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Background: Functional loss of respiratory muscles in per
sons with spinal cord injury leads to impaired pulmonary 
function and respiratory complications. In addition, respira
tory complications are responsible for 50–67% of the mor
bidity in this population. 
Objective: To investigate the effects of normocapnic hyper
pnoea training in acute spinal cord injury. 
Patients and methods: Fourteen patients were randomized 
between control (sham) and an experimental normocapnic 
hyperpnoea training group. Vital capacity, maximal volun
tary ventilation, respiratory muscle strength and endurance, 
respiratory complications and symptoms were evaluated 
before, after 4 and 8 weeks of training and after 8 weeks  
followup. 
Results: Maximal voluntary ventilation, respiratory muscle 
strength and endurance improved significantly in the experi
mental group compared with the control group (p < 0.05). 
Improvements in vital capacity tended to be different from 
the control group at 8 weeks of training. The Index of Pul
monary Dysfunction decreased after 4 weeks of training and 
respiratory complications were reported less frequently in 
the experimental group compared with the control group. 
Conclusion: Normocapnic hyperpnoea training in patients 
with spinal cord injury improved respiratory muscle strength 
and endurance. Respiratory complications occurred less fre
quently after training. 
Key words: respiratory muscle training, randomized controlled 
trial, paraplegia, quadriplegia.
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INTRODUCTION

Functional loss of respiratory muscles in persons with spinal 
cord injury (SCI) results in decreased inspiratory and expira-
tory muscle strength (1, 2), impaired pulmonary function (3–5) 

and decreased rib cage and pulmonary compliance (1, 6, 7). 
It is well established that respiratory complications, probably 
resulting from impaired pulmonary function, account for a 
large proportion of mortality (8, 9) and morbidity (8, 10). As 
respiratory muscle atrophy and subsequent impaired pulmonary 
function are caused not only by denervation of respiratory 
muscles, but also by inactivity and deconditioning, respiratory 
muscle training might be an interesting option for treatment. A 
systematic review concluded that respiratory muscle training 
tended to improve expiratory muscle strength, vital capacity 
and residual volume, but insufficient data were available to 
make conclusions concerning the effects on inspiratory mus-
cle strength, respiratory muscle endurance, quality of life, 
exercise performance and respiratory complications (11). As 
both inspiratory and expiratory muscle function is impaired 
in SCI, and separate training of either of these muscle groups 
suggests positive effects (11), normocapnic hyperpnoea, 
inducing concomitant training of inspiratory and expiratory 
muscles, may be an attractive training modality in these pa-
tients. Furthermore, as respiratory muscles normally work at 
low resistance – challenging respiratory muscles by forced 
hyperpnoea rather than high resistance seems to be the more 
“natural” way of training these muscles. Indeed, normocapnic 
hyperpnoea training has already shown to improve respiratory 
muscle endurance, expiratory muscle strength and the physical 
component of the short form-12 health survey in patients with 
chronic obstructive pulmonary disease (12).

The aims of the present study were, therefore, to investigate 
the effects of normocapnic hyperpnoea training on pulmonary 
function, respiratory muscle strength and endurance, as well as 
on the incidence of respiratory symptoms in acute SCI. 

MATeRIAl AND MeThODS
Patients
Patients hospitalized from November 2002 until September 2004 in the 
Department of Rehabilitation of the University hospital Pellenberg, 
Belgium, who met the following inclusion criteria were retained for 
the study: (i) acute SCI with lesion level between C4 and T11; (ii) 
time between lesion and inclusion in the study at least 6 weeks; (iii) 
American Spinal Injury Association (ASIA) impairment classification 
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A, B or C; (iv) ventilatory independent; and 
(v) able to sit upright in the wheelchair. 
exclusion criteria were: (i) age over 70 
years; (ii) chronic spinal cord injury (> 
6 months); (iii) symptomatic infection 
characterized by fever; and (iv) presence 
of severe conditions or trauma that would 
make training impossible. Table I shows 
detailed characteristics of the 14 retained 
patients. All patients followed the same 
rehabilitation programme. Patients were 
given detailed information about the 
study procedures, prior to giving their 
written informed consent. The study was 
approved by the local ethics committee of 
the Katholieke Universiteit leuven and 
was conducted according to the Declara-
tion of helsinki.

