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Among patients with chronic obstructive pulmonary disease (COPD),
those with the lowest maximal inspiratory pressures experience
greater breathing discomfort (dyspnea) during exercise. In such indi-
viduals, inspiratory muscle training (IMT) may be associated with
improvement of dyspnea, but the mechanisms for this are poorly
understood. Therefore, we aimed to identify physiological mecha-
nisms of improvement in dyspnea and exercise endurance following
inspiratory muscle training (IMT) in patients with COPD and low
maximal inspiratory pressure (Pimax). The effects of 8 wk of con-
trolled IMT on respiratory muscle function, dyspnea, respiratory
mechanics, and diaphragm electromyography (EMGdi) during con-
stant work rate cycle exercise were evaluated in patients with activity-
related dyspnea (baseline dyspnea index �9). Subjects were random-
ized to either IMT or a sham training control group (n � 10 each).
Twenty subjects (FEV1 � 47 � 19% predicted; Pimax � �59 � 14
cmH2O; cycle ergometer peak work rate � 47 � 21% predicted)
completed the study; groups had comparable baseline lung function,
respiratory muscle strength, activity-related dyspnea, and exercise
capacity. IMT, compared with control, was associated with greater
increases in inspiratory muscle strength and endurance, with attendant
improvements in exertional dyspnea and exercise endurance time (all
P � 0.05). After IMT, EMGdi expressed relative to its maximum
(EMGdi/EMGdimax) decreased (P � 0.05) with no significant change
in ventilation, tidal inspiratory pressures, breathing pattern, or oper-
ating lung volumes during exercise. In conclusion, IMT improved
inspiratory muscle strength and endurance in mechanically compro-
mised patients with COPD and low Pimax. The attendant reduction in
EMGdi/EMGdimax helped explain the decrease in perceived respira-
tory discomfort despite sustained high ventilation and intrinsic me-
chanical loading over a longer exercise duration.

NEW & NOTEWORTHY In patients with COPD and low maximal
inspiratory pressures, inspiratory muscle training (IMT) may be as-
sociated with improvement of dyspnea, but the mechanisms for this

are poorly understood. This study showed that 8 wk of home-based,
partially supervised IMT improved respiratory muscle strength and
endurance, dyspnea, and exercise endurance. Dyspnea relief occurred
in conjunction with a reduced activation of the diaphragm relative to
maximum in the absence of significant changes in ventilation, breath-
ing pattern, and operating lung volumes.

chronic obstructive pulmonary disease; diaphragm; dyspnea; electro-
myogram; exercise; inspiratory muscle strength; respiratory mechan-
ics

INTRODUCTION

Prevalence of chronic obstructive pulmonary disease (COPD)
is increasing worldwide and is linked to increased mortality and
poor health-related quality of life (53). Many patients with COPD
have reported incapacitating dyspnea and activity restriction even
after optimal bronchodilator therapy (52). Dyspnea and exercise
limitation in such patients are multifactorial but are fundamentally
linked to increased respiratory neural drive due to pulmonary gas
exchange (e.g., high physiological dead space, critical hypoxemia)
and metabolic abnormalities (e.g., lactic acidosis), severe dynamic
mechanical constraints, and functional respiratory muscle weak-
ness in variable combinations (14, 39, 40, 44). It has long been
postulated that functional inspiratory muscle weakness is a con-
tributor to dyspnea in advanced COPD (29). Thus, a meta-analysis
and recent studies on the impact of IMT in this population
concluded that increased inspiratory muscle strength was associ-
ated with reduced dyspnea (6, 19, 45). Moreover, IMT has been
associated with favorable metabolic and structural adaptations of
the ribcage inspiratory muscles in patients with advanced COPD
(47). However, it has also been argued that specific IMT may be
unnecessary, as the inspiratory muscles may already become
“trained” by chronic intrinsic mechanical loading in the setting of
high ventilatory demand (12).

Although the respiratory muscles of patients with COPD
show impressive long-term adaptations to chronic shortening
and increased intrinsic mechanical loading, functional muscle
weakness likely occurs under conditions of acute physiological
stress (e.g., exercise) in patients with severe COPD (9, 18, 23,
29, 32, 46). During exercise, dynamic hyperinflation causes an
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inspiratory threshold load that acutely increases the elastic
work of breathing substantially while it simultaneously reduces
the capacity of the inspiratory muscles to generate pressure (9,
32, 34). In addition, the velocity of shortening of diaphragm
muscle fibers is increased, contributing to further functional
inspiratory muscle weakness at higher exercise intensities (32).
To maintain ventilation on pace with metabolic demands in this
setting of functional inspiratory muscle weakness, inspiratory
neural drive from motor centers in the brain to the respiratory
muscles must increase toward maximum, and this may con-
tribute to perceived respiratory discomfort.

In this context, the ratio of diaphragm activation (by elec-
tromyography) during inspiration to its maximum [diaphragm
electromyography/(EMGdi/EMGdimax)] has been used as an
index of inspiratory neural drive to the diaphragm (27, 35).
Physiological experiments have confirmed that dyspnea inten-
sity during incremental exercise in COPD rises with increased
EMGdi/EMGdimax, reflecting progressive load-capacity imbal-
ance of this muscle (14, 20, 27). It follows that interventions
such as IMT that increase the capacity denominator by increas-
ing diaphragmatic strength should reduce EMGdi/EMGdimax

and associated dyspnea. Indeed, two previous studies of the
effects of IMT in healthy humans (25, 49) provided evidence that
reduction in indirect indices of motor command output to the
inspiratory muscles (e.g., mouth pressure or mouth occlusion
pressure at 0.1 s of inspiration) diminished in conjunction with
increased inspiratory muscle strength. In line with this finding,
other studies found that for a specific level of skeletal muscle
activity, the magnitude of the EMG responses to transcranial
stimulation were smaller following resistance training (6). Con-
sequently, the current controlled study extended previous work
and was designed to test the hypothesis that IMT increases
diaphragmatic strength, thereby reducing EMGdi/EMGdimax and
the associated dyspnea during exercise in patients with COPD.
This hypothesis would be supported if, in contrast to sham
training, dyspnea relief following IMT was associated with de-
creased EMGdi/EMGdimax during exercise after accounting for
possible changes in ventilation and operating lung volumes.

