefﬁeld, UK) equipped with
a 90 mm circular coil. Cervical magnetic stimulation of the phrenic
nerves was performed at the C7 level while subjects were seated
comfortably in a special chair (Similowski et al., 1989). Thoracic
stimulation of the nerve roots innervating the abdominal muscles
was performed at the T10 level while subjects lay prone on a bed
(Kyroussis et al., 1996). To avoid the confounding effect of potentiation (Mador et al., 1994; Kyroussis et al., 1996), subjects performed
three 5-s maximal inspiratory (before cervical stimulation) or expiratory (before thoracic stimulation) efforts against a closed airway
prior to the ﬁrst series of three stimulations. Prior to the following
two sets of three stimulations, one 5-s maximal contraction was
performed. Nine stimulations were delivered at functional residual
capacity (FRC) with the airway occluded. To assure FRC, the experimenter checked on an oscilloscope (Tektronix, Beaverton, OR, USA)
that Poes before every stimulation stayed at a similar level over the
entire protocol for each subject on each stimulation position (i.e.
sitting and lying). Supramaximality of stimulation was checked by
decreasing the stimulation intensities from 100 to 98, 94, 90, 80 and
70% of maximal stimulator output (six stimulations at each intensity) either with cervical (n = 9) or thoracic stimulation (n = 10) after
RET. The order of cervical and thoracic stimulations was randomized between subjects but remained constant for a given subject
during the entire RET session as well as during RETs before and
after the respective training period.
The RET could not be completed by one subject in the RMETgroup, three subjects in the IMT-group and three subjects in the
SHAM-group, due to inability to swallow or tolerate ballooncatheters on the day of the ﬁrst test.
2.4. Respiratory muscle training/sham-training
The RMET-group completed 20 training sessions lasting 30 min
(within 30 days) with 1 day of rest following 2 consecutive days
of training, according to previous studies (Boutellier et al., 1992;
Boutellier and Piwko, 1992; McMahon et al., 2002; Holm et al.,
2004; Leddy et al., 2007; Wylegala et al., 2007). Subjects performed
voluntary normocapnic hyperpnoea using the SpiroTiger with a target VT and fR and a duty cycle of 0.5. Minute ventilation of the ﬁrst
training session was set at 60% of the individual MVV15 , with VT
set at 50–60% VC and fR was adjusted accordingly. Subjects were
required to maintain this V̇E for 30 min. If subjects felt after 25 min
of training that they would not be exhausted after 30 min of training, they were instructed to increase fR by 5 breaths min−1 for
the last 5 min of the training. In this case, the next training session started with an fR that was 2 breaths min−1 higher than fR
at the start of the previous session. Otherwise, if subjects could
not increase fR after 25 min of training, the next training session
started with fR increased by 1 breath min−1 . If subjects felt after
25 min of training that they would not able to continue for another
5 min at the same target fR , they were allowed to decrease fR by
5 breaths min−1 . In this case the next training session started with
identical settings to the previous training.
The IMT-group trained twice a day every day for 30 days with
an inspiratory resistance-training device (DeVilbiss RT-Trainer,
Hounslow, UK), according to previous studies (Volianitis et al.,
2001; Romer et al., 2002b). Before each training session, subjects
performed three maximal inspiratory manoeuvres from residual
volume to total lung capacity against the internal resistance (i.e.
inspiring through a small hole). Subjects were requested to inspire
as hard and fast as possible. The pressure–time curves were displayed on a computer screen. From the three breaths, the breath
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that achieved the highest area under the curve (AuC) was taken as
the reference breath for the training session. The software then calculated a curve referring to 80% of this pressure at any time point
which was displayed on the computer screen. This curve had to be
reproduced 30 times by the subjects. Each inspiration lasted about