Study design
During a habituation period, pulmonary 
function and respiratory muscle strength 
were assessed on 3 consecutive days. 
During these visits, resting ventilation 
(tidal volume, breathing frequency, end-
tidal CO2 partial pressure, PETCO2) was 
assessed and patients were habituated to 
the training device for normocapnic hyper-
pnoea. Once patients were used to perform 
normocapnic hyperpnoea, the respiratory 
endurance test (ReT, i.e. normocapnic hy-
perpnoea until exhaustion) was performed. 
In addition, pulmonary symptoms were 
assessed. Patients were matched according 
to lesion level and randomly assigned with 
sealed envelopes to either an experimental 
group or a control group (single-blind 
study). Patients received sham training 
(control group) or normocapnic hyperp-
noea training (experimental group) for 30 
min a day, 4 days a week for 8 consecutive 
weeks. Pulmonary function, respiratory 
muscle strength, ReT and respiratory 
symptoms were evaluated every 4 weeks 
during training and 8 weeks after cessation 
of the training (follow-up). 

Habituation to normocapnic hyperpnoea 
and respiratory endurance test 
Patients were habituated to perform nor-
mocapnic hyperpnoea during at least 2 
sessions (day 1 and 2). During 5 min 
of resting breathing, tidal volume and 
breathing frequency were measured with a 
spirometer (Ohmeda 5420, Cheshire, CT, 
USA) while PeTCO2 was assessed using a 
CO2-analyser (Datascope 500, Paramus, 
NJ, USA). Normocapnic hyperpnoea was 
performed using a laboratory-developed 
device, described in detail by Markov et 
al. (13) and Van houtte et al. (14). In brief, 
the device consists of a re-breathing bag 
connected to a tube system and mouthpiece. 
The volume of the bag is about 30–40% of 
the subject’s forced vital capacity (FVC). 
Patients were instructed to fill and empty 
the bag completely with each breath. To 
avoid an increase in PeTCO2, a small hole in Ta
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the tube permitted additional inspiratory and expiratory flow. The first 
step in order to obtain optimal settings for the normocapnic hyperpnoea 
was to change the size of the bag. In a second phase the size of the hole 
could optimize the conditions (CO2/O2 fraction) during normocapnic 
hyperpnea (NCh) training by making small changes in the amount of 
fresh air. This approach was validated in 2 previous studies (13, 14).

During normocapnic hyperpnoea, minute ventilation was displayed 
to the patient for feedback and a digital metronome paced breathing 
frequency. 

Patients performed the ReT until they could not achieve the target 
ventilation for 10 consecutive breaths despite the encouragement of the 
investigator. ReT trials were repeated (after at least 48 h of rest) until a 
target duration between 7–15 min was reached. If patients were unable 
to breathe for 7 min during ReT, target ventilation was decreased by 
5% for the next ReT trial. Alternatively, if patients were able to breathe 
for 15 min or more, target ventilation was increased by 5% for the next 
trial. The ReT was repeated to control for test-retest reliability and 
revealed no difference between test and retest (p = 0.925). Immediately 
after exhaustion, patients were asked to rate their level of perceived 
exertion and shortness of breath by means of a Borg score from 0 to 
10 (15). In case the duration of the ReT improved to 30 min (cut-off) 
after 4 weeks of training, a second ReT (ReT2) was performed at a 
ventilation + 5% after at least 48 h of recovery. 

Normocapnic hyperpnoea training 
Patients were informed that there were 2 training conditions, “slow 
and deep breathing” (control group) and “fast and deep breathing” 
(experimental group). Patients in the control group were unaware of the 
fact that they served as control patients. Control patients breathed at a 
constant ventilation of 15% maximal voluntary ventilation (MVV) and 
a breathing frequency of 15–25 breaths/min (sham training). Patients 
in the experimental group breathed at a ventilation between 30% and 
40% MVV with a breathing frequency between 30 and 45 breaths/min. 
All patients trained at the prescribed target ventilation for 30 min, 4 
times a week, for 8 weeks. If patients in the experimental group could 
sustain the target for 25 min, the pace of the metronome was increased 
by steps of 2 breaths/min(–1). Tidal volume was increased, if breath-
ing frequency reached 45. During training, target minute ventilation 
was displayed to the patient and a digital metronome paced breathing 
frequency. At least once a week, PETCO2 was controlled during train-
ing. Perceived exertion and shortness of breath were assessed at the 
end of the training session. All training sessions were supervised and 
training conditions, remarks and intercurrent illnesses were recorded 
in a diary. 

