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Abstract We investigated the effect of 4 week of

inspiratory (IMT) or expiratory muscle training

(EMT), as well as the effect of a subsequent 6 week

period of combined IMT/EMT on rowing performance

in club-level oarsmen. Seventeen male rowers were

allocated to either an IMT (n = 10) or EMT (n = 7)

group. The groups underwent a 4 week IMT or EMT

program; after interim testing, both groups subse-

quently performed a 6 week program of combined

IMT/EMT. Exercise performance and physiological

responses to exercise were measured at 4 and 10 week

during an incremental rowing ergometer ‘step-test’ and

a 6 min all-out (6MAO) effort. Pressure threshold

respiratory muscle training was undertaken at the 30

repetition maximum load (~50% of the peak inspira-

tory and expiratory mouth pressure, PImax or PEmax,

respectively). PImax increased during the IMT phase of

the training in the IMT group (26%, P < 0.001) and

was accompanied by an improvement in mean power

during the 6MAO (2.7%, P = 0.015). Despite an in-

crease in PEmax by the end of the intervention (31%,

P = 0.03), the EMT group showed no significant

changes in any performance parameters during either

the ‘step-test’ or 6MAO. There were no significant

changes in breathing pattern or the metabolic response

to the 6MAO test in either group, but the IMT group

showed a small decrease in HR (2–5%, P = 0.001). We

conclude that there were no significant additional

changes following combined IMT/EMT. IMT im-

proved rowing performance, but EMT and subsequent

combined IMT/EMT did not.

Keywords Respiratory muscle training � Performance

enhancement

Introduction

Respiratory muscle training (RMT) yields improve-

ments in exercise performance in both healthy young

adults (McConnell and Romer 2004) and in patients

with chronic obstructive pulmonary disease (COPD)

(Lotters et al. 2002). In studies of healthy young

people, two different forms of respiratory training

have been employed: (a) voluntary isocapnic hyperp-

noea (VIH) (Boutellier et al. 1992; Boutellier and

Piwko 1992; Spengler et al. 1999; McMahon et al.

2002) and, (b) inspiratory muscle resistance training

(IMT) (Volianitis et al. 2001b; Romer et al. 2002a, b;

Edwards and Cooke 2004; Gething et al. 2004a; Ge-

thing et al. 2004b). The former is an endurance

training approach that involves both the inspiratory

and expiratory muscles, whilst the latter employs

resistance training principles and is confined primarily

to the inspiratory muscles. Both techniques apparently

result in a similar pattern of physiological changes

post-RMT (McConnell and Romer 2004), which sug-

gests that the mechanism(s) for improved perfor-

mance following RMT is independent of the training

stimulus employed. However, it is unclear whether the
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expiratory muscle training (EMT), as occurs during

VIH, provides any additional benefit to IMT alone.

A potential mechanism for the improved exercise

performance that follows RMT centers around the

notion that fatiguing respiratory muscles elicit a sym-

pathetically mediated reflex vasoconstriction in loco-

motor muscles (Harms et al. 2000), thereby limiting

limb blood flow. Prior fatigue of the inspiratory mus-

cles accelerates the development of fatigue in the

plantar flexors via a reflex change in limb blood flow

(McConnell and Lomax 2006). Further, a 4 week per-

iod of IMT increases the intensity of inspiratory muscle

work required to elicit changes in limb blood flow and

plantar flexor fatigue. This was apparent from the

observation that after IMT, an identical bout of prior

inspiratory muscle work failed to induce any change in

the fatigue profile of the plantar flexors. These data

suggest that IMT acts to improve exercise performance

by preserving limb blood flow during exercise.

The metaboreflex has been demonstrated in both

expiratory and inspiratory muscles (Derchak et al.

2002; Sheel et al. 2002). If a mechanism based on the

ablation of the respiratory muscle metaboreflex makes

an important contribution to the improvements in

exercise performance that follow RMT, we would

predict that both specific IMT and specific EMT would

improve performance. Further, we would predict that a

combination of IMT and EMT would provide superior

benefits compared with IMT or EMT alone.

Such a comparison has been made in patients with

COPD. Weiner et al. (2003b) demonstrated that

12 week of specific EMT improved expiratory muscle

strength and walking endurance, but did not decrease

dyspnoea compared to a control group. However, in a

subsequent study comparing IMT, EMT and a com-

bined program of IMT/EMT, the authors reported no

additional benefit of EMT, or a combined program of

IMT/EMT compared to the benefits of IMT alone

(Weiner et al. 2003a). The purpose of the present study

was to compare the effects of 4 week of IMT or EMT

upon ergometer rowing performance over 6 min

(6MAO) in club-level oarsmen, as well as the effect of

a subsequent 6 week period of combined IMT/EMT.

