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         Respiratory Muscle Training in Athletes with 
Spinal Cord Injury    

SCI, while no defi nitive conclusions could be 
drawn regarding changes in inspiratory muscle 
strength and respiratory muscle endurance. 
RMET, consisting in isocapnic hyperpnoea train-
ing both inspiratory and expiratory muscles, may 
be an effi  cient training regimen according to a 
recent study from Van Houtte et   al.  [22]  showing 
an improvement in inspiratory and expiratory 
muscle strength and endurance after 8 weeks of 
training in SCI patients. 
 In addition to improving respiratory muscle per-
formance, IMT and RMET have also been shown 
to increase exercise performance in healthy sub-
jects  [3,   17] . Such an increase in exercise endur-
ance may be of relevance for eff ort tolerance in 
every day life of sedentary or deconditioned sub-
jects, but may also be viewed as a mean to 
increase performance in athletes. Very few stud-
ies have evaluated the eff ect of respiratory mus-
cle training on exercise performance in SCI 
patients. In sedentary SCI subjects, Uijl et   al.  [20]  
found that peak oxygen consumption during an 
incremental maximal arm-cranking exercise test 

 Introduction 
  &  
 Spinal cord injury (SCI) can have a critical impact 
on the respiratory system by causing respiratory 
muscle impairment, reduced vital capacity, inef-
fective cough, reduction in lung and chest wall 
compliance, increased dyspnoea and excess cost 
of breathing  [4] . Among the diff erent potential 
interventions aiming to improve the respiratory 
function in SCI patients, respiratory muscle train-
ing may be an interesting option. Inspiratory 
muscle resistive training (IMT) and respiratory 
muscle endurance training (RMET) have been 
shown indeed to improve respiratory muscle 
performance in healthy subjects, increasing 
strength and / or endurance depending on train-
ing modalities  [9] . Several studies evaluated the 
eff ect of respiratory muscle training in SCI 
patients, mainly by using IMT  [7,   10,   15] . In a 
recent meta-analysis, Van Houtte et   al.  [21]  con-
cluded that Respiratory muscle training tended 
to improve expiratory muscle strength, vital 
capacity and residual volume in subjects with 
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  Abstract 
  &  
 The eff ect of respiratory muscle endurance 
training (RMET) on RM function, dyspnoea and 
exercise performance was evaluated in SCI ath-
letes. Nine endurance athletes (7 paraplegics 
T4-L1, 2 post-polio syndromes) were evaluated 
on three occasions (T1 – T3), with a 1-month 
interval between evaluations. Participants per-
formed between T1 and T2 their standard indi-
vidual exercise training program (control), and 
between T2 and T3 the same program with 5 
additional RMET sessions per week. Each evalu-
ation included: lung function tests, RM strength 
and endurance tests, a maximal incremental arm 
cranking test and a fi eld test (simulated competi-
tion). Ventilation and dyspnoea were evaluated 

during each exercise test. Lung function vari-
ables and maximal inspiratory strength were not 
modifi ed (p    >    0.05) while maximal expiratory 
strength (    +    23    ±    36   cmH 2 O; p    <    0.01) and respira-
tory endurance (    +    3   min   33   s    ±    2   min   42   s, p    <    0.01) 
increased from T2 to T3. During the arm cranking 
test, exercise duration and maximal power out-
put were slightly increased at T3 compared to T2 
(    +    46    ±    39   s, p    =    0.09 and     +    8    ±    8W, p    =    0.08) while 
ventilation and dyspnoea remained similar. 
During the fi eld test, exercise time (    −    10    ±    33   s, 
p    =    0.37) and ventilation were unchanged but dys-
pnoea was reduced (    −    2    ±    2pts, p    =    0.02) between 
T2 and T3. We concluded that RMET can improve 
RM function, reduce the perception of dyspnoea 
but modifi es only slightly exercise performance 
in SCI athletes.          
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was improved by 11    %  following 6 weeks of an inspiratory fl ow 
endurance training. In a recent study in wheelchair racing ath-
letes, Mueller et   al.  [12]  reported a signifi cant reduction in exer-
cise time on a 10-km wheelchair racing time-trial after 30 
sessions of RMET, although this improvement did not diff er from 
the change observed in the control group. Therefore, the eff ect 
of respiratory muscle training on exercise performances in SCI 
subjects as well as on potential mechanisms of exercise limita-
tion such as perception of dyspnoea  [4,   26]  needs to be further 
studied. 
 Hence, in the present study, we aimed to investigate the eff ect of 
RMET on the respiratory function and exercise performance in 
endurance athletes with SCI. Because of the inability to recruit 
numerous top-level athletes, we evaluated a group of only nine 
international athletes before and after 1 month of standard 
training as well as after the following month combining RMET to 
standard training. We hypothesized that the addition of RMET to 
standard training would i) increase respiratory muscle strength 
and endurance, and ii) improve exercise performance.   