20 s. After each inspiration, a 10-s pause allowed normal breathing.
Thus one training session lasted about 15 min. If a training breath
did not achieve at least 95% of the target AuC, it was discarded by
the system and the subject had to repeat it. The AuC of each training breath was recorded as an index of the work performed. This
resulted in an average training load of 62% ± 5% MIP.
The SHAM-group trained twice a day every day during 30 days
using an incentive spirometer (Voldyne 5000 R, Sherwood Medical,
St. Louis, USA). The subjects were instructed to completely exhale
slowly. Then they inspired slowly up to 70% of their VC, producing
a constant ﬂow controlled by feedback from the device. This procedure was repeated every 30 s (paced by a metronome) for 15 min,
twice a day, resulting in a total of 60 inspirations per day. Subjects
were told they were training their respiratory muscle coordination, which would have the potential to improve respiratory muscle
efﬁciency and reduce muscle fatigue during hyperpnoea.
To verify compliance, heart rate (HR) was recorded during each
session using a heart rate monitor (Polar Vantage, Polar Electro,
Kempele, Finland). Training data of RMET and IMT were recorded
by the training system and checked during each laboratory visit.
In addition the settings of every training were recorded by the
subjects in a diary. Training was performed at home, except for
every ﬁfth training session that was supervised in the laboratory
to ensure correct performance. For the RMET-group, the SpiroTiger
was connected to the metabolic cart to ensure that normocapnia
was maintained and to adjust ventilatory settings if subjects felt
uncomfortable with the fR of their target V̇E that they had reached
in the past week. In this case, VT was changed and fR was adjusted
accordingly. Once per training day, lung function [VC, forced inspiratory volume in 1 s (FIV1 ), forced expiratory volume in 1 s (FEV1 ),
peak inspiratory ﬂow rate (PIF), peak expiratory ﬂow rate (PEF),
MVV15 ] was determined by the subject using a portable spirometer
(Spirobank, Medical International Research, Rome, Italy). Measurements were performed before and directly after the training session
for RMET- and IMT-groups while subjects in the SHAM-group
only performed before-training measurements to avoid a muscular
training effect provided by repeated MVV-manoeuvres. Lung function data were not available for one subject in the RMET-group,
three subjects in the IMT-group and one subject in the SHAM-group
due to technical problems. These subjects were not those who were
unable to perform the RET.
2.5. Data analysis
As all subjects that performed the RET were able to complete
at least two 8-min hyperpnoea periods, we analyzed (i) respiratory muscle twitch forces before RET, after the ﬁrst and second
8-min periods of hyperpnoea, immediately after task failure, and
after 30 and 60 min of recovery, and (ii) respiratory sensations and
blood lactate concentrations measured before the RET, at the end
of the ﬁrst and second 8-min periods of hyperpnoea and at task
failure.
Within each group, changes over the course of the RET and differences before vs. after the training period were assessed using
a two-way analysis of variance (ANOVA) with repeated measures
and Fisher’s protected least-signiﬁcant difference post hoc analysis (SPSS 11, Chicago, IL, USA). Changes in daily lung function
variables were analyzed over the course of the training period by
one-way ANOVA with repeated measures and Fisher’s protected
least-signiﬁcant difference post hoc analysis. All results are given as
means ± SD and p < 0.05 was considered as statistically signiﬁcant.
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8.6 ± 1.0 l s−1 in the ﬁrst training session to 9.1 ± 1.1 l s−1 in the last
training session, p < 0.05), while there was no signiﬁcant change
over the course of the RMET- and IMT-periods (results not shown,
p > 0.05).
MVV15 increased signiﬁcantly only after the RMET-period
(from 122.4 ± 8.9 l min−1 in the ﬁrst training session to 130.2 ±
16.8 l min−1 in the last training session, p < 0.05).
3.2. Effect of training on respiratory muscle force and endurance