Methods

Seventeen competitive male rowers gave written in-

formed consent to participate in the study, which was

approved by Brunel University Research Ethics

Committee. All participants were recruited from a

local rowing club, and whilst they were at different

stages of their rowing careers (competing >6 months)

they trained under the same coach, and participated in

an identical cardiovascular and resistance-training

program during the study.

All seventeen participants were non-smokers and

were free from upper respiratory tract infections. Two

participants (one in the IMT group and one in the

EMT group) were diagnosed with mild asthma. Only

the subject in the IMT group demonstrated mild

obstruction at rest. Neither participant suffered regu-

larly from episodes of bronchoconstriction, and stated

that symptoms were only brought on by upper respi-

ratory tract infections or specific allergies. None of the

participants were taking medication during the course

of the study. Participants were requested to maintain

their normal diet for 2 days prior to testing and to re-

frain from vigorous exercise and alcohol 2 days pre-

ceding the testing and to avoid caffeinated beverages

the day of the test.

Design

Participants made at least three visits to the laboratory,

but eight participants made four visits. The additional

visit by these participants was at baseline, and was used

to assess the within-subject variation (reliability) of the

testing procedures. Following the baseline visit(s)

participants were ranked according to their 6MAO

rowing ergometer performance time and then divided

into two groups. One group undertook 4 week of IMT

(n = 10; age, 24.9 ± 5.6 year; stature, 1.9 ± 4.8 m; body

mass, 83.7 ± 4.8 kg), whilst the other undertook

4 week of EMT (n = 7; age, 28.7 ± 9.1 year; stature,

1.9 ± 5.3 m; body mass, 82.6 ± 13.5 kg). Immediately

at the end of this phase, the first post-intervention visit

took place (Post-intervention 1). Thereafter two of the

IMT group stopped training due to illness and difficulty

with maintaining their rowing training program for

personal reasons. The remaining participants (n = 15)

undertook a 6 week period of combined IMT (n = 8)

and EMT (n = 7). At the end of this combined phase of

training a second post-intervention test took place

(Post-intervention 2). This phase was extended to

6 week due to events in their rowing program.

During their baseline visit to the laboratory, partic-

ipants were familiarized with all procedures and each

participant performed the entire protocol. Pre- and

post-exercise respiratory mouth pressures and spi-

rometry, including maximal flow volume loops

(MFVLs) were recorded. A progressive incremental

rowing exercise test was used to evaluate physiological

variables and rowing ergometer performance ex-

pressed as mean power and distance covered. The final

stage of the step test was a 6MAO to compare rowing
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performance between conditions. Physiological vari-

ables measured included: peak heart rate (HR) in the

last 30 s of each stage; oxygen uptake ( _VO2); earlobe

blood lactate concentration [La–]B and ratings of

respiratory effort (RRE) at the end of each stage.

Procedures

Respiratory muscle strength

The PImax and PEmax were assessed as expressions of

inspiratory and expiratory muscle strength using a

hand-held mouth pressure meter (MPM, Micro Medi-

cal Ltd, Kent, UK) in the standing position. The PImax

and PEmax manoeuvres were initiated at residual vol-

ume (RV) and total lung capacity (TLC), respectively.

The assessment of maximal pressures required a sharp,

forceful effort maintained for a minimum of ~2 s. The

pressure meter incorporated a 1 mm leak to prevent

glottic closure during the PImax manoeuvre and to re-

duce buccal muscle contribution during the PEmax

manoeuvre (Black and Hyatt 1969). Participants were

given prior instruction and were verbally coached

throughout the manoeuvre. A minimum of five satis-

factory inspiratory and expiratory efforts were con-

ducted with the highest measurement within 0.5 kPa

being defined as maximal (Volianitis et al. 2001a).

Measurements were performed before and 2 min after

completion of the 6MAO to determine improvements

in maximal pressures due to training and to assess the

extent of exercise-induced respiratory muscle fatigue

(RMF), respectively.

Breathing pattern and oxygen uptake

Minute ventilation, MFVLs and pulmonary gas ex-

change indices were assessed during exercise using an

online turbine ergospirometry system (Oxycon, Jae-

ger-Toennies, Hoechberg, Germany). Resting MFVLs

were assessed using the same online system according

to European Respiratory Society guidelines (Quanjer

et al. 1993). The MFVLs were performed and the

following measures were recorded: peak inspiratory

flow (PIF), peak expiratory flow (PEF), forced vital

capacity (FVC), forced expiratory volume in 1 s

(FEV1) and forced expiratory flow at 50% of FVC

(FEF50%).