 Material and Methods 
  &   
 Subjects 
 Nine spinal cord injured endurance athletes (6 Nordic skiers and 
3 wheelchair athletes) of international level participated in the 
study. Three of them were Olympic or world championship 
medallists and all have been medallists during their respective 
national championships. Participants were requested to keep 
their individual training constant (same duration, intensity and 
type of training) for at least two weeks before and throughout 
the course of the study. The study was performed during the 
main training period of the athletes, two to four months before 
their main competition period. All training details, including 
respiratory training (see below), were recorded in a diary and 
checked by the experimenter. Weekly amount of training during 
the protocol period is provided in    ●  ▶      Table 1  . Participants 
refrained from intense physical activity two days before the tests 
and from any physical exercise the day before the tests. Partici-
pants gave their written informed consent to participate in the 
study that was approved by the local ethics committee (Greno-
ble University Hospital).   

 Protocol 
 All participants reported to the laboratory on three occasions 
with a one-month training period separating each testing day. 
The three testing days included the following evaluations, always 
performed in the same order and at the same time of the day: 
lung function measurements, a maximal incremental arm crank-
ing test, respiratory muscle strength and endurance measure-
ments (1   h after the arm cranking test) and a fi eld exercise test 
simulating an actual competition (5   h after the arm cranking 
test). Between the fi rst (T1) and the second (T2) testing days, 
participants had to follow their individual training program 
without RMET, i.e., the control period. Between the second and 
third (T3) testing days, participants had to keep the same train-
ing program and to perform fi ve additional RMET sessions per 
week, i.e., the experimental period. T3 was carried out 72   h after 
the last RMET session.   

 Respiratory muscle endurance training 
 Between T2 and T3, all participants had to perform 20 RMET ses-
sions of 30   min duration, with one day of rest between two days 
of consecutive training. RMET was performed as previously 
described  [25]  with a commercially available respiratory endur-
ance training device (SpiroTiger  ®  , Idiag, Fehraltorf, Switzerland) 
allowing partial rebreathing of CO 2  and thus assuring normo-
capnic hyperpnoea. RMET consisted of voluntary normocapnic 
hyperpnoea at a given tidal volume (V T ) and breathing frequency 
(f R ) with a duty cycle of 0.5. The SpiroTiger  ®   provided breath-by-
breath feedback of f R  and V T . The size of the rebreathing bag was 
set at 50 – 60    %  of vital capacity, and minute ventilation ( VE

.
 ) of 

the fi rst training session was set at 60    %  of maximal voluntary 
ventilation (MVV). Participants were instructed to increase f R  
from one session to another as we described previously  [25] . 
Training settings were recorded in a diary and all participants 
were phone called at least once per week by the experimenter in 
order to verify compliance.   

 Measurements  
 Lung function and ventilatory measurements 
 Lung function as well as ventilation, gas exchange and heart rate 
(HR) during the respiratory endurance test and all exercise tests 
were measured with a portable ergospirometric device (Oxycon 
Mobile; Jaeger, H ö chberg, Germany) calibrated before each test. 
Maximal inspiratory (MIP) and expiratory (MEP) mouth pres-
sure were measured at residual volume and total lung capacity, 

  Table 1       Subject characteristics. 