Pulmonary function and respiratory muscle strength
FVC and MVV in 12 sec were measured using a portable device 
(Spirobank, Medical International Research, Italy) according to eRS 
guidelines (16). Reference values of Quanjer et al. (16) were used. 
Maximal inspiratory (PImax) and expiratory (Pemax) muscle function 
were evaluated using a modification of the Black and Hyatt (17) tech-
nique. An electronic pressure transducer was used to record pressure. 
The signal was recorded for further evaluation. At least 5 attempts were 
made both from total lung capacity (Pemax) and residual volume (PImax). 
PImax and Pemax were determined as the pressure that could be sustained 
for more than 1 sec. Tests were repeated until variability between the 
3 best attempts was less than 5%. The highest values were presented 
in percent of the predicted values of Rochester & Arora (18). For all 
measurements patients were sitting in their wheelchair with the arms 
relaxed beside the body or on the thighs (quadriplegia).

Respiratory symptoms and complications
Respiratory complications were evaluated at regular visits by an 
independent physician, who was unaware of the purpose of the study 
or the allocation of treatment, assessing patients for respiratory symp-
toms (e.g. increased cough, sputum, fever). Respiratory complications 
were defined from a clinical perspective. Whenever patients did seek 

or required additional medical attention for a respiratory symptom, 
“confirmed” with more objective data as decided by the physician, 
this was reported as respiratory complication. This definition is in 
part lent from the definition of an “acute exacerbation” of chronic 
obstructive lung disease (19). 

The subjective feeling of pulmonary dysfunction was evaluated 
with the Index of Pulmonary Dysfunction developed for patients 
with multiple sclerosis (20). The index (4 is best and 11 is worst) 
consists of patient’s subjective report of his/her ability to cough and 
to clear pulmonary secretions, and clinical signs (strength of patient’s 
cough and ability to count on a single exhalation) were rated by the 
examiner. Similar to patients with multiple sclerosis, patients with 
SCI have severe impairment of expiratory muscle function resulting 
mainly in cough impairment and difficulty in clearing pulmonary 
secretions (21).

Statistics
A power analysis prior to the study was performed on data obtained 
in a pilot study (22). ReT was chosen as primary outcome since the 
main aim of the study was to improve respiratory muscle endurance. 
Using a pre-post model with 2 groups, power calculation revealed 
a power of 1.0 with 9 patients (control group: n = 3, experimental 
group: n = 6). 

In order to compare within-group results before and after 4 and 
8 weeks of respiratory muscle training, and after 8 weeks follow-
up, Friedman’s analysis of variance (ANOVA) (repeated measures) 
was performed. A posteriori, Wilcoxon tests were used to compare 
matched pairs within a particular group. The Mann-Whitney U test 
was used to compare baseline characteristics as well as differences 
between baseline and 4 weeks, 8 weeks and 16 weeks data between 
groups. Spearman’s coefficient was used for the single correlation 
between relevant outcome variables (n = 14). All statistical analyses 
were performed using Statistica 6.1 (Statsoft, Inc., Tulsa, OK, USA) 
and results were expressed as median interquartile range (IQR). The 
level of significance was set at p ≤ 0.05 for all analyses.

ReSUlTS

Patient characteristics 
Twenty patients met the criteria, of which 3 refused to partici-
pate, while another 3 patients were excluded between test day 
1 and 3: one due to severe cognitive problems, one because of 
hampering spasticity in lower limbs and one patient refused 
after having started. This total of 14 patients completed the 
entire training programme. Baseline pulmonary function and 
respiratory muscle strength are presented in Table I. There were 
no differences between patients in the control and experimental 
group concerning age, weight, height, level and duration of 
injury, days with mechanical ventilation or stay on intensive 
care, pulmonary function and respiratory muscle strength. Only 
PImax tended to be higher in the experimental group compared 
with the control group (p = 0.085). 