Incremental rowing ergometer test

The ergometer (Concept IIC, Vermont, USA) rowing

protocol included four submaximal stages of 4 min

duration, followed by one 6MAO effort at drag factor

set to 138 (damper setting ~4). Starting power was

determined by calculating the power corresponding to

each participant’s typical light aerobic training inten-

sity, and subtracting 50 W. All participants perform

both incremental and maximal exercise ergometer

rowing as part of their routine training and monitoring.

A light aerobic training intensity was defined as 55–

70% of maximal HR at 18–20 strokes per minute.

Subsequent stages were incremented by 25 W. There

was a 1 min interval between each stage to allow for

blood lactate and perceptual measurements. The par-

ticipants selected the power and pace during the

6MAO effort and instructed to achieve the greatest

distance possible (using the ergometer distance meter)

in 6 min. The ergometer also displayed mean power for

each stage.

Heart rate, blood lactate concentration and ratings

of respiratory effort

The HR was assessed using a short-range telemetry

system (Polar Sport Tester, Polar Electro, Finland) to

the peak value during the final 30 s of each stage of the

exercise. Blood lactate concentration [La–]B was sam-

pled from the earlobe using a portable lactate analyser

(Lactate Pro Portable Lactate Analyzer, Arkray, Ja-

pan) at the completion of each exercise stage. The

Borg category-ratio scale (CR-10; Borg 1998) was used

to profile respiratory effort during exercise. Each par-

ticipant was provided with verbal and written instruc-

tions (Borg 1998) on the use of the scale prior to

testing.

Inspiratory and expiratory muscle training

Participants were instructed on usage of the inspiratory

(POWERbreathe�, Gaiam, UK) or expiratory (Pow-

erlung�, Powerlung, USA) pressure threshold-loading

devices for respiratory muscle training. The Power-

lung� provides a threshold load during both inspiration

and expiration. To isolate the expiratory load for the

EMT group, the inspiratory load was disabled by

removing the valve tensioning spring. Both groups

were instructed to perform 30 inspiratory or expiratory

efforts twice daily for 4 week against a pressure load

equivalent to their individual 30 repetition maximum

(30RM, equivalent to ~50% of PImax or PEmax), a

protocol that is effective for IMT (Volianitis et al.

2001b; Romer et al. 2002a, b; Romer and McConnell

2003). Participants in both groups were instructed to

breathe rapidly and with maximal effort against the

Eur J Appl Physiol (2007) 99:457–466 459
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training load. The IMT group was instructed to initiate

each breath from RV and to sustain the effort until

their lungs felt full. The EMT group was instructed to

initiate each breath from TLC and to sustain the effort

until their lungs were empty. Participants were in-

structed to increase the training load in order to

maintain it at the 30RM (Romer et al. 2002a), which

increased throughout the training period. Following

the first 4 week of either IMT or EMT, all participants

undertook 6 week of combined IMT/EMT using the

respiratory muscle trainer that had been used by the

EMT group. For this phase of the study, the device

applied both an inspiratory and expiratory load. Par-

ticipants were directed to perform both maximal

inspirations and expirations for 30RM, twice daily and

to increase resistance when necessary to maintain the

intensity at the 30RM load. Participants completed

respiratory training diaries while they continued their

scheduled whole body exercise training throughout the

intervention.

Statistical analyses

Ratio limits of agreement were calculated to determine

the within-subject variation according to the proce-

dures of Bland and Altman (1986). Thus, the 95% ratio

limits of agreements were used to estimate sample sizes

for a range of treatment effects (including those mea-

sured post-intervention) for a repeated-measures de-

sign, given a statistical power of 0.9 and an alpha level

of 0.05. These estimates were performed using a be-

spoke Excel spreadsheet, based upon the calculations

of Zar (1998).

A repeated measures analysis of variance (ANO-

VA) was used to evaluate ‘treatment’ (IMT and EMT)

and ‘time’ on each of the dependent variables. Planned

pairwise comparisons were made with repeated mea-

sures t tests to compare main effects; the Bonferroni

adjustment was used to modify for per family type I

error rate per comparison and probability values of

£0.05 were considered significant. Pearson’s bivariate

correlations were used to determine significant rela-

tionships between variables. Data were analysed using

the statistical software package SPSS V10.0 for Win-

dows (Chicago, IL, USA) and results are reported as

the mean ± standard deviation (SD).

Inter-test precision

Parameters derived for the MFVL and mouth pres-

sures showed the lowest reliability compared with the

other variables measured (Table 1). The data

suggested that the study had sufficient power to detect

changes in most parameters with an effect size of >20%

(assuming n = 7 per group). The exceptions were FVC

and FEV1, which required effect sizes of >5 and 10%,

respectively. In contrast mean power, distance,
_VO2 6MAO and HR required effect sizes of >5%. The

highest reliability was observed in the RRE which re-

quired an effect size of <5%.