   Subject  Height (cm)  Weight (kg)  Age (yrs)  Lesion level  Lesion 

duration (yrs) 

 Sport  Sport 

category 

 Training 

(h    ·    week     −    1 ) 

   1  174  71  44  Polyo (at 3 months)   –   Nordic  LW11.5  18 
   2  175  67  49  T12-L1  4  Nordic  LW11  6 
   3  177  57  39  L1  23  Wheelchair  T54  10 
   4  176  65  39  T4 – 5  15  Wheelchair  T53  10 
   5  191  70  45  T10 – 11  5  Nordic  LW10.5  10 
   6  173  65  37  T7 – 8  4  Nordic  LW10  12 
   7  175  76  46  T10 – 12  22  Nordic  LW11  12 
   8  178  55  31  T11  7  Nordic  LW11  6 
   9  169  54  42  Polyo (at 1.5   yrs)   –   Wheelchair  T54  7 
   Mean  176.4  64.4  41.3   –   11.4   –    –   10.1 
   SD  6  7.7  5.5   –   8.5   –    –   3.8 
     Polyo, subjects with post-poliomyelitis syndrome (age of poliomyelitis); Nordic, Nordic skier; Wheelchair, wheelchair athlete; Training, weekly amount of training during the 
protocol period   
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respectively (BodyBox 5500, Medisoft, Dinant, Belgium). Lung 
function, MIP and MEP were measured according to standard 
recommendations  [1,   11] .   

 Respiratory endurance test 
 The test was performed with the SpiroTiger  ®   device connected 
to the ergospirometric device. The test consisted in an incre-
mental protocol according to recommendations from ATS / ERS 
 [1] . The size of the rebreathing bag was set at 40 – 50    %  of vital 
capacity, and the target  VE

.
  for the fi rst 3   min was 20    %  MVV. 

Then,  VE
.

  was increased by 10    %  MVV every 3   min until the sub-
ject could not maintain the target f R  and V T . The total test dura-
tion as well as the maximum ventilatory level sustained for at 
least 3   min were recorded.   

 Maximal incremental arm cranking test 
 The test was performed on an electronically-braked asynchro-
nous arm ergometer starting at 30 W. Every min, the load was 
increased by 10 or 15 W (depending on the subject ’ s maximal 
power output previously measured) until voluntary exhaustion 
or inability to maintain the target cranking frequency (90   rpm). 
Every 2   min, participants were asked to perform a maximal 
inspiratory manoeuvre from end expiratory lung volume in 
order to measure inspiratory capacity (IC) and to assess the 
operational lung volume  [13] . Participants were familiarized 
with this manoeuvre at rest and the better of two measurements 
was recorded at each time point during exercise. Every 2   min 
and at maximum exercise, 20    μ l arterialized capillary blood were 
drawn from an earlobe and analyzed (SGI Microzym-L, Toulouse, 
France) to determine blood lactate concentration ([La]). At rest 
as well as during the last 30   s of exercise, arterial blood gas and 
pH were assessed by an immediate analysis of a 125    μ L arterial-
ized blood sample from the earlobe (AVL instruments, Graz, 
Austria)  [24] . Immediately after the end of exercise, participants 
were asked to rate i) their maximum perception of dyspnoea on 
a visual analogue scale consisting of a 10-cm long line labelled 
with  ‘ none ’  on the right-hand side and  ‘ maximal ’  on the left-
hand side with a cursor being moved by the participants between 
both extremities, and ii) over 100    % , the percentage of limitation 
due to arm fatigue and due to dyspnoea at maximum exercise.   