METHODS

Participants were clinically stable COPD patients with reduced
inspiratory muscle strength [Pimax �70 cmH2O measured at plethys-
mographic functional residual capacity (FRC)] and persistent activity-
related dyspnea (baseline dyspnea index � 9) despite optimal medical
therapy. The Pimax of �70 cmH20 cutoff has been associated with
clinical and physiological findings indicative of significant respiratory
muscle weakness (50). Exclusion criteria were as follows: inability to
perform physiological testing, active cardiovascular comorbidity (i.e.,
severe heart failure with reduced left ventricular ejection fraction,
cardiomyopathy, recent acute myocardial infarction, cardiac arrhyth-
mias, or stroke), or other conditions that could impact dyspnea or
exercise capacity. This project was approved by the Queen’s Univer-
sity Health Sciences and Affiliated Teaching Hospitals Research
Ethics Board (DMED-1579-13) and registered with ClinicalTrials.gov
(NCT01900873). After providing informed consent, participants were
randomized to an IMT or a control (sham training) group. Random-
ization and allocation concealment was conducted using a previously
published method (11); opaque sealed envelopes were prepared and
numbered sequentially by a researcher not involved in the study, and
IMT and control interventions were distributed evenly in randomly
ordered block sizes of 4 and 6. Therapists providing the intervention
were aware of group allocation; however, both subjects and outcome
assessors were blinded to group assignment. Interventions were pre-

sented to participants as strength (IMT) or endurance (control) train-
ing; this deception was performed to enhance treatment adherence and
ensure a full placebo effect in the control group. There were three
testing visits: a visit to assess eligibility and familiarize participants
with procedures and visits conducted immediately before and after the
8-wk training program for measurement of primary and secondary end
points.

Inspiratory Muscle Training

Training was performed and monitored in accordance with a
previously published and largely home-based protocol using the
electronic POWERbreathe KH2 device (HaB International,
Southam, UK) (7, 30). This handheld device has several specific
characteristics that make it more suitable for IMT programs in
COPD compared with traditional mechanical pressure threshold
loading devices; in addition to its potentially beneficial loading
characteristics, the device is able to store information from the
training sessions performed without supervision in the home set-
ting. The program consisted of two to three daily sessions of 30
breaths (4 –5 min/session) performed 7 days/wk for 8 wk. Weekly
measurements of Pimax were performed in both groups. The IMT
group performed two daily sessions at a training load that started
at �40% of their initial Pimax and increased weekly to the highest
tolerable intensity, always making sure to reach �40 –50% of the
current Pimax. This training load was selected to provide the
highest tolerable resistance and still allow full vital capacity
inspirations; this would hopefully improve training specificity by
applying a training stimulus over the full range of motion of the
inspiratory muscles, including the lengths at which these muscles
operate during exercise. Ratings of perceived respiratory effort
(4 – 6 on the modified 10-point Borg Scale) were also used to
support decisions on increasing training load; we also hoped that
IMT sessions conducted within this level of effort would improve
training compliance. The control group performed three daily
sessions at an unaltered load of �10% of their initial Pimax.

Assessments

Activity-related dyspnea was assessed with the MRC dyspnea scale
and the baseline/transition dyspnea index. Spirometry, body plethys-
mography, and lung diffusing capacity were performed (Vmax, 229
days with Vs62j Autobox; SensorMedics, Yorba Linda, CA).

Tests of respiratory muscle function. Maximal mouth pressure was
measured at total lung capacity (TLC) for expiration (Pemax) and at
both FRC and residual volume (RV) for Pimax (1, 2).

Inspiratory muscle endurance was measured during a constant-
load breathing test, using the POWERBreathe KH2 device with the
same breathing instructions as during the training sessions (30, 31).
At baseline, an inspiratory load was selected that allowed partic-
ipants to breathe against the resistance for 3–7 min (typically
50 – 60% Pimax) before reaching a symptom-limited end point, i.e.,
when breathing discomfort became too severe to continue or when
the participant could no longer successfully inspire against the
load. Previous work showed that this protocol of limiting duration
of baseline tests helped avoid ceiling effects during postinterven-
tion testing (30, 31). The identical load was used for posttraining
assessments. Diaphragm electromyography and respiratory pres-
sures were recorded continuously during the tests and processed as
described below.

Exercise testing. Symptom-limited exercise tests were conducted
on an electrically braked cycle ergometer (Ergometrics 800S; Sensor-
Medics) with a cardiopulmonary testing system (Vmax229d; Sensor-
Medics), as previously described in detail (20, 40). Incremental tests
used a 10 W/min stepwise protocol. Subsequent constant work rate
(CWR) tests were performed at 75% of the peak incremental work
rate. Breath-by-breath measurements were evaluated as 30-s averages,
and “peak” was defined as the last 30 s of loaded pedaling. Inspiratory
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capacity (IC) was measured at rest, every second minute during
exercise, and at the end of exercise (21). Participants rated the
intensity of their perceived “breathing discomfort” (dyspnea) and leg
discomfort at rest, every minute during exercise, and at the end of
exercise using the modified 10-point Borg scale (4).