Fig. 1. Average minute ventilation (V̇E ) during each respiratory muscle endurance
training session over the 30-min training. ***Signiﬁcantly different from the ﬁrst
session (p < 0.001).

3. Results
Training compliance was excellent. All of the subjects performed all training sessions. Mean V̇E during each RMET-session
is shown in Fig. 1. A signiﬁcant increase in V̇E was observed
over the training period. AuC during the IMT-sessions increased
signiﬁcantly over the 1-month period (Fig. 2). Average HR during training sessions of the ﬁrst and last quarters of the training
period were 93 ± 13 bpm and 101 ± 12 bpm in the RMET-group,
80 ± 15 bpm and 86 ± 17 bpm in the IMT-group, 69 ± 11 bpm and
69 ± 13 bpm in the SHAM-group, respectively (p < 0.05 between
groups).
3.1. Effect of training on lung function
Mean daily lung function data measured before and after each
training session throughout the training periods are shown in
Table 1. After RMET-sessions, VC, FIV1 , FEV1 , PEF and MVV15 were
signiﬁcantly reduced. After IMT-sessions, only PEF was signiﬁcantly
reduced.
VC, FEV1 and PIF measured before each training session throughout the training periods are shown in Fig. 3. Over the course
of the RMET-period, VC increased signiﬁcantly. Over the course
of the IMT-period, VC and FEV1 increased signiﬁcantly while PIF
decreased signiﬁcantly. Over the course of the SHAM-period no
change in VC, FEV1 and PIF were observed. PEF, however, increased
slightly but signiﬁcantly over the course of the SHAM-period (from

Respiratory endurance and maximal mouth pressures before
and after the training periods are shown in Table 2. Respiratory
endurance increased signiﬁcantly after both the RMET- and IMTperiod. However, while all of the subjects in the RMET-group
reached the maximum 40-min RET-duration after the training
period, only 70% of the subjects in the IMT-group and none in the
SHAM-group reached this limit after the training period. Exclusively after the IMT-period, MIP increased and MEP decreased
signiﬁcantly. No other changes were observed after the training
periods.
3.3. Effect of training on hyperpnoea-induced respiratory muscle
fatigue
Supramaximality of magnetic stimulation was conﬁrmed by
reaching maximal levels of Pdi,tw during cervical stimulation and
Pga,tw during thoracic stimulation at submaximal outputs of the
stimulator (Mador et al., 1996). Inspiratory Poes,tw , Pdi,tw and expiratory Pga,tw signiﬁcantly decreased during and following the RET,
as previously described (Renggli et al., 2008), both before and after
the training period in all groups (Fig. 4). The hyperpnoea-induced
decrease in inspiratory Poes,tw was, however, signiﬁcantly less after
the RMET-period. No other signiﬁcant changes in twitch pressures
were observed after the training period in any group compared to
before training.
3.4. Effect of training on adverse respiratory sensations and blood
lactate concentration during the RET
Respiratory exertion, breathlessness and blood lactate concentration signiﬁcantly increased in the course of the RET both before
and after training in all groups (Fig. 5). Increases in respiratory
exertion and blood lactate concentration were only signiﬁcantly
reduced after the RMET-period.
4. Discussion
The present study aimed to compare the effects of RMET and
IMT on different aspects of respiratory muscle performance. While
only RMET-sessions acutely reduced most measures of lung function, after the 30-day training period both RMET and IMT resulted
in a signiﬁcant increase in VC. Although RMET speciﬁcally increased
MVV15 and IMT speciﬁcally improved MIP after training, both RMET
and IMT signiﬁcantly increased respiratory endurance, with a more
pronounced improvement after RMET (all subjects reached the 40min time limit after RMET compared to only 70% of the subjects in
the IMT-group). However, during hyperpnoea, only RMET reduced
the development of inspiratory muscle fatigue, the increase in
blood lactate concentration and the perception of adverse respiratory sensations.

Fig. 2. Average mouth pressure production [area under the pressure–time curve
(AuC) during each inspiration] during each inspiratory resistive training session
(mean of 30 inspirations twice a day). ***Signiﬁcantly different from the ﬁrst session
(p < 0.001).