 Field exercise test 
 Participants performed the three fi eld tests in their own racing 
wheelchair or roller ski chair and under similar stable meteoro-
logical conditions [no rain and similar weather conditions (tem-

perature, sun and wind were rated from 0 to 5 on each 
experimental session)]. The test was performed on a straight, 
fl at (for wheelchair athletes) or steep (4    %  slope on average, for 
Nordic skiers) tarred road 4 to 9   km long. The road profi le and 
distance were chosen in order to reproduce specifi c racing con-
ditions and to provide similar exercise duration for all partici-
pants. After a 15   min standardized warm-up, participants had to 
complete the test distance as fast as possible. Participants per-
formed the test individually. Immediately after the end of exer-
cise, participants rated their perception of dyspnoea as described 
above.    

 Statistical analysis 
 An analysis of variance (ANOVA) with repeated measures was 
used to assess changes in lung function, respiratory muscle per-
formance and exercise response over the protocol period (T1 –
 T3). If signifi cance was found, Fisher ’ s protected least-signifi cant 
diff erence post-hoc analysis was applied to locate the diff erence. 
All statistical evaluations were performed using standard statis-
tical software (Statview 5.0; SAS Institute, Cary, North Carolina, 
USA). All data are presented as means    ±    SD and p    <    0.05 was con-
sidered statistically signifi cant.    

 Results 
  &  
 Subject characteristics and lung function are shown in    ●  ▶      Tables 
1, 2  . Analysis of training diary indicated that the individual dura-
tion, intensity and type of training during the protocol period 
remained similar. Compliance to the RMET program was excel-
lent since all participants performed the 20 RMET sessions as 
recorded in the diaries.  

 Lung function 
 No signifi cant change in lung function was observed throughout 
the protocol period (   ●  ▶      Table 3  ).   

 Respiratory muscle strength 
 MIP did not change throughout the protocol period while MEP 
increased at T3 compared to T1 and T2 (    ●  ▶     Fig. 1  ).   

 Respiratory endurance test 
 Breathing duration was increased at T3 compared to T1 and T2 
(    ●  ▶     Fig. 1  ).  VE

.
 max and f R max were also increased at T3 com-

pared to T1 and T2, while V T max remained similar throughout 

   Table 2       Subject lung function and respiratory muscle strength at T1. 

   Subject  VC 

(    %  pred) 

 FVC 

(    %  pred) 

 FEV1 

(    %  pred) 

 FEV1 / FVC 

(    %  pred) 

 PEF 

(    %  pred) 

 FEF25 – 75 

(    %  pred) 

 MVV 

(    %  pred) 

 MIP 

(    %  pred) 

 MEP 

(    %  pred) 

   1  141.9  142.5  122.8  85.9  103.9  69.6  130.4  91  155 
   2  95.7  99.6  97.2  100.6  88.2  81.2  91.4  71  96 
   3  84.6  88.2  91.5  106.6  74.6  96.2  127.9  127  101 
   4  83.2  86.4  88.6  105.0  103.2  81.1  111.5  170  124 
   5  105.5  103.6  98.7  91.0  90.2  69.8  111.6  136  166 
   6  95.3  97.4  83.8  86.9  54.4  54.4  94.9  108  81 
   7  83.1  83.0  87.3  104.0  79.4  85.7  119.2  151  167 
   8  84.2  88.1  87.4  101.5  85.5  82.9  102.4  83  89 
   9  138.2  144.0  135.1  97.6  115.4  98.1  157.4  119  164 
   Mean  101.3  103.6  99.2  97.7  88.3  79.9  116.3  117.3  127.0 
   SD  23.2  23.4  17.8  7.9  18.1  13.7  20.5  32.5  36.2 
     VC, vital capacity; FVC, forced vital capacity; FEV 1 , forced expiratory volume in 1   s; PEF, peak expiratory fl ow; FEF25 – 75, forced expiratory fl ow between 25 and 75    %  of FVC; 
MVV, maximum voluntary ventilation; MIP, maximum inspiratory pressure; MEP, maximum expiratory pressure;     %  pred, percentage of predicted values   
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the protocol (i.e., in accordance with the SpiroTiger settings) 
(   ●  ▶      Table 3  ). Averaged isotime HR during the respiratory endur-
ance test was signifi cantly reduced at T3 compared to T1 and T2 
(T1 99.1    ±    10.2 vs. T2 98.2    ±    11.0 vs. T3 91.3    ±    11.4   bpm; F    =    4.438, 
p    =    0.029).   