EMG measurement and analysis. A combined EMGdi-electrode
catheter with esophageal/gastric balloons was inserted nasally after
topical anesthesia and positioned in accordance with established
methodology, as previously reported (26, 35). EMGdi, esophageal
pressure (Pes), gastric pressure (Pga), and transdiaphragmatic pres-
sure (Pdi � Pga-Pes) were recorded during CWR exercise and con-
stant-load breathing tests and analyzed as previously described (14,
26, 27, 35). The raw EMGdi signal was sampled at 2,000 Hz
(PowerLab, model ML880; ADInstruments, Castle Hill, NSW, Aus-
tralia), band-pass filtered between 20 and 1,000 Hz (Bioamplifier
model RA-8; Guangzhou Yinghui Medical Equipment, Guangzhou,
China), and converted to a root mean square; the largest value from
the five electrode pairs in each inspiration was used for the analysis.
As others have done, EMGdimax was determined as the highest value
during any IC or sniff maneuver during each test (14, 26, 27).
EMGdi/EMGdimax was used as an index of inspiratory neural drive to
the crural diaphragm based on previously described assumptions (14,
35). The esophageal and gastric balloon catheters were connected to
differential pressure transducers (model DP15-34; Validyne Engineer-
ing, Northridge, CA) for continuous measurement of respiratory
pressures, and the PowerLab system received continuous flow signal
input from the Vmax 229d system for offline analysis. Maximal sniff
esophageal (Pessniff) and transdiaphragmatic (Pdisniff) pressures were
measured from FRC pre-exercise and immediately at the end of
exercise (1). Inspiratory Pes/Pessniff and Pdi/Pdisniff were used as
indices of global inspiratory muscle effort and diaphragmatic effort,
respectively. The ventilatory muscle recruitment (VMR) index was
determined as the slope of the line between points of zero flow at the
end of expiration and end of inspiration for the Pga-Pes plots (�Pga/
�Pes); more negative slopes represent increased contribution by the
diaphragm, and less negative slopes represent increased contribution
by inspiratory muscles of the ribcage and of the accessory inspiratory
muscles (36).

Statistical Analysis

It was initially estimated that a sample size of 16 patients per
group would be required to detect a between-group difference in
dyspnea intensity of one Borg scale unit at “isotime” during CWR
cycling tests (primary outcome), assuming a SD of 1 unit in the
change in dyspnea intensity between pre- and postintervention
measurements, a statistical power of 80%, and a risk for a type I
error (�) �5%. Statistical procedures were carried out using either
SPSS 24.0 for Windows (SPSS, Chicago, IL) or SAS 9.4 for
Windows (SAS Institute, Cary, NC).

Visual inspection of data as well as normality testing (Shapiro-
Wilk and Kolmogorov-Smirnov) were performed to confirm the
normal distribution of data before proceeding with parametric testing.
A mixed-model analysis was performed to assess treatment differ-
ences in continuous assessments of dyspnea intensity and EMGdi/
EMGdimax during cycle ergometer exercise; interactions with group
(IMT vs. control), period (pre- vs. postintervention), and ventilation
(VE) were taken into account. Both linear and quadratic models were
considered; for the quadratic model, a quadratic term for VE or
minutes together with the corresponding interactions was included.
Model selection was based on the maximum likelihood rule of thumb.
Post hoc tests were performed to compare measures at isotime.

For all other outcomes derived from respiratory muscle tests,
pulmonary function tests, constant work rate cycle ergometer testing,
and questionnaires with only two measurements (pre- and postinter-
vention), the difference between measurements was calculated, and
unpaired t-tests were applied to test for between-group differences.

Differences between groups were also verified after adjusting for
baseline differences using an analysis of covariance. One-sample
t-tests were applied to test for within-group differences between pre-
and postintervention measurements. A secondary analysis was con-
ducted using Pearson correlations to identify whether treatment-
induced improvements in Pimax were associated with improvements in
exertional dyspnea intensity and cycle ergometer exercise endurance
or other relevant variables.

RESULTS

A consort flow diagram is provided in Fig. 1 to show the
progress of participants through different phases of the study.
Twenty participants with moderate to very severe COPD were
enrolled within the 1-yr recruitment period (June 2013–July
2014), at which time an interim analysis was conducted to
determine whether a study extension was required. The major-
ity (n � 15) were on “triple therapy” with a long-acting 	2-agonist
(LABA), long-acting muscarinic antagonist (LAMA), and in-
haled corticosteroid (ICS), whereas the others used 	2-agonist
and muscarinic antagonist bronchodilators in accordance with
practice recommendations (42, 53). Comorbidities included
stable (no./group): hypertension (3 IMT, 3 control), hypercho-
lesterolemia (4 IMT, 1 control), gastresophageal reflux disease
(4 IMT, 2 Ccntrol), osteoporosis (1 IMT, 2 control), type 2
diabetes mellitus (1 IMT, 1 control), hypothyroidism (1 IMT,
2 control), ischemic heart disease (1 IMT, 1 control), mild
depression (1 IMT, 3 control), and mild anxiety (2 control).

The specific causes of the inspiratory muscle weakness in
our participants were not determined. Clinical evaluation did
not uncover differences between groups in arterial blood gas or
acid base disturbance; no participants were prescribed opiate or
sedative medication or any sort of noninvasive ventilation; no
participant had frequent (
2/yr) severe exacerbations of
COPD, and none were receiving long-term oral steroids; no
participants had significant nutritional problems, but most had
reduced cardiorespiratory fitness and some degree of global
skeletal muscle deconditioning related to reduced physical
activity. Groups had comparable baseline pulmonary function,
respiratory muscle strength, activity-related dyspnea, and ex-
ercise capacity (Table 1). Peak exercise capacity was very
poor, with all participants showing significant respiratory/
mechanical constraints at the end of exercise (IRV � 0.5 L).
All but four participants indicated that breathing discomfort
contributed more to their reason for stopping exercise than leg
discomfort.

All participants completed their assigned training program
and pre- and postintervention evaluations. Data on progression
of training intensity and compliance with the training programs
are provided in Fig. 2. Overall compliance with the prescribed
training sessions was 95 � 6 and 90 � 12% in the IMT and
control group, respectively.

Training Responses Measured at Rest

Changes in important outcomes are shown in Table 2.
Significant postintervention differences in favor of the IMT
group were found in measurements of inspiratory muscle
strength (Fig. 3) and endurance (Table 2). The reduction in
FRC and increase in IC/TLC after IMT compared with control
(Table 2) is consistent with the coexisting significant prolon-
gation of expiratory time (TE) and reduction in breathing
frequency (Fb) seen at rest. Activity-related dyspnea question-
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naires (MRC scale, transition dyspnea index) improved signif-
icantly after IMT vs. control.

Training Responses During Exercise

CWR exercise time increased significantly after IMT com-
pared with control (Table 2 and Fig. 4). Significant improve-
ments in dyspnea intensity during CWR cycling were observed
after the IMT but not control intervention. Pre/postintervention
differences between groups (IMT vs. control) of quadratic
linear model estimates of dyspnea intensity at isotimes during
exercise are presented in Table 3. Decreases in Borg ratings at
isotime (P � 0.036) and in the slope of Borg ratings over
exercise time (P � 0.022) were observed only in the IMT
group (Fig. 4).