4.1. Speciﬁc effects of the two training regimes on respiratory
muscle function
While single 30-min RMET-sessions resulted in signiﬁcant
reductions in lung function variables (VC, FIV1 , FEV1 , PEF and
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Table 1
Mean daily lung function before and after RMET- and IMT-sessions.
RMET-session

VC (l)
FIV1 (l)
FEV1 (l)
PIF (l s−1 )
PEF (l s−1 )
MVV15 (l min−1 )

IMT-session

Before

After

Before

After

5.5 (0.8)
4.8 (0.4)
4.4 (0.4)
6.9 (1.6)
9.3 (1.4)
126 (13)

5.3* (0.8)
4.6* (0.4)
4.2* (0.3)
6.4 (1.6)
8.8* (1.3)
121* (11)

5.3 (0.4)
4.7 (0.9)
4.6 (0.6)
6.0 (1.5)
9.5 (1.3)
134 (20)

5.4 (0.5)
4.7 (0.8)
4.5 (0.6)
5.8 (1.2)
9.1* (1.2)
133 (19)

Values are mean (SD) of the individual average lung function variables measured before and after each training session; VC, vital capacity;
FIV1 , forced inspiratory volume in 1 s; FEV1 , forced expiratory volume in 1 s; PIF, peak inspiratory ﬂow; PEF, peak expiratory ﬂow; MVV15 ,
maximum voluntary ventilation.
*
Signiﬁcantly different compared to before (p < 0.05).

Fig. 3. Vital capacity (VC), FIV1 (forced inspiratory volume in 1 s), FEV1 (forced expiratory volume in 1 s), PIF (peak inspiratory ﬂow), PEF (peak expiratory ﬂow) and maximal
voluntary ventilation (MVV15 ) measured before each training sessions throughout the respiratory muscle endurance training (RMET), inspiratory resistive training (IMT) and
sham-training (SHAM) periods. Signiﬁcantly different from the ﬁrst training session (*p < 0.05, **p < 0.01).
Table 2
Respiratory endurance and maximal mouth pressures before and after the training periods.
RMET-period

Breathing duration (min)
MIP (cmH2 O)
MEP (cmH2 O)

IMT-period

SHAM-period

Before

After

Before

After

Before

After

24.65 (7.11)
134 (32)
168 (53)

40.00* (0)
128 (45)
171 (60)

26.19 (5.45)
119 (29)
148 (35)

36.17* (6.67)
157* (26)
122* (31)

25.81 (3.35)
112 (23)
159 (42)

28.29 (7.56)
118 (29)
156 (38)

Values are mean (SD); RMET, respiratory muscle endurance training; IMT, inspiratory resistive training; SHAM, sham-training; MIP, maximal inspiratory mouth pressure;
MEP, maximal expiratory mouth pressure.
*
Signiﬁcantly different compared to before (p < 0.05).
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Fig. 4. Changes in twitch inspiratory oesophageal (Poes,tw ) and transdiaphragmatic (Pdi,tw ) pressures and in twitch expiratory gastric pressure (Pga,tw ) during and after task
failure (TF, +30 and +60 min) the respiratory endurance tests performed before (black symbols) and after (white symbols) the respiratory muscle endurance training (RMET),
inspiratory resistive training (IMT) and sham-training (SHAM) periods. *Signiﬁcant difference between before and after training (p < 0.05). Before as well as after training,
twitch pressures during and after the hyperpnoea were signiﬁcantly reduced compared to rest.

MVV15 ), 15-min of IMT only signiﬁcantly reduced PEF, suggesting
a higher training load for RMET compared to IMT. This is supported
by the higher HR during RMET-sessions compared to IMT and SHAM
sessions. One would therefore expect the training stimulus and
associated improvements to be greater after the RMET- than after
the IMT-period. However, despite training-speciﬁc improvements
(RMET improved MVV15 while IMT improved MIP), both of these
training regimes improved VC, a fact previously reported (Enright
et al., 2006; Verges et al., 2008). Regarding the reduction in PIF
over the course of the IMT-period, two potential mechanisms might
be responsible: (i) an ‘overtraining’-like phenomenon of inspiratory and/or airway dilating muscles (Verges et al., 2006) occurring
due to insufﬁcient recovery between respiratory training sessions,
and/or (ii) training-speciﬁc adaptations of inspiratory muscles to
IMT leading to improved performance during slow and forceful
inspirations only, i.e. improved MIP, thereby compromising high
speed manoeuvres such as forced, fast inspirations. Together these
results suggest, on the one hand, that acute changes resulting from
single training sessions cannot predict chronic effects of respiratory
muscle training and, on the other hand, that RMET and IMT are able
to induce signiﬁcant and, at least partially, distinct changes in several lung function variables, even in healthy subjects with normal
lung function.
While increases in MVV15 after the RMET-period and in MIP after
the IMT-period are expected and well-known functional improve-