Training conditions
Patients in the control and experimental group completed an 
average of 27 (standard deviation (SD) 2) and 28 (SD 3) (sham) 
training sessions, respectively (maximal feasible number of 
training sessions = 32). This resulted in a patient compliance of 
86% (SD 3) and 88% (SD 10) in the control and experimental 
group, respectively. In both groups intercurrent illnesses (such 
as bladder infection, low blood pressure, headache or influenza) 
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were the main reasons for short interruptions of the protocol. 
All sessions were recovered by the end of the programme. In 
general, patients perceived the training sessions as positive 
without special complaints. One quadriplegic patient in the 
experimental group complained of neck pain due to spasm of 
the neck muscles. 

Target minute ventilation in the control group remained con-
stant over the training period with a ventilation of 15 (SD 6) 
l/min (15 (SD 4) % MVV). Target minute ventilation in the ex-
perimental group increased significantly from 35 (SD 13) l/min 
(30 (SD 8) % MVV) to 49 (SD 18) l/min (40 (SD 11)% MVV) 
after 8 weeks of training (p = 0.043). PeTCO2 during training 
was 33 (SD 5) mmhg (control group) and 35 (SD 4) mmhg 
(experimental group) and did not differ from resting breathing, 
i.e. 36 (SD 5) mmhg and 37 (SD 3) mmhg, respectively. 

Effects of training
Pulmonary function and respiratory muscle strength (Table II). 
In control patients, pulmonary function or respiratory muscle 
strength did not change at any point in time. In contrast, in 
the experimental group Friedman ANOVA revealed signifi-
cant differences for FVC (p = 0.021), MVV (p = 0.054), PImax 
(p = 0.011) and Pemax (p = 0.0473). Trends for improvement 
were found after follow-up for FVC (+15 (14) %, p = 0.075) 
and MVV (+13 (21) %, p = 0.091). Between-group analyses 
also revealed significant differences, whereas a trend was ob-
served for improved FVC and PImax at 8 weeks of training in 
favour of the experimental patients (both p = 0.06). In addition, 
Pemax failed to improve after 4 weeks of training (p = 0.093).

Respiratory endurance. Changes in duration of ReT follow-
ing (sham) training are presented in Fig. 1 and Table II. ReT 
duration did not change significantly over time in the control 
group, while ReT duration of the experimental group im-
proved significantly (p = 0.001) by 256 (121) % (p = 0.018) 
after 4 weeks of training already (all but one subject reached 
the 30 min cut-off duration). The improvement (i.e. maximal 
duration) remained after 8 weeks of training (+259 (93) %, 
p = 0.018) compared with baseline, as well as after follow-up 

(+ 231 (108) %, p = 0.018). This resulted in significant dif-
ferences of ReT duration between groups after 4 (p = 0.009) 
and 8 weeks of training (p = 0.003), as well as after follow-up 
(p = 0.002).

Improvements in MVV correlated significantly with changes 
in FVC (r = 0.678), PImax (r = 0.662), Pemax (r = 0.574) and ReT 
(r = 0.538) after 4 weeks of (sham) training in both groups. 
After 8 weeks of training, MVV correlated significantly with 
FVC and ReT (Fig. 2). 

Respiratory symptoms and complications. After 4 weeks the  
Index of Pulmonary Dysfunction changed from 7.7 (2.7) to-
wards 8.1 (2.0) in the control group and from 7.9 (1.5) towards 
7.1 (1.4) in the experimental group. Between-group comparison 
at 4 weeks revealed a significant improvement in favour of the 
experimental group (p = 0.030). This improvement failed to 
remain at 16 weeks (p = 0.074). The incidence of respiratory 
symptoms and complications is presented in Table III. 