 Maximal incremental arm cranking test 
 Although exercise duration and maximal power output were not 
signifi cantly higher at T3 compared to T1 and T2 (exercise dura-
tion F    =    2.823, p    =    0.089; maximal power output F    =    3.030, 
p    =    0.077;     ●  ▶     Fig. 2  ), the eff ect size for changes between T1 and 
T2 vs. changes between T2 and T3 were high (exercise duration 
0.80; maximal power output 0.74). No signifi cant diff erence in 
cardio-respiratory variables at maximal exercise was observed 
throughout the protocol period (   ●  ▶      Table 4  ). Subject 4 only had 
exercise-induced hypoxemia (i.e., a reduction in PaO 2      >    12   mmHg 
or in SaO 2      >    4    %  from rest to maximal exercise;  [6] ) and subject 5 
only had a reduction in IC at maximal exercise compared to rest-
ing value (i.e., dynamic hyperinfl ation;  [13] ), both observations 
remaining similar throughout the protocol period.   

 Field exercise test 
 The time needed to complete the test distance did not diff er 
between T1, T2 and T3 (eff ect size 0.06) as well as mean cardio-
respiratory variables during the test (   ●  ▶      Table 5  ). Perceived level 
of dyspnoea only (both expressed as absolute value on the 
visual analog scale and as a percentage of global exercise limita-
tion) was signifi cantly reduced at T3 compared to T1 and T2 
(   ●  ▶      Table 5  ).    

 Discussion 
  &  
 The results showed that a 1-month RMET program in SCI top-
level endurance athletes increased expiratory muscle strength 
and respiratory endurance without signifi cant eff ect on inspira-
tory muscle strength and lung function variables. In addition, 
RMET did not increase signifi cantly exercise duration and maxi-
mal power output during the maximal incremental arm crank-
ing test despite values slightly higher following RMET. During 
the fi eld exercise test, reproducing specifi c racing conditions, 
RMET did not modify performance but signifi cantly reduced the 
perception of dyspnoea.  

 Training eff ects  
 Lung function 
 While previous reports in sedentary SCI patients showed 
an improvement in vital capacity and residual volume after res-
piratory muscle training (for a review see  [21] ), no change in 
lung function was observed in the present study. As shown in 
   ●  ▶      Table 2  , participants had already normal lung function at the 
start of the protocol. This may be the consequence of both the 
lesion level and the training status of the athletes. The impair-
ment of lung function in SCI patients is indeed dependent on the 
lesion level  [14]  and patients with the lowest lesion often exhibit 
lung function comparable to the able-bodied population  [2,   8] . 
The French national wheelchair racing and Nordic skiing teams 
being mainly composed of SCI athletes with low level of injury, 
the participants of the present study had probably little impair-
ment of lung function because of their injury. The small preva-

    Table 3       Lung function and maximal ventilation during the respiratory endurance test during the protocol period. 

   Test session  VC (l)  FVC (l)  FEV1 (l)  FEV1 / FVC 

(    % ) 

 PEF 

(l    ·    s     −    1 ) 

 FEF25 – 75 

(l    ·    s     −    1 ) 

 MVV 

(l    ·    min     −    1 ) 

  VE
.

 max 

(l    ·    min     −    1 ) 

 f R max 

(min     −    1 ) 

 V T max 

(l) 