See Table 4 for measurements at isotime exercise; there
were no significant training-induced changes in ventilation
(VE), breathing pattern (VT, Fb), operating lung volumes (IC,
IRV), gas exchange [oxygen consumption (V̇O2), carbon diox-
ide output (V̇CO2), end-tidal CO2 (PETCO2

), and oxygen satura-
tion (SpO2

)], or tidal respiratory pressures (Pes, Pdi, and Pga)
after either intervention. Figure 5 illustrates the lack of train-
ing-induced change in operating lung volumes, Pes, and Pdi
during exercise.

EMGdi/EMGdimax decreased significantly after IMT vs.
control (Table 4 and Fig. 4); this was achieved primarily by
increasing EMGdimax (P � 0.018), although there was a
tendency for tidal inspiratory EMGdi to decrease at isotime and
peak exercise within the IMT group (P � 0.1) (Fig. 6).
Average values of the EMGdi obtained during different max-

imal inspiratory maneuvers are summarized in Table 5. In all
participants, the largest EMGdimax was recorded during an IC
maneuver; all but two were during an exercise IC, and the
majority was the end-of-exercise IC when VE was at its peak.

Physiological Correlations

Across groups, training-induced changes in CWR endurance
correlated significantly with changes in Pimax at FRC (r �
0.697, P � 0.001), inspiratory muscle endurance (r � 0.655,
0.002), Pessniff (r � 0.490, P � 0.028), and dyspnea ratings at
isotime exercise (r � �0.721, P � 0.0005). The decrease in
dyspnea ratings at isotime during exercise correlated with
improvements in Pessniff (r � �0.662, P � 0.001), Pimax at
FRC (r � �0.660, P � 0.002), and inspiratory muscle endur-
ance (r � �0.541, P � 0.014).

DISCUSSION

The main findings of this study were that 8 wk of home-
based IMT (compared with control) was associated with an
increased capacity to sustain high ventilation for a longer
duration accompanied by consistent improvements in dia-
phragmatic strength, reductions in EMGdi/EMGdimax ratio,
and exertional dyspnea intensity ratings. The results support
the hypothesis that increased ratio of diaphragmatic activation
to maximum contributes to perceived dyspnea during exercise
in COPD and that this can be reduced by IMT.

Our participants reported significant activity-related dyspnea
and exercise intolerance despite optimal bronchodilator ther-

CONSORT Flow Diagram 

Assessed for eligibility between 7/2013 and 
7/2014 (n=151 patients with COPD who had 

attended RIU for clinical testing in the 5 years 
preceding this study) 

Excluded (n=131) 
Not meeting inclusion criteria (n=90) 
Declined to participate (n=41) 

Analyzed (n=10) 
 Excluded from analysis (n=0) 

Lost to follow-up (n=0) 

Discontinued intervention (n=0) 

Allocated to intervention (n=10) 
 Received allocated intervention (n=10) 

Lost to follow-up (n=0) 

Discontinued intervention (n=0) 

Allocated to control (n=10) 
 Received allocated intervention (n=10) 

Analyzed (n=10) 
 Excluded from analysis (n=0) 

Allocation 

Analysis 

Follow-Up 

Randomized (n=20) 

Enrollment 

Fig. 1. Consort flow diagram showing the
progress of participants through different
phases of the study.
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apy. Incremental cardiopulmonary exercise test (CPET) con-
firmed very low peak power output (�50 W) and identified
severe dyspnea (Borg 6) as the dominant exercise-limiting
symptom in the majority. Ventilatory limitation was the prox-
imate contributor to exercise intolerance; at peak exercise, IRV

had declined to an average of 0.3 L at a peak VE of only 33
L/min.

Effect of IMT on Resting Inspiratory Muscle Function

In keeping with our selection criteria, values for Pimax,
Pessniff, and Pdisniff (all measured from FRC) were uniformly
low compared with age- and sex-matched healthy individuals
(38, 50). The two groups were well matched for baseline
activity-related dyspnea, pulmonary function, resting Pimax,
and exercise capacity. Participants reliably adhered to incre-
mental IMT or sham protocols with no adverse events. Con-
sistent with previous studies using the same device, supervised
IMT was associated with significant and large increases in
Pimax (effect sizes of 1.18 and 1.04 for measurements per-
formed from FRC and RV, respectively) (7, 30). The lack of
such improvements in the control group suggests genuine
increases in strength in the IMT group that were not explained
by a placebo effect or by improved technique of test perfor-
mance.

Interestingly, inspiratory muscle endurance time during
standardized resistive loading increased by almost threefold in
the IMT group in comparison with a small increase in the
control group that is compatible with a learning effect, as
previously reported (24). Moreover, after training, patients
performed more work and power per breath. This is in accor-
dance with previous findings and indicates that patients were
able to generate larger inspiratory volumes and faster in-

Table 1. Baseline characteristics at study enrolment

All Subjects (n � 20) Control (n � 10) IMT (n � 10)

Men/Women, n 7/13 3/7 4/6
Age, yr 70 � 7 67 � 8 73 � 4
Height, cm 162 � 8 164 � 10 161 � 7
Body mass index, kg/m2 24.6 � 5.6 25.1 � 6.7 24.1 � 4.6
BDI total score (0–12) 5.3 � 1.7 4.7 � 1.5 5.9 � 1.6
MRC dyspnea scale (1–5) 3.0 � 1.0 3.0 � 1.1 2.9 � 1.0

Symptom-limited peak incremental cycle ergometer exercise test
Work rate, W (%predicted) 49 � 21 (47 � 21) 48 � 20 (41 � 15) 49 � 23 (52 � 25)
V̇O2, l/min (%predicted) 0.95 � 0.30 (60 � 18) 0.97 � 0.36 (56 � 16) 0.94 � 0.24 (63 � 20)
HR, beats/min (%predicted) 126 � 18 (77 � 11) 129 � 20 (78 � 12) 123 � 16 (76 � 10)
Ventilation, l/min (%MVV) 32.6 � 9.9 (83 � 18) 32.9 � 12.5 (88 � 17) 32.2 � 7.2 (78 � 18)
IRV, L 0.32 � 0.15 0.30 � 0.18 0.35 � 0.13
Dyspnea, Borg units 6.5 � 2.4 6.2 � 2.5 6.8 � 2.3
Leg discomfort, Borg units 6.3 � 2.8 6.5 � 2.7 6.1 � 3.1