Results

Adherence to respiratory training

Training adherence to the IMT-only and EMT-only

phases was similar between groups. The IMT group

completed a total of 42.7 ± 9.7 sessions (76 ± 17.3% of

prescribed) and the EMT group a total of 43.4 ± 5.5

Table 1 Estimated sample size per group for effect sizes of
5–30%

Variable Effect size (percentage of measured value)

5% 10% 20% 30%

PIF 125 31 8 3
PEF 130 32 8 4
FVC 5 1 1 1
FEV1 12 3 1 1
FEF25 37 9 2 1
FEF50 50 12 3 1
FEF75 673 168 42 19
PreEx-PImax 104 26 7 3
PreEx-PEmax 52 13 3 1
PostEx-PImax 303 76 19 8
PostEx-PEmax 125 31 8 3
_VO2 step 1 20 5 1 1
_VO2 step 2 30 7 2 1
_VO2 step 3 18 4 1 1
_VO2 step 4 1 1 1 1
_VO2 6MAO 5 1 1 1
HR 2 1 1 1
[La–]B 397 99 25 11
RPRE 1 1 1 1
Mean power 5 1 1 1
Distance 3 1 1 1

PIF peak inspiratory flow, PEF peak expiratory flow, FVC forced
vital capacity, FEV1 forced expiratory volume in 1 s, FEF25

forced expiratory flow at that point that is 25% from FVC, FEF50

forced expiratory flow at the point that is 50% from FVC, FEF75

forced expiratory flow at the point that is 75% from FVC. PreEx-
PImax maximal inspiratory pressure before the exercise testing
session, PreEx-PEmax maximal expiratory pressure before the
exercise testing session, PostEx-PImax maximal inspiratory pres-
sure ~2 min after the 6MAO effort, PostEx-PEmax maximal
expiratory pressure ~2 min after the 6MAO effort, _VO2 oxygen
consumption, 6MAO 6 min all-out effort, HR heart rate, [La–]B
earlobe blood lactate concentration, RRE rating of respiratory
effort
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(78 ± 9.8%). During the combined program phase of

the study, the IMT group adherence remained un-

changed at 74.5 ± 33.4%, whilst the adherence in the

EMT group fell to 60.3 ± 37.3% (P = 0.42) of the

prescribed training sessions.

Respiratory muscle and pulmonary function

There was an interaction over time within groups

(P = 0.00), as well as between the two groups over

time (P = 0.008) in PImax (Table 2). PreEx-PImax in

the IMT group was 26% higher compared to baseline

after 4 week of IMT (P = 0.00) and improved by a

further 3.3% after the combined IMT/EMT phase to

30% (P = 0.00 relative to baseline). The EMT group

also showed a small improvement in PImax after the

combined IMT/EMT program to 13% (P = 0.03)

(Fig. 1a).

Expiratory muscle strength

The IMT group showed no significant change in PEmax

during the IMT-only phase of training (Table 2).

During the combined IMT/EMT phase, the IMT group

showed no statistically significant improvement in

PEmax (to 23%) (P = 0.06). During the EMT-only

phase, the PEmax did not increase significantly (18%).

During the combined IMT/EMT phase, the EMT

group showed a further (relative to baseline)

improvement in PEmax (to 31%) (P = 0.03).

Table 2 Respiratory muscle data for inspiratory (IMT) and expiratory muscle training (EMT) groups

Baseline 1 Baseline 2 Post-intervention 1 Post-intervention 2
(n = 8) (n = 17) (n = 17) (n = 15)

PreEx-PImax(cmH2O)
IMT 113.6 ± 18.9 129.1 ± 16.5 162.9 ± 24.1* 168.3 ± 31.2*
EMT 133.5 ± 14.8 138.6 ± 27.4 146.3 ± 28.7 156.7 ± 29.7*�

PreEx-PEmax(cmH2O)
IMT 119.0 ± 11.6 144.8 ± 22.0 149.9 ± 28.1 177.5 ± 49.3
EMT 134.6 ± 21.3 133.7 ± 15.4 157.7 ± 27.7 175.1 ± 36.3*

PostEx-PImax (cmH2O)
IMT 111.6 ± 17.8 119.1 ± 21.4 142.8 ± 43.0* 169.4 ± 43.3*�
EMT 117.0 ± 20.8 121.1 ± 30.3 129.6 ± 25.4 142.9 ± 31.5

PostEx-PEmax(cmH2O)
IMT 113.5 ± 20.7 120.9 ± 22.8 127.1 ± 21.3 169.3 ± 41.3*�
EMT 119.4 ± 13.7 115.9 ± 16.4 144.7 ± 24.1* 158.3 ± 25.6*