ments related to speciﬁc respiratory muscle training (Leith and
Bradley, 1976; Boutellier et al., 1992; Boutellier and Piwko, 1992;
Suzuki et al., 1993; Spengler et al., 1999; Volianitis et al., 2001;
McMahon et al., 2002; Romer et al., 2002a; Gething et al., 2004;
Holm et al., 2004; Leddy et al., 2007; Wylegala et al., 2007), the
reduction in MEP following the IMT-period has not previously
been described. We believe we observed a genuine physiological
change since abdominal muscle contractility, reﬂected in expiratory Pga,tw , tended to be lower before and during the RET after
the IMT-period (Fig. 4). Possibly, the increase in inspiratory muscle
strength after IMT might have affected respiratory mechanics (e.g.
increased chest wall stiffness) and/or agonist/antagonist respiratory muscle balance which may be disadvantageous for maximal
expiratory pressure production. However, this effect, as well as its
potential underlying mechanisms, await further investigation.
4.2. Effects of the two respiratory muscle training regimes on
respiratory muscle fatigue, metabolic changes and perception of
adverse respiratory sensations during volitional hyperpnoea
During volitional hyperpnoea, RMET improved global inspiratory muscle fatigue (as reﬂected by a smaller decrease in
Poes,tw during cervical stimulation) while it did not affect speciﬁc diaphragm fatigue or the development of abdominal muscle
fatigue. This differs from our previous ﬁndings (Verges et al., 2007)
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Fig. 5. Breathlessness, respiratory exertion and blood lactate concentration during the respiratory endurance tests performed before (black symbols) and after (white
symbols) the respiratory muscle endurance training (RMET), inspiratory resistive training (IMT) and sham-training (SHAM) periods. TF, task failure. **Signiﬁcant difference
between before and after training (p < 0.01). Before as well as after training, all parameters were signiﬁcantly increased during hyperpnoea compared to rest, except for
breathlessness that was signiﬁcantly increased from the second bout of hyperpnoea only.

that show a reduction in the development of both diaphragm and
abdominal muscle fatigue during constant load cycling after RMET.
The discrepancy between these ﬁndings might result from different
characteristics of the hyperpnoeic task, i.e. discontinuous hyperpnoea with 6-min breaks between 8-min bouts of hyperpnoea at
71% MVV15 in the present study, allowing for some recovery or
at least washout of metabolites, versus continuous hyperpnoea
at an average of 54% MVV15 during exercise lasting 16 min on
average (Verges et al., 2007). Moreover, the interaction between
functional/metabolic changes in respiratory and leg muscles speciﬁc to whole-body exercise (Dempsey et al., 2006) might have
enhanced the positive effect of respiratory muscle training in our
previous exercise study (Verges et al., 2007).
In contrast to our hypothesis, IMT did not improve hyperpnoeainduced inspiratory muscle fatigue, despite an increase in MIP. This
indicates that improving the capacity for maximal inspiratory muscle pressure generation, resulting in inspiratory muscles working
at a lower percentage of their maximal strength, does not necessarily affect the development of inspiratory muscle fatigue during a
respiratory endurance-type task. However, as IMT improved respiratory endurance, we suggest that other factors than those related
to respiratory muscle fatigue itself contribute to task performance
during volitional hyperpnoea.
The greater effect of RMET than of IMT on respiratory muscles
is also shown by the signiﬁcant reduction of [La] and perception of