Pre-bronchodilator pulmonary function (% predicted)
FEV1, liters 0.94 � 0.29 (47 � 19) 0.88 � 0.25 (40 � 14) 0.99 � 0.32 (53 � 22)
FEV1/FVC, % 35 � 12 32 � 11 37 � 13
IC, liters 1.67 � 0.55 (69 � 19) 1.70 � 0.64 (69 � 16) 1.64 � 0.48 (70 � 22)
FRC, liters 4.15 � 1.26 (140 � 38) 4.49 � 1.07 (152 � 39) 3.81 � 1.40 (128 � 34)
RV, liters 3.00 � 1.13 (139 � 55) 3.30 � 1.04 (157 � 56) 2.71 � 1.18 (122 � 50)
TLC, liters 5.82 � 1.38 (108 � 17) 6.19 � 1.25 (115 � 16) 5.45 � 1.46 (102 � 16)
sRaw, cmH2O·s 18.7 � 14.7 (460 � 370) 22.3 � 16.7 (556 � 429) 15.2 � 12.7 (365 � 291)
DLCO, ml/min/mmHg 7.9 � 2.9 (44 � 12) 7.8 � 3.2 (40 � 14) 7.9 � 2.7 (43 � 19)
CLst, l/cmH2O 0.38 � 0.20 0.38 � 0.19 0.39 � 0.24
Sniff Pes, cmH2O �47 � 10 �48 � 10 �46 � 11
Pimax at FRC, cmH2O �59 � 14 �58 � 16 �60 � 12
Pimax at RV, cmH2O 76 � 16 �71 � 16 �80 � 15
Pemax at TLC, cmH2O 105 � 31 98 � 31 112 � 32

Values are means � SD. BDI , baseline dyspnea index, with total scores ranging from 0 (most severe activity-related dyspnea) to 12 (no activity-related
dyspnea); CLst, static lung compliance; DLCO, diffusing capacity of the lung for carbon monoxide; FEV1, forced expiratory volume in 1 s; FRC,
plethysmographic functional residual capacity; FVC, forced vital capacity; IC, inspiratory capacity; IMT, inspiratory muscle training; MRC dyspnea scale,
Medical Research Council dyspnea scale, with scores ranging from 1 (best) to 5 (worst); MVV, maximal voluntary ventilation; Pes, esophageal pressure; Pemax,
maximal expiratory mouth pressure; Pimax, maximal inspiratory mouth pressure; RV, residual volume; sRaw, specific airway resistance; TLC, total lung capacity.
Predicted peak work rate and V̇O2 were those of Blackie et al. (3). Predicted peak HR � 210 � (0.66 � age).
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spiratory flow rates against the same external load after
training (30, 31).

The IMT protocol was nonspecific, as it encouraged recruit-
ment of all inspiratory muscles in response to the extrinsic
mechanical loading, and not just the diaphragm. However,
consistent and large improvements in Pdisniff in the IMT group
confirm that the static strength of the diaphragm was, in fact,
increased (effect size: 1.56) (51).

Effect of IMT on Dyspnea and Exercise Performance

In contrast to the control group, activity-related dyspnea
measured by the TDI improved by �4 units after IMT, which
exceeds the minimal clinically important difference of 1 unit
(37). These improvements are similar to those reported after
other IMT and pulmonary rehabilitation programs (33, 41).
Both within the IMT group and between groups, dyspnea
intensity ratings improved significantly at a standardized time
together with dyspnea/time slopes (Fig. 3 and Table 3). Re-
markably, following IMT, participants could breathe at a VE of
32 L/min and a V̇O2 equivalent to peak V̇O2 during incremental
CPET for 
4 min longer with no increase in peak dyspnea
ratings. These improvements in dyspnea occurred in the setting
of reduced EMGdi/EMGdimax despite little or no change in
ventilation, breathing pattern, operating lung volumes, and
tidal Pes and Pdi during exercise tests pre- and post-IMT. In
other words, dyspnea was relieved at a standardized exercise
time despite little or no change in intrinsic mechanical loading
or in pulmonary gas exchange and metabolic abnormalities that
stimulate VE, thus allowing a unique opportunity to examine
the role of inspiratory muscle weakness in isolation. The
following question remains: What are the potential mechanistic
linkages between increased diaphragmatic strength (post-IMT)
and reduced EMGdi/EMGdimax and dyspnea ratings during
exercise?

Dyspnea and Inspiratory Muscle Weakness in COPD

It has long been recognized that increased dyspnea intensity
during incremental cycle exercise varies with baseline Pimax in
COPD populations (29). Thus, the highest dyspnea intensity
ratings for a given work rate occurred in those with the lowest

Table 2. Responses to IMT: main outcome measurements

Control IMT
Mean Difference of Change:

IMT/Control (95% CI)Preintervention Change (Post/pre) Preintervention Change (Post/pre)

FEV1, liters 0.90 � 0.31 0.02 � 0.11 1.05 � 0.34 0.01 � 0.10 �0.01 (�0.11 to 0.09)
FRC, liters 4.33 � 1.16 0.06 � 0.25 4.03 � 1.43 �0.17 � 0.25† �0.23 (�0.47 to 0.00)
IC, liters 1.78 � 0.67 �0.02 � 0.15 1.67 � 0.49 0.11 � 0.16 0.13 (�0.02 to 0.28)
IC/TLC, % 29.6 � 10.2 �0.7 � 2.3 30.3 � 8.3 2.1 � 2.4*† 2.8 (0.5–5.0)

Inspiratory muscle strength
Pessniff, cmH2O �48 � 10 �1 � 7 �46 � 11 �14 � 11*† �13 (�20 to �6)
Pdisniff, cmH2O 87 � 24 �4 � 12 92 � 21 14 � 11*† 18 (7–29)
Pimax at FRC, cmH2O �61 � 15 �7 � 12 �61 � 12 �17 � 11* �11 (�19 to �2)
Pimax at RV, cmH2O �76 � 22 �6 � 13 �74 � 13 �21 � 16*† �15 (�26 to �3)