(Post 1: IMT = 10; EMT = 7. Post 2: IMT = 8; EMT = 7)

PreEx-PImax maximal inspiratory pressure pre-exercise, PreEx-PEmax maximal expiratory pressure pre-exercise, PostEx-PImax maximal
inspiratory pressure ~2 min post-6MAO effort, PostEx-PEmax maximal expiratory pressure ~2 min post-6MAO effort. *Different from
Baseline 2 (P £ 0.05); �Different from the preceding time point (P £ 0.05)
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Fig. 1 Maximal inspiratory and expiratory pressure pre- and
post-exercise compared to Baseline 2; Comparison of post-
exercise inspiratory and expiratory muscle fatigue between
groups. IMT light gray, EMT black; PreEx-PImax pre-exercise

maximal inspiratory pressure, PreEx-PEmax pre-exercise maxi-
mal inspiratory pressure, IMF inspiratory muscle fatigue, EMF
expiratory muscle fatigue. *Different than baseline 2 (P £ 0.05); �
Different than preceding time point (P £ 0.05)
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Exercise-induced inspiratory and expiratory muscle

fatigue

Only the IMT group exhibited a change over time in the

exercise-induced fall in PImax (inspiratory muscle fati-

gue = IMF) following IMT and combined IMT/EMT

(P = 0.03) (Table 2, Fig. 1). In the IMT group, IMF

persisted following the IMT phase, but was abolished

following the combined IMT/EMT phase. In contrast,

the EMT group showed no significant change in the

severity of IMF at any stage; the exercise-induced fall in

PEmax (expiratory muscle fatigue = EMF) tended to

decrease in the EMT group after 4 week of EMT-only

training (from a fall of 13 to 8%). There was no further

change after the combined IMT/EMT phase. In the

IMT group, EMF showed no change during the IMT-

only phase, but tended to be reduced following the

combined IMT/EMT phase (from a fall of 15 to 5%).

In contrast to the percentage changes in PImax and

PEmax post-exercise, which largely persisted at the

same magnitude following the interventions (Fig. 1c,

d), the absolute values for post-exercise PImax and

PEmax showed consistent improvements in both groups

(Table 2). There were no significant correlations be-

tween the changes in respiratory muscle fatigue and

the changes in exercise performance in either group at

any stage of the intervention.

Maximal flow volume loop

Baseline pulmonary function data were similar to

baseline values (Table 2). The only changes in pul-

monary function were an increase in PIFR in the IMT

group following the IMT phase (P = 0.04), and a de-

crease in FVC following the combined IMT/EMT

phase (P = 0.03).

Breathing pattern and physiological variables

during rowing

No significant change was found in VT, MIFR, _VE and

fR after IMT, EMT, or combined IMT/EMT in either

group. However, for the IMT group, there was a cor-

relation between the individual changes in PImax and
_VE (the value at stage 4 was selected for comparison)

between baseline and post-intervention test 2 (r = 0.85,

P = 0.02), as well as between post-intervention 1 and 2

(r = 0.90, P = 0.02).

Oxygen uptake and heart rate

No significant differences in _VO2 were evident after

either phase of the intervention in either group

(Table 3). Although there was no statistically signifi-

cant change in end-exercise HR (6MAO) (P = 0.28), a

paired t test was performed to interpret the average

change in HR in both groups across all steps. There

was an average decrease of 2–5% for the IMT group

across all steps following the IMT phase of the inter-

vention (P = 0.00) and during the sub-maximal steps

following the combined IMT/EMT phase (P = 0.00).

There was no change in the EMT group in HR at any

stage after either phase of training.

Blood lactate

There was no significant interaction over time within

groups (P = 0.08), or between the two groups over

time (P = 0.38). However, there was a tendency for

[La–]B to be lower in the IMT group after training

(Table 3). Alterations to the [La–]B relationship in this

group were greatest following the combined IMT/EMT

phase (average decrease in [La–]B across all

steps = 30%) and there was a lower [La–]B immedi-

ately after the 6MAO effort (14%, P = 0.05). We cal-

culated that a sample size of >10 (per group) would be

required in order to detect an effect of 30% during the

sub-maximal stages. It is therefore possible that the

lack of significance for the sub-maximal steps is a type

2 error. There was a weak correlation between the

individual changes in P
Imax

and [La–]B between baseline

and post-intervention test 1 (r = 0.62, P = 0.06). There

was no change in mean [La–]B in the EMT group after

either phase of training.