adverse respiratory sensations during volitional hyperpnoea after
RMET, as shown previously (Verges et al., 2008), while no signiﬁcant changes were observed after IMT. The latter, however,
contrasts with recent results of Brown et al. (2008), who found a
signiﬁcant reduction in [La] during volitional hyperpnoea after IMT.
Differences in respiratory muscle loading (80% MVV10 in Brown’s
study versus 70% MVV15 in the present study), training duration (6
weeks vs. 4 weeks) and modality (subjects of the present study
trained over the entire VC at 80% of the maximal pressure registered at every lung volume while Brown’s subjects trained at
≥50% MIP assessed at RV, possibly not covering the entire VC)
may explain this difference. A reduction in anaerobic metabolism
and/or an increase in lactate consumption within the respiratory
muscles may be responsible for the reduction in [La] after RMET
and may represent speciﬁc adaptations to endurance training as
known for whole-body endurance training (Jones and Carter, 2000).
The reduced perception of adverse respiratory sensations that was
present only during hyperpnoea after RMET suggests that mechanisms associated with the reduced development of respiratory
muscle fatigue are more likely to contribute to the perception of respiratory exertion than the relative force at which muscles contract,
also suggested (Killian et al., 1982; Redline et al., 1991).
The metabolic changes associated with the reduced [La] during hyperpnoea after RMET may be critical regarding the expected
impact of hyperpnoea-induced respiratory muscle fatigue during
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exercise through the “respiratory muscle metaboreﬂex” (Dempsey
et al., 2006). Moreover, the signiﬁcant reduction in adverse respiratory sensations during hyperpnoea following RMET also suggests
that this type of training may be particularly adapted to improve
exercise tolerance in patients limited by the perception of dyspnoea. However, the similarity of the primary outcomes associated
with voluntary hyperpnoea during the RET with the training modality of RMET may have biased the results in favour of RMET. In
addition, because volitional and exercise-induced hyperpnoea are
not entirely identical, results from the present study cannot directly
be translated to exercise conditions. Hence, further studies are
needed to compare the effects of RMET and IMT on exerciseinduced hyperpnoea and exercise performance.
4.3. Methodological limitations
In order to follow the time course of potential changes in lung
function measures over the course of the training periods as well
as to assess acute changes resulting from single training sessions,
subjects performed daily lung function measurements before and
after home-training sessions using a portable spirometer. Although
subjects were trained repeatedly during laboratory sessions to perform lung function manoeuvres properly, we cannot exclude that
some learning effects might have inﬂuenced lung function measurements over the trainings period, as suggested by the increase in
PEF over the SHAM-period. However, as most of the modiﬁcations
in lung function parameters were observed in the RMET- and IMTgroups only, they likely represent effects speciﬁc to these training
regimes.
Although lung function measurements gave insight regarding
the acute effect of the training sessions, assessment of respiratory muscle strength by measurement of maximal mouth pressure
would have given additional insight with respect to the development of respiratory muscle fatigue during a training session.
Unfortunately, we were unable to provide the subjects with a
portable device for home-assessment of MIP and MEP, thus we had
to rely on forced spirometric manoeuvres as a surrogate for loss of
performance after a training session.
It should also be acknowledged that, in the present study, respiratory muscle fatigue was assessed during the ﬁrst minutes directly
after stopping the hyperpnoea bouts, while recent results suggest
that these measurements may not reﬂect muscle fatigue during
loading (Kabitz et al., 2007, 2008). In addition, the number of subjects in the present study might have been too small to detect
changes in diaphragmatic or abdominal muscle fatigue after training due to type 2 error. The results did not differ, however, when
performing the statistical analysis by doubling the sample size.
In conclusion, the present study suggests that RMET and IMT
induced distinct changes in lung function measurements, except
for VC that increased after both types of training. In addition
to the expected improvement in respiratory muscle endurance
after RMET and in MIP after IMT, our results revealed that IMT
also increases respiratory muscle endurance at high levels of
volitional hyperpnoea, although to a lesser extent than RMET.
The greater improvement in respiratory endurance after RMET
is likely be attributed to a reduced development of inspiratory muscle fatigue associated with improved respiratory muscle
metabolism and to a reduced perception of adverse respiratory sensations during hyperpnoea. As mechanisms associated
with hyperpnoea-induced respiratory muscle fatigue may be critical regarding whole-body endurance performance, these results
suggest that RMET may be particularly effective in improving
respiratory muscle performance during hyperpnoea and subsequently exercise performance. Further studies are needed,
however, to compare the effects of RMET and IMT on exercise performance.
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