Inspiratory muscle endurance test
Inspiratory load, cmH2O �46 � 8 �47 � 20
Breathing time, s 234 � 133 111 � 152* 251 � 62 467 � 259*† 357 (157–557)
Inspiratory power/breath, W 2.3 � 2.5 1.0 � 2.3 2.9 � 2.2 2.5 � 1.8* 1.5 (�0.5 to 3.5)
Total inspiratory work, J 96 � 105 67 � 215 113 � 70 321 � 205*† 254 (51–457)

Constant work rate cycle ergometer exercise test
Work rate, W 35 � 16 35 � 17
Exercise time, s 355 � 162 54 � 89 436 � 257 277 � 303*† 223 (39–407)

Activity-related dyspnea
MRC dyspnea scale (1–5) 3.0 � 1.1 0.4 � 0.7 2.9 � 1.0 �0.6 � 0.7*† �1 (�1.7 to �0.3)
TDI total score (�9 to 9) 1.2 � 3.2 4.3 � 2.2*† 3.1 (0.5–5.7)

Values are means � SD. �, within-group treatment difference; CI, confidence interval; MRC, Medical Research Council, with dyspnea scale scores ranging
from 1 (best) to 5 (worst); FRC, plethysmographic functional residual capacity; Pdi, transdiaphragmatic pressure; Pes, esophageal pressure; Pimax, maximal
inspiratory mouth pressure; RV, residual volume; TDI, transition dyspnea index, with scores ranging from �9 (maximal worsening of symptoms) to �9 (maximal
improvement of symptoms); TLC, total lung capacity. *P � 0.05, within-group difference, pre- vs. postintervention by paired t-test; †P � 0.05 by unpaired t-test
comparing treatment differences for IMT vs. control.
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Fig. 3. Training-induced changes in measurements of inspiratory muscle
strength are shown after inspiratory muscle training (IMT) and control. FRC,
functional residual capacity; Pdisniff, maximal inspiratory sniff transdiaphrag-
matic pressure measured from FRC; Pessniff, maximal inspiratory sniff esoph-
ageal pressure measured from FRC; Pimax, maximal inspiratory mouth pres-
sure; RV, residual volume. Values are means � SE. *P � 0.05, between-group
difference; #P � 0.05, within-group difference.
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resting Pimax (19, 29). It is postulated that the sensation of
increased perceived muscle effort that arises when any skeletal
muscle is weakened (either experimentally or as a result of
disease) fundamentally reflects the increased central motor
command output from the cortex required to generate a given
force or tension by the weakened muscle. The relative contri-
bution of afferent inputs from mechanoreceptors in weakened
muscles to perceived effort has not been determined conclu-
sively, and such studies pose technical challenges. Further
studies in this area are required. Davenport et al. (8) have used
respiratory-related evoked potentials (RREP) to record cortical
neural activity arising from synchronous afferent stimulation of
specific cerebral cortical neurons. Using this approach, Huang
et al. (25) examined the effects of increasing inspiratory
muscle strength (by IMT) in healthy participants and found no
changes in peak amplitude or latency of early components of
RREP despite reduced mouth occlusion pressure, a surrogate
for respiratory central motor drive.

In the context of the respiratory system, inspiratory motor
command signals, and accompanying increased central corol-
lary discharge to the somatosensory cortex may form the basis
for perceived respiratory discomfort during experimental in-
spiratory muscle weakness (partial neuromuscular blockade,
extrinsic mechanical loading, hyperinflation) (5, 17, 28). How-
ever, small psychophysical studies in healthy volunteers on the
effects of IMT on indirect measures of inspiratory motor
command output and respiratory sensation have shown incon-
sistent results (25, 48, 49). Clearly, the results of these studies
cannot easily be extrapolated to COPD patients with severe
dyspnea and chronically weak inspiratory muscles.

Dyspnea Relief and Reduced EMGdi/EMGdimax

Following IMT

The current study is the first to show that high-intensity IMT
was associated with a consistent reduction in EMGdi/EMGdimax
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Fig. 4. Dyspnea intensity, electromyogram of
the diaphragm measured during tidal inspira-
tion/largest value during a maximum inspira-
tory maneuver (EMGdi/EMGdimax), and venti-
lation during constant work rate exercise be-
fore and after inspiratory muscle training
(IMT) and the control intervention. Values are
means � SE. *P � 0.05, post- vs. preinterven-
tion at isotime.
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despite no change in VE during exercise in COPD (Fig. 3). The
decrease in the EMGdi/EMGdimax ratio was explained mainly
by a significant increase in EMGdimax obtained during IC
maneuvers of similar magnitude pre- and post-IMT. The train-
ing-induced increase in EMGdimax may reflect an increased

ability to recruit more motor units during maximal voluntary
activation of the diaphragm due to a combination of increased
strength and potential neuronal adaptations that facilitated
motor unit recruitment over the 8-wk training period (22, 38).
The trend toward decrease in tidal inspiratory EMGdi is com-
patible with a decrease in the motor unit recruitment required
to generate a given force as a result of muscle hypertrophy (22,
38, 47). The absence of significant changes in the ventilatory
muscle recruitment index (Table 4) (36) does not support a
mechanism of reduced EMGdi amplitude being related to
proportionally increased contribution of ribcage and accessory
inspiratory muscles resulting in diaphragm sparing. Moreover,
tidal inspiratory Pdi measurements were unchanged after train-
ing, and despite the fact that IMT did not specifically target the
diaphragm, consistent increases in diaphragm strength were
measured, confirming that this muscle was exposed to the
external load.