Ratings of respiratory effort sensation

A difference in the step and group interaction for the

RRE was found between the IMT and EMT groups

(P = 0.07) over the two intervention phases of the

study (Table 3). Although effect sizes were >10%

during the submaximal stages, a paired t test revealed

no difference between the baseline and post-interven-

tion phases. A reduction in the rating of RRE was

evident in the IMT group following the 6MAO

(P = 0.05). There was no correlation between the

individual changes in PImax and RRE (the rating at

stage 4 was selected for comparison) between baseline

and post-intervention test 1 or 2. No change was evi-

dent in the RRE of the EMT group at any stage, after

either phase of training.

Rowing performance

The IMT group showed a 2.7% improvement in mean

power after the IMT phase (P = 0.02), followed by a
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further non-significant improvement of 1.6% after the

combined IMT/EMT phase (P = 0.08) (Fig. 2a). No

significant change was evident in the EMT group after

either phase of training.

The IMT group improved their overall distance

completed in the 6MAO efforts by 0.92% (16.2 m)

following the IMT phase (P = 0.02). There was no

further increase following the IMT/EMT phase

(Fig. 2b). No change was evident in the EMT group

after either phase of training.

There was no significant correlation between the

individual changes in PImax and either index of rowing

performance between baseline and post-intervention

test 1 or 2. Similarly, there was no significant correla-

tion between the change in rowing performance and

the changes in _VO2, HR, [La–]B, or RRE between

baseline and post-intervention test 1 or 2.

Discussion

The aim of this study was to differentiate the effects of

IMT, EMT and a combined IMT/EMT program upon

rowing performance and the physiological responses to

maximal and sub-maximal rowing. Following the first

phase of training during which participants performed

IMT or EMT, the IMT group showed an improvement

in PImax, but no change in PEmax. The EMT group

showed no statistically significant improvement in

PEmax or PImax during this first phase. During the

combined IMT/EMT phase, the IMT group showed a

further small improvement in PImax, and an improve-

ment in PEmax. The EMT group showed a small

improvement in PImax, and a further improvement in

PEmax. These changes were only associated with

improvements in rowing performance in the IMT

Table 3 Summary of physiological variables at each stage of the rowing ‘step test’ for the IMT and EMT groups

Step 1 Step 2 Step 3 Step 4 6MAO

IMT group
Baseline 2 (n = 10)
_VO2 (ml kg min–1) 42.1 ± 3.7 46.3 ± 4.7 49.0 ± 4.4 52.6 ± 4.1 60.7 ± 6.2
HR (beats�min–1) 137 ± 15 148 ± 14 159 ± 13 166 ± 12 187 ± 11
[La–]B (mmol l–1) 1.7 ± 0.6 1.9 ± 0.8 2.6 ± 1.2 3.9 ± 1.8 14.6 ± 4.4
RRE 1.9 ± 1.1 2.8 ± 1.3 4.0 ± 1.5 4.8 ± 1.6 9.1 ± 0.9

Post-intervention 1 (n = 10)
_VO2 (ml kg min–1) 39.8 ± 6.1 43.7 ± 4.4 47.5 ± 4.3 50.4 ± 5.2 62.7 ± 7.7
HR (beats min–1) 133 ± 10 145 ± 14 153 ± 15 161 ± 14 183 ± 10
[La–]B (mmol l–1) 1.6 ± 0.6 1.8 ± 0.7 2.4 ± 1.1 3.7 ± 1.9 13.0 ± 3.5
RRE 1.5 ± 1.1 2.3 ± 0.8 3.6 ± 0.9 4.6 ± 1.2 8.2 ± 1.7

Post-intervention 2 (n = 8)
_VO2 (ml kg min–1) 40.4 ± 5.0 43.9 ± 4.0 48.2 ± 5.1 52.9 ± 5.5 66.4 ± 5.8
HR (beats min–1) 133 ± 8 142 ± 11 152 ± 10 159 ± 12 186 ± 10
[La–]B (mmol l–1) 1.4 ± 0.4 1.4 ± 0.4 1.8 ± 0.7 2.7 ± 1.2 12.6 ± 4.9�
RRE 1.6 ± 1.2 2.3 ± 1.3 3.2 ± 1.2 4.6 ± 1.2 7.9 ± 1.3�

EMT group
Baseline 2 (n = 7)
_VO2 (ml kg min–1) 42.4 ± 6.7 46.2 ± 7.8 48.6 ± 7.1 51.9 ± 7.9 63.2 ± 9.7
HR (beats min–1) 134 ± 11 148 ± 9 157 ± 9 166 ± 9 189 ± 8
[La–]B (mmol l–1) 1.7 ± 0.7 1.9 ± 1.0 2.6 ± 1.4 4.6 ± 3.9 14.2 ± 2.9
RRE 1.4 ± 0.9 2.3 ± 0.7 3.1 ± 1.2 4.2 ± 1.5 8.1 ± 2.4