   T1  5.00 (1.00)  4.90 (0.97)  3.85 (0.59)  79.4 (5.8)  8.12 (1.60)  3.47 (0.61)  161.2 (25.5)  119.1 (16.3)  48.4 (6.6)  2.51 (0.37) 
   T2  5.16 (0.98)  4.87 (0.89)  3.80 (0.58)  78.4 (5.2)  7.93 (1.74)  2.96 (0.70)  165.2 (27.9)  117.5 (21.7)  45.7 (7.9)  2.59 (0.32) 
   T3  5.12 (0.89)  4.95 (0.89)  3.84 (0.47)  78.5 (6.8)  7.92 (0.86)  3.32 (0.76)  170.7 (21.5)  132.3 *  (18.6)  52.4 *  (6.8)  2.55 (0.44) 
     Values are Mean (SD); T1, fi rst testing session; T2, second testing session; T3, third testing session;  VE

.
 max, maximal minute ventilation during the respiratory endurance test; 

f R max, maximal breathing frequency during the respiratory endurance test; V T max, maximal tidal volume during the respiratory endurance test; see    ●  ▶      Table 2   for abbrevia-
tions.  * diff erent from T1 and T2 (p    <    0.05)   
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   Fig. 1           Maximal inspiratory (MIP) and expiratory (MEP) pressures and 
duration of the respiratory endurance test on the fi rst (T1), second (T2) 
and third (T3) testing session.  * diff erent from T1 and T2 (p    <    0.05).  
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testing session.  
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lence of exercise-induced hypoxemia as well as lung 
hyperinfl ation during intense exercise confi rmed that our sub-
jects did not present major lung function impairment. Moreover, 
Silva et   al.  [18]  showed in sedentary SCI subjects that a 6-week 
upper body exercise (arm cranking) training program increased 
FVC and respiratory muscle endurance. Therefore, SCI athletes 
may have already improved or normalized lung function because 
of their high level of upper body training, and thus they may 
show reduced response to additional specifi c respiratory muscle 
training.   

 Respiratory muscle function 
 In able-bodied subjects, RMET increases respiratory muscle 
endurance without signifi cant eff ect on respiratory muscle 
strength  [9] . In patients with impaired respiratory muscle func-
tion however, RMET can also increase MIP and / or MEP  [16,   22] . 
The increase in MEP in the present study emphasized the posi-
tive eff ect of RMET on respiratory muscle function in SCI patients, 
these eff ects being observed even in SCI athletes with low lesion 
level, long injury duration and high training status. Interestingly, 
mean HR during the respiratory endurance test was reduced fol-
lowing RMET. Recent observations in able-bodied subjects  [27]  
suggested that IMT may attenuate the sympathetically-medi-
ated metaborefl ex induced by respiratory muscle fatigue  [5] . 
Hence, the present results suggest that RMET may also prevent 
cardiovascular changes associated with increased work of 
breathing and respiratory muscle fatigue in SCI patients.   