Regardless of the precise neurobiological mechanism(s),
our results suggest that improvement of exertional dyspnea
following IMT is associated with reduction in the proportion
of the maximal motor command output signals to the dia-

Table 3. Parameter estimates and fit statistic of the best
model (quadratic model �2ll:959) to describe dyspnea
symptoms at different minutes during CWR exercise

Effect: IMT/Control (Post/Pre) Estimate SE DF t-Value Pr 
 t

Minute6 �0.9 0.4 237 �2.19 0.030
Minute5 �0.8 0.4 237 �2.01 0.045
Minute4 �0.7 0.4 237 �1.71 0.088
Minute3 �0.5 0.4 237 �1.24 0.215
Minute2 �0.3 0.4 237 �0.60 0.546
Minute1 �0.0 0.6 237 �0.00 0.999
Minute0 0.3 0.7 237 0.41 0.679

Values are response variable, dyspnea (Borg 0–10). CWR, constant work
rate; DF, degrees of freedom. t-Values and probabilities are provided for
estimates of pre/postintervention differences in dyspnea intensity between
groups (IMT vs. control).

Table 4. Measurements during symptom-limited constant work rate cycle ergometer exercise

Control IMT
Mean Difference of Change:

IMT/control (95% CI)Preintervention Change (Post/Pre) Preintervention Change (Post/Pre)

Work rate, W 35 � 17 35 � 16
Isotime

Exercise time at isotime, s 306 � 156 426 � 252
Dyspnea, Borg units 4.0 � 1.7 �0.4 � 2.1 5.7 � 2.2 �1.8 � 2.3* �1.5 (�3.5 to 0.6)
Leg discomfort, Borg units 4.5 � 2.3 �0.7 � 2.0 6.0 � 3.3 �1.1 � 2.4 �0.4 (�2.5 to 1.7)
V̇O2, l/min 0.93 � 0.35 �0.06 � 0.08 0.97 � 0.24 �0.03 � 0.10 0.04 (�0.05 to 0.12)
HR, beats/min 119 � 16 �5 � 11 129 � 16 �10 � 13* �6 (�17 to 6)
SpO2

, % 92.0 � 7.4 1.8 � 7.6 91.1 � 4.5 1.7 � 3.9 �0.1 (�5.8 to 5.6)
Ventilation, l/min 31.6 � 11.9 �1.5 � 2.3 31.9 � 7.7 �1.5 � 2.0 0.1 (�2.5 to 2.6)
VT, liters 1.01 � 0.29 0.04 � 0.08 0.97 � 0.36 0.00 � 0.10 �0.04 (�0.12 to 0.04)
Fb, breaths/min 31.5 � 7.6 �2.1 � 2.7 35.3 � 9.4 �1.4 � 2.3 0.7 (�1.7 to 3.0)
TI/TTOT 0.34 � 0.05 0.00 � 0.03 0.38 � 0.07 �0.01 � 0.03 �0.01 (�0.03 to 0.02)
IC, liters 1.34 � 0.34 0.09 � 0.18 1.31 � 0.27 0.09 � 0.19 �0.00 (�0.17 to 0.17)
IRV, liters 0.33 � 0.09 0.05 � 0.14 0.34 � 0.23 0.09 � 0.22 �0.07 (�0.24 to 0.10)
EMGdi, V 105 � 42 �9 � 30 139 � 87 �21 � 36 �1 (�4 to 2)
EMGdi/EMGdimax, % 72 � 11 2 � 13 91 � 23 �22 � 18*† �24 (�39 to �9)
Pestidal, cmH2O 26 � 14 �3 � 9 27 � 13 0 � 4 2 (�10 to 13)
Inspiratory Pes, cmH2O �14 � 6 �1 � 4 �15 � 4 0 � 2 1 (�2 to 4)
Inspiratory Pes/Pessniff, % 27 � 13 2 � 8 35 � 16 �7 � 7*† �9 (�16 to �2)
Inspiratory Pdi, cmH2O 25 � 9 0 � 5 34 � 6 0 � 4 �0 (�5 to 4)
Inspiratory Pdi/Pdisniff, % 31 � 15 2 � 8 38 � 10 �6 � 9 �8 (�16 to 0)
PTPdi, cmH2O·s�1·min�1 262 � 107 �35 � 86 336 � 98 �72 � 96 �37 (�123 to 50)
VMR 0.8 � 0.5 �0.1 � 0.6 0.1 � 1.0 0.3 � 0.7 0.4 (�0.2 to 1)

Peak exercise
Dyspnea, Borg units 6.8 � 2.8 �1.0 � 2.4 7.4 � 2.2 0.3 � 2.2 1.3 (�0.9 to 3.4)
Leg discomfort, Borg units 5.6 � 3.2 0.3 � 2.5 7.5 � 2.7 0.7 � 2.0 0.4 (�1.7 to 2.5)
V̇O2, l/min 0.93 � 0.35 �0.03 � 0.07 0.98 � 0.24 0.01 � 0.05 0.04 (�0.01 to 0.09)
HR, beats/min 118 � 15 0 � 11 129 � 16 �6 � 11 �6 (�16 to 4)
Ventilation, l/min 31.6 � 11.9 �0.2 � 1.4 32.0 � 7.6 �0.4 � 3.1 �0.3 (�2.5 to 2.0)
Ventilation, %MVV 84 � 15 �3 � 5 70 � 29 4 � 27 7 (�11 to 26)
EMGdi/EMGdimax, % 73 � 10 4 � 9 90 � 22 �19 � 19*† �23 (�38 to �9)
Inspiratory Pes/Pessniff, % 27 � 13 2 � 7 34 � 16 �6 � 6*† �8 (�14 to �2)
Inspiratory Pdi/Pdisniff, % 64 � 20 2 � 8 84 � 19 �6 � 8*† �8 (�15 to �1)

Values are means � SD. EMGdi, electromyogram of the diaphragm measured during tidal inspiration; EMGdimax, largest value during a maximum inspiratory
maneuver; Fb, breathing frequency; HR, heart rate; IC, inspiratory capacity; IRV, inspiratory reserve volume; MVV, maximal voluntary ventilation; Pdi,
transdiaphragmatic pressure; Pes, esophageal pressure; Pestidal, tidal swing of Pes; inspiratory Pes, the most negative Pes during a tidal inspiration; inspiratory
Pdi, the most positive Pdi during a tidal inspiration; PTPdi, pressure time product of the diaphragm; SpO2