Post-intervention 1 (n = 7)
_VO2 (ml kg min–1) 40.8 ± 6.0 44.2 ± 5.6 49.3 ± 7.0 52.6 ± 7.5 62.8 ± 8.8
HR (beats min–1) 133 ± 11 148 ± 9 160 ± 11 168 ± 11 185 ± 11
[La–]B (mmol l–1) 1.7 ± 0.5 2.0 ± 0.9 2.6 ± 1.2 3.8 ± 1.9 13.7 ± 2.1
RRE 1.9 ± 0.7 2.7 ± 0.9 3.6 ± 1.0 4.7 ± 1.0 9.0 ± 1.7*

Post-intervention 2 (n = 7)
_VO2 (ml kg min–1) 41.8 ± 6.1 46.4 ± 6.3 50.5 ± 7.0 53.1 ± 6.9 64.6 ± 9.4
HR (beats min–1) 136 ± 10 147 ± 8 157 ± 9 165 ± 8 189 ± 7
[La–]B (mmol l–1) 1.8 ± 0.5 1.9 ± 1.0 2.7 ± 1.5 3.7 ± 1.8 13.8 ± 2.4
RRE 1.7 ± 0.8 2.5 ± 1.2 3.2 ± 1.3 4.5 ± 1.4 8.2 ± 2.5

6MAO 6 min all-out effort, _VO2 oxygen consumption, IMT inspiratory muscle training, HR heart rate, [La–]B earlobe blood lactate
concentration, RRE rating of respiratory effort, EMT expiratory muscle training. *Different than Baseline 2 (P ‡ 0.05); �Different
than the preceding point (P ‡ 0.05)
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group. Furthermore, the addition of EMT to the IMT

group’s training during the combined IMT/EMT phase

resulted in only minor additional improvements in

rowing performance, despite an improvement in PEmax.

The temporal patterns of the changes in respiratory

muscle strength and rowing performance lead us to

concluded that IMT induced the greatest improve-

ments in performance. However, we do not believe

that the change in PImax per se is the factor resulting in

improved rowing performance. Rather, we propose

that IMT induced improvements to the structure and

function of the inspiratory muscles that elicited an in-

crease in the intensity of inspiratory muscle work that

was required to elicit the inspiratory muscle metabo-

reflex. Changes to expiratory muscle function failed to

induce changes in performance and may indicate that,

(1) the potency of the expiratory muscle metaboreflex

is lower than that of the inspiratory muscles, and/or, (2)

the threshold of the expiratory muscle metaboreflex is

higher than that of the inspiratory muscles, and it is not

activated by maximal rowing.

Adherence to respiratory training

During the first 4 week, training adherence was com-

parable between the two groups; however, a decrease

in training adherence was apparent in the EMT group

during the combined training phase (from 77% of

prescribed sessions to 60%) and most likely, contrib-

uted to the smaller improvement observed in PImax.

The decrease in mean adherence was partly due to two

of the EMT participants contracting upper respiratory

infections during the combined training phase.

Respiratory muscle function

Inspiratory muscle strength

The IMT group showed progressive improvement in

PImax at both post-intervention testing sessions; these

results are similar to those studies using pressure-

threshold training, which range from 25–45% (Volia-

nitis et al. 2001b; Edwards and Cooke 2004). During

the combined training phase, the IMT group displayed

a ‘plateau’ of improvement consistent with previous

studies (Volianitis et al. 2001b; Romer and McConnell

2003).

By the end of the 10 week intervention, the EMT

group achieved an improvement of 13% in PImax,

with no associated change in rowing performance;

Hart et al. (2001) also observed no change in incre-

mental treadmill performance after a 6 week pro-

gram of IMT that increased PImax by 10%. This

suggests that improvement in performance following

IMT requires an intensity of training that increases

PImax by >25% (Volianitis et al. 2001b; Romer et al.

2002a, b; Edwards and Cooke 2004; Gething et al.

2004a, b). A further contributory factor to the poorer

than anticipated strength improvements during the

combined training phase may have been the training

device. Participants found the combined IMT/EMT

more challenging than training during only one phase

of the breathing cycle. Thus, increased breathing

effort during both phases of the respiratory cycle led

to impairment of the intensity of training that could

be tolerated in each. Combined IMT and EMT in

young swimmers, using the same device as was used

here, also yielded a modest change in both PImax and

PEmax, despite a 12 week training intervention and

an increase in training intensity after 6 week, but

no change in swimming performance (Wells et al.

2005).

Expiratory muscle strength

Maximal expiratory pressures (PEmax) increased in

both groups, with the greatest overall improvement

occurring in the EMT group. The improvement in

PEmax observed in the IMT group during the combined

phase of training was not significantly different from
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that observed in the EMT group during the EMT

phase. Despite these improvements in PEmax there

appeared to be no associated changes in rowing per-

formance in either group.