Fig. 1. Duration of the respiratory endurance test (ReT) before, after 4 
and 8 weeks of (sham) training and after 16 weeks in the control group 
() and experimental group (). Note that all patients in the experimental 
group were able to complete another ReT at a higher target ventilation 
(ReT2) at 4, 8 and 16 weeks.*p < 0.05 compared with values before 
training, †p < 0.01 between groups compared with baseline. Values are 
expressed as median (IQR).
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Table II. Pulmonary function and respiratory muscle strength before and after 4 and 8 weeks of (sham) training and after follow-up (16 weeks) 
in the control and experimental group

 Control group experimental group

Before 4 weeks 8 weeks 16 weeks Before 4 weeks 8 weeks 16 weeks

FVC (l) 3.8 (2–4.3) 3.6(2.2–3.9) 3.2 (2.3–4.4) 3.4 (2.1–4.5) 3.5 (2.6–3.9) 3.7 (2.9–4.3)* 3.5 (2.9–4.8)* 3.4 (2.9–4.6)
MVV (l/min) 93 (72–145) 84 (65–113) 94 (61–115) 81 (69–119) 132 (79–161) 148 (96–179)* † 161 (98–199)* † 144 (100–192)†
PImax 
(cmh2O) –54 (41–73) –60 (44–65) –66 (43–76) –70 (43–75) –81 (64–94) –89 (74–104)* ‡ –101 (74–114)* –104 (74–117)*

Pemax 
(cmh2O) 46 (19–50) 34 (17–42) 39 (20–44) 31 (14–45) 57 (41–58) 61 (49–69) 73 (51–77)* ‡ 71 (47–81)* †

Values are expressed as median (IQR). *p < 0.05 for within-group differences, †p < 0.05 for between-groups differences, ‡p < 0.01 for between-
groups differences compared with baseline.
FVC: forced vital capacity; MVV: maximal voluntary ventilation, in 12 sec; PImax: maximal inspiratory mouth pressure; Pemax: expiratory mouth 
pressure.
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DISCUSSION

The present data show that MVV, inspiratory and expiratory 
muscle strength and respiratory muscle endurance improved 
during 8 weeks of NCh training in acute patients with SCI. 
Vital capacity tended to be different from the control group at 
8 weeks of training, while the Index of Pulmonary Dysfunc-
tion significantly improved after 4 weeks of training. Finally, 
respiratory complications were reported less frequently in the 
experimental group compared with the control group.

Limitations of the study
Although over 70 patients were hospitalized over a period 
of almost 2 years, our inclusion criteria lead to the exclusion 
of 56 patients. Most of these exclusions (n = 35) were due to 
admission for chronic SCI or lower than T11 lesions. The study 
was well powered for the primary outcome, but was probably 
underpowered to obtain statistical significant differences fol-
lowing training for all variables. The small sample size of 
the study did not allow conclusions concerning the impact of 
lesion level on the benefits of NCH training. Baseline PImax 

tended to be lower in the control group, inviting towards a 
regression to the mean phenomena after the training. however, 
the experimental group improved statically significantly better 
than the control group. 

Training effects 
Pulmonary function and respiratory muscle strength. A ten-
dency for improved FVC (20%) was present at 8 weeks of train-
ing. liaw et al. (23), providing inspiratory muscle training in 
SCI, observed larger improvements (50%) in the experimental 
group (23). No between-group differences were found probably 
due to lack of power in both studies. In contrast, the controlled 
trial of Gounden (24) in 40 persons with quadriplegia (C5–C8) 
showed improved vital capacity compared with controls after 
8 weeks of expiratory muscle training. The statistically sig-
nificant improvement in MVV affirms the findings of NCH 
training in healthy individuals (25, 26). It is suggested that 
the tendency for improvement in FVC as well as the improved 
respiratory muscle endurance of the present study contributed 
to the improvements in MVV. The correlations between the 
improvements in MVV and FVC and between MVV and ReT 
further support this suggestion (Fig. 2). 

The improvements in Pemax are in agreement with the findings 
of Gounden (24). The changes in Pemax are likely to be related to 
training of secondary respiratory muscles. Indeed, Fujiwara et al. 
(27) provided electromyographical evidence that m. pectoralis 
major and m. latissimus dorsi play an important role in expiratory 
function in quadriplegia. In addition, estenne & De Troyer (28) 
showed that the clavicular part of the m. pectoralis in quadri-
plegia plays a major role during coughing and therefore may be 
recruited during active expiration. They showed that training of 
the m. pectoralis improved m. pectoralis strength (29). 