, oxygen saturation by pulse oximetry; TI/TTOT,
inspiratory duty cycle; VMR, ventilatory muscle recruitment index (�Pga/�Pes between points of zero flow); V̇O2, oxygen consumption; VT, tidal volume.
Isotime refers to time of shortest endurance cycling test performed either pre- or postintervention that was common to both. *P � 0.05, within-group difference
pre- vs. postintervention by paired t-test; †P � 0.05 by unpaired t-test comparing treatment differences for IMT vs. control.
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phragm required to sustain VE. Ultimately, reduced EMGdi/
EMGdimax is likely related to improved load-capacity im-
balance of the diaphragm after training due mainly to
improvement in strength and capacity and not reduced
loading. Dyspnea at the end of exercise increased despite a
plateau in EMGdi/EMGdimax in conjunction with progres-
sive increases in the pressure-time product of the inspiratory
muscles in the post-IMT arm. This likely reflects additional
sources of dyspnea during sustained mechanical loading that
were not measured in the current study [e.g., increases in
expiratory and accessory muscle activation, afferent inputs
from muscle mechanoreceptors, or metabolic acidosis and
increased ergoreceptor activation (16)].

Limitations

The relatively small sample size reflects the difficulty in
recruiting patient volunteers with troublesome dyspnea to un-
dertake demanding and extensive physiological testing. Nev-

ertheless, the sample size was sufficient to demonstrate a
significant between-group difference in our primary outcome.
Our study did not allow us to evaluate the specificity of IMT;
recruitment and activation patterns of different respiratory
muscle during exercise in response to training were not ascer-
tained. Concomitant EMG measurements of the ribcage, sca-
lene, and sternocleidomastoid and abdominal muscles and
electromagnetic stimulation techniques to assess respiratory
muscle weakness were not available. There is debate as to
whether EMGdimax should be derived from maximal maneu-
vers undertaken at rest or during exercise. In keeping with
previous studies (14, 26, 27), the highest EMGdi values in the
current study were obtained consistently during exercise IC
maneuvers. IC during exercise accounts for the prevailing
dynamic mechanics and represents the effective reserves for
maximal diaphragmatic activation under these specific condi-
tions. Measurements of blood lactate and central hemodynam-
ics, as well as local muscle O2 delivery and utilization, were
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Fig. 5. Tidal operating lung volumes, esopha-
geal pressures (Pes), and transdiaphragmatic
pressures (Pdi) during constant work rate ex-
ercise before and after inspiratory muscle
training (IMT) and the control intervention.
Shaded areas represent the tidal volume (VT)
and tidal swings of Pes and Pdi before each
intervention. There were no significant within-
group differences pre- vs. postintervention at
rest or at a standardized time during exercise.
Values are means � SE. EELV, end-expira-
tory lung volume; EILV, end-inspiratory lung
volume; exp, expiratory; IC, inspiratory ca-
pacity; insp, inspiratory; IRV, inspiratory re-
serve volume; TLC, total lung capacity.
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not available. These measurements would be helpful in quan-
tifying the degree to which a possible delay in the rate of
respiratory muscle fatigue after the intervention might impact
on blood flow distribution and the competition of respiratory
and locomotor muscles for limited energy supplies during
exercise.

Future Perspectives

Additional studies are required to determine whether neural
activation of extradiaphragmatic muscles is also influenced by
IMT and to determine their relative contribution to improved
exertional dyspnea. The competition of respiratory and loco-
motor muscles for limited energy supplies is an exercise-
limiting factor that might be acted upon by improving respi-
ratory muscle function (10). Therefore, assessment of the
effects of IMT on O2 consumption of the respiratory muscles
during exercise and simultaneous O2 delivery to the peripheral
muscles would be of specific interest. Blood flow redistribution
between respiratory and locomotor muscles induced by fatigu-
ing respiratory muscle work is an additional exercise-limiting
factor that might be influenced by improving respiratory mus-
cle function (10). Therefore, future evaluation of the potential
role of IMT in delaying diaphragmatic fatigue and its down-
stream consequences in COPD would be important. Studies are
needed to see whether IMT techniques can be refined to
specifically strengthen various respiratory muscle groups based
on detailed individual functional assessments. These studies
would help to answer the question of whether individualized
IMT can optimize clinical outcomes. More studies are required
to establish selection criteria for initiation of IMT among

patients with COPD. For example, since diaphragmatic weak-
ness can be present even in smokers with only mild COPD,
clinical trials of the effects of early IMT in this population
would be of particular interest (13, 15, 43). New studies should
investigate the clinical efficacy of novel technologies that
allow long-term monitoring and adherence to IMT and study
whether this may help to maintain improvements in respiratory
muscle function (54).

Conclusions

The current study is the first to show that supervised IMT
reduced the proportion of inspiratory neural drive to the dia-
phragm that is utilized in breathing during a demanding phys-
ical task in patients with moderate-to-severe COPD and a low
baseline Pimax. This in turn had favorable consequences for
respiratory sensation and exercise tolerance, even in the setting
of high ventilatory requirements, severe respiratory mechanical
loading, and tidal volume constraints. Therefore, the results
provide a physiological rationale for IMT in selected patients
with COPD who remain disabled by dyspnea despite optimal
bronchodilator therapy.
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Table 5. Measurements of EMGdi (�V) during different maximal inspiratory maneuvers

Maneuver

Control IMT

Preintervention Postintervention Preintervention Postintervention

Resting Pimax at RV 79 � 25 69 � 29 97 � 65 105 � 58
Resting Pimax at FRC 86 � 36 79 � 25 96 � 46 108 � 59
Pre-exercise sniff 103 � 33 90 � 26 111 � 52 121 � 57
End-of-exercise sniff 129 � 46 102 � 32 102 � 57 135 � 57*†
Pre-exercise resting IC 104 � 35 101 � 43 125 � 55 143 � 65*
End-of-exercise IC 144 � 53 131 � 35 149 � 80 156 � 75
Highest exercise IC 146 � 52 131 � 35 154 � 78 173 � 81*†

Values are means � SD. FRC, functional residual capacity; IC, inspiratory capacity; Pimax, maximal inspiratory pressure measured at the mouth during an
inspiratory occlusion; RV, residual volume. *P � 0.05, within-group difference pre- vs. postintervention by paired t-test; †P � 0.05 by unpaired t-test comparing
treatment differences for IMT vs. control.
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