Respiratory muscle fatigue

Inspiratory muscle fatigue has been attenuated post-

IMT (Volianitis et al. 2001b; Romer et al. 2002c),

which did not occur in the present study. The per-

centage fall in PImax (IMF) post-exercise remained

unchanged after the IMT, and there was an improve-

ment in mean power during the 6MAO. Furthermore,

the combined IMT/EMT phase resulted in attenuation

of IMF, but a smaller further improvement in mean

power compared to the IMT only phase. There are two

potential explanations for this: (1) that the attenuation

of IMF per se does not play a role in the improved

performance that follows IMT, and/or, (2) that IMF

was delayed, but not attenuated, thereby permitting

limb blood flow to be maintained for longer during the

6MAO effort. Since the inspiratory muscle metabore-

flex appears to exhibit ‘threshold’ qualities (Sheel et al.

2002), the threshold for stimulation of the metabore-

flex may not have been exceeded after IMT, despite a

fall in PImax. We have recently shown that after IMT

the same inspiratory loading task failed to elicit me-

taboreflex induced changes in limb blood flow, but still

induced inspiratory muscle fatigue (McConnell and

Lomax 2006).

Performance implications

After 4 week of RMT, only the IMT group demon-

strated an improvement in indices of rowing perfor-

mance, with only a slight further improvement in

performance after the combined training phase. These

results are consistent with the plateau in performance

observed by Volianitis et al. (2001b) after 4 week of

IMT. The increase of 16.2 m following IMT is greater

than the average scull boat length (average 8.2–13.4 m)

and comparable to the average length of a sweep-oar

rowing boat (10.4–19.9 m, depending on the number of

oarsmen).

Physiological variables

IMT reduces HR at equivalent intensities of exercise

(Haas and Haas 1981; Swanson 1998; Gething et al.

2004a), as well as reducing [La–]B , respiratory and/or

whole body effort sensations (Volianitis et al. 2001b;

Romer et al. 2002a, b). Gething et al. (2004a) observed

a decrease in exercising HR of ~6 bpm at the end of a

5 min bout of constant power cycling after their 6 week

of IMT that increased PImax by 29%. Haas and Haas

(1981) also observed a lower HR and _VO2 during

submaximal exercise after a 16 d combined program of

VIH and inspiratory resistance loading (IRL) in heal-

thy adults. Similarly, Swanson (1998) reported a de-

crease in HR after 6 week of VIH. The mechanism by

which HR might decrease following IMT can only be

speculated upon, but one explanation for changes in

cardiovascular response to exercise is an improvement

in inspiratory muscle efficiency following IMT, thereby

preserving blood flow to the working muscles, and/or a

delay/attenuation of the metaboreflex-induced increase

in sympathetic vasomotor outflow (Sheel et al. 2002).

A decrease in HR and a slight, though non-significant,

decrease in _VO2 is consistent with these suggestions.

Data from the present study, HR, RRE and _VO2 all

showed attenuation after IMT. In some instances, our

failure to achieve statistical significance was due to

type 2 error. However, it was striking that EMT in-

duced no discernable changes, or trends in any of the

parameters measured, either during the EMT-only

phase, or the combined IMT/EMT phase, in either

group (Table 3).

Our finding of an improvement in PImax combined

with a decreased in [La–]B is similar to that of Ro-

mer et al. (2002b), who observed an IMT-induced

improvement of PImax of 31% in their training group,

with a 15.7% decrease in [La–]B. Spengler et al.

(1999) and Romer et al. (2002b) also reported a

correlation between the change in [La–]B and exer-

cise performance. Spengler et al. (1999) suggested

that the reason for this change in the lactate re-

sponse was that trained respiratory muscles used

more lactate as fuel to maintain work output. Since

there was no further decrease after the EMT, or the

combined IMT/EMT training, decreases in [La–]B are

attributable only to IMT. McConnell and Sharpe

(2005) showed that the IMT-induced reduction in

[La–]B was not associated with a change in the

exercise intensity equivalent to the maximal lactate

steady state, which suggests that performance

improvement after IMT cannot be ascribed to an

increase in ‘lactate threshold’.

Conclusion

The present study systematically compared the effects

of IMT and EMT in healthy young adults. We ob-

served no apparent benefits of EMT, either alone, or in

combination with IMT. However, the responses of our
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participants to IMT were largely consistent with those

of previous studies, with an improvement in rowing

performance being accompanied by improvements in

factors such as HR, [La–]B and effort perception. In

contrast, despite improvements in PEmax there were no

discernable changes in any of the performance or

physiological parameters measured. EMT does not

appear to result in any improvements in rowing per-

formance.
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