Respiratory muscle endurance. Our observation of a large 
improvement in respiratory muscle endurance is in agreement 
with other studies where healthy individuals received respiratory 
muscle endurance training by means of isocapnic hyperpnoea 
(25, 26, 30–32). Uijl et al. (33) and loveridge et al. (34) found 
an improved respiratory muscle endurance after respiratory 
endurance training of the inspiratory muscles in SCI, but no 
between-group differences was revealed.

Improvements in endurance capacity are expected from (hy-
perpnoea) training characterized by high number of repetitions 
with low external load (25, 35). Ramirez-Sarmiento et al. (36) 
showed an increase in proportion of the type 1 fibres in the 
external intercostal muscles following inspiratory muscle train-
ing in chronic obstructive pulmonary disease. Also Bisschop 
et al. (37) showed significant hypertrophy of type 2a fibres in 
the diaphragm after low intensity endurance inspiratory resis-
tive training in rats. These specific cellular adaptations of the 
respiratory muscles might explain the improved endurance 
capacity observed in the present study. 

Respiratory symptoms and complications. The Index of Pul-
monary Dysfunction was lower (i.e. improvement) compared 
with control patients after 4 weeks of training. The improved 

Table III. Incidence of respiratory complications in control (14 episodes) 
and experimental (1 episode) group during the course of the study

Control group  
(n = 7)

experimental  
group (n = 7)

No. of incidences 1 2 3 4 1 2 3 4
Number of subjects with 
respiratory complications

3 2 1 1 1 – – –

Fig. 2. Plots of improvement (∆) in duration of the respiratory endurance test 
(ReT) and improvement in forced vital capacity (FVC) with improvement 
in maximal voluntary ventilation (MVV) at 8 weeks of (sham) training in 
control (open symbols) and experimental (closed symbols) patients. 
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Pemax and respiratory muscle endurance (i.e. ReT) might have 
influenced the ability to cough and the counting on a single 
exhalation, respectively. This improvement in the Index of 
Pulmonary Dysfunction may be related to the lower incidence 
of respiratory complications in the experimental group. It is 
well established that interventions aiming to reduce pneumonia 
or atelectasis, generally focus on enhancing secretion removal 
through assisted-cough techniques (38) and increasing minute 
ventilation (39, 40). NCh training at levels between 30% and 
40% of the MVV in the experimental group offers an adequate 
alternative to enhance lung expansion and increase flow rates 
to move secretions. 

Alternatively, as presented in Table I, control patients tended 
to have more respiratory complications prior to training and 
this might also contribute to the observed differences. 

Feasibility of endurance training in acute patients with SCI 
and clinical implications. NCh training is time-consuming, 
physically demanding and might load the cardiovascular 
system. In addition, this mode of respiratory muscle training 
requires a high level of subject motivation. however, patient’s 
compliance with training was on average 87%. None of the 
patients questioned training conditions or asked for adapta-
tions in the training programme. Two experimental patients 
reported increased spasticity, whereas one patient complained 
of neck pain due to spasm of the neck muscles. No develop-
ment of hypercapnia during the entire training programme 
was observed. Based on the positive outcome of the current 
study, respiratory muscle training can be recommended to be 
part of the rehabilitation of patients with a SCI. These patients 
are more susceptible for atelectasis and hypoventilation and 
therefore have an increased risk for occurrence of respiratory 
complications. The findings of the present study indicate that 
respiratory complications may occur less frequently with res-
piratory muscle training. In follow up of the successful appli-
cation in patients with chronic obstructive pulmonary disease 
(12), respiratory muscle training might also be indicated in 
patients with chronic SCI. The aim in patients with ventilatory 
limitation of exercise capacity might be to improve ventilatory 
function and thus exercise performance. 

In conclusion, NCh training in acute SCI improves MVV, 
inspiratory and expiratory muscle strength and respiratory 
endurance capacity (i.e. ReT). FVC tended to be different 
following training. The Index of Pulmonary Dysfunction 
decreased in favour of the experimental group. Finally, respi-
ratory complications occurred less frequently in experimental 
compared with control patients. 
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