 Exercise performance 
 Both IMT and RMET have been shown to improve exercise per-
formance in able-bodied subjects  [3,   17] , although not system-
atically  [19] . An increase in respiratory muscle fatigue-resistance 
 [25]  and / or an improvement in respiratory sensations  [23]  may 
be responsible for such an improvement. To our knowledge, only 
one study investigated the eff ect of respiratory muscle training 
in sedentary SCI patients  [20]  and reported a signifi cant improve-
ment in peak aerobic performance. In SCI athletes however, 
because intense upper body exercise training may have already 
enhanced respiratory muscle performance  [18] , adding RMET to 
the standard training regimen might not be able to provide sig-
nifi cant additional improvement in exercise performance  [12] . 
In the present study, two exercise tests were used to evaluate the 
eff ect of training in SCI athletes, and only one was specifi c to the 
training and racing movement performed by the athletes. 
Although no signifi cant training eff ect was observed for both 
types of exercise test, slightly higher exercise duration and max-
imal power output during the maximal incremental arm crank-
ing test at T3 compared to T1 and T2 (p    <    0.01) as well as high 
eff ect size (0.80 and 0.74) suggested that the addition of RMET 
to standard training can improve maximal arm cranking per-
formances. Interestingly, this slight eff ect was observed during 
the arm cranking test only, i.e., during the non-specifi c test, 
while no improvement was shown during the fi eld test repro-
ducing specifi c training and racing conditions. Therefore, it may 
be hypothesized that RMET could improve performance during 
arm cranking because the athletes were less adapted to this type 
of exercise and therefore additional training of respiratory mus-
cles may have improved both breathing and movement effi  -
ciency. During the fi eld test however, the high level of muscular 
adaptation of the athletes to their specifi c sport task may pro-
vide little room for additional improvements in performance 
following the addition of RMET to standard training.      Ta
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 Dyspnoea 
 Because of impairment of respiratory muscle and chest wall 
mechanics, the prevalence of dyspnoea can be increased in SCI 
patients  [4,   26] . Since RMET can improve respiratory sensations 
in healthy subjects  [23] , it may be an eff ective intervention to 
alleviate dyspnoea in SCI patients. To our knowledge, only two 
studies evaluated the eff ect of IMT on respiratory sensations in 
SCI patients, showing non signifi cant  [15]  or signifi cant  [10]  
reduction in dyspnoea. In the present study, RMET signifi cantly 
reduced the perception of dyspnoea during the fi eld test together 
with unchanged performances, while during the arm cranking 
test dyspnoea was similar despite an increase in maximal power 
output. On the one hand, these results indicate that RMET 
reduces the perception of dyspnoea, even in athletes with low 
lesion level and high training status, and that it should be con-
sidered as an attractive intervention to improve respiratory sen-
sations in SCI patients with increased prevalence of dyspnoea 
 [4,   26] . On the other hand, these results suggest that dyspnoea 
does not represent a major exercise limiting factor in SCI ath-
letes. Whether this is also the case in sedentary SCI subjects 
remains however to be investigated.    

 Limitations of the study 
 Few SCI top-level endurance athletes with spinal cord injury are 
available and this had three main consequences for our study. 
First, it was not possible to make a true controlled study, i.e., 
with two arms including suffi  cient amount of subjects. This is 
critical for studies evaluating the eff ect of interventions like res-
piratory muscle training  [19] . However, to be able to compare 
the eff ects of RMET to the eff ects of a standard training program 
(considered as the control condition), participants were evalu-
ated three times over a 2-months period of constant standard 
training, except the addition of RMET during the second month. 
We believe therefore that despite the absence of a true control 
group we were able to evaluate the independent eff ect of RMET 
compared to the athletes ’  standard training program. RMET was 
performed for all participants during the second month and not 
randomly the fi rst or the second month because in the former 
case the comparison of T2 and T3 would have been infl uenced by 
standard training but also by detraining of the respiratory mus-
cle. Secondly, the sample size being quite small, it increased the 
risk of type 2 error. When performing the statistical analysis 
with double sample size, the slight but non signifi cant changes 
mentioned in the results section (i.e., ANOVA time-eff ect: 
p    <    0.09) became clearly signifi cant, with increased exercise 
duration and maximal power output during the incremental 
arm cranking test at T3 compared to T1 and T2 (all p    <    0.01). 
Hence, it suggests that these changes represented a true eff ect of 
RMET on maximal arm cranking performances as confi rmed by 
the high eff ect sizes. Thirdly, both Nordic and wheelchair ath-
letes were recruited and evaluated together. Most of the evalua-
tions were standardized laboratory tests and the duration of the 
fi eld test was similar for Nordic and wheelchair athletes. More-
over, changes from T1 to T3 were similar in Nordic and wheel-
chair athletes (results not shown). Therefore, we believe that 
evaluating Nordic and wheelchair athletes together did not 
introduce bias in the present study. 
 In conclusion, the present study showed that the addition of 
RMET to standard training in endurance athletes increased 
expiratory muscle strength and respiratory muscle endurance, 
reduced the perception of dyspnoea during exercise and slightly 
increased exercise performance during non racing-specifi c exer-

cise. The lesion level as well as the training status probably infl u-
enced the impact of RMET in SCI subjects. These results indicate 
that RMET should be considered as an attractive intervention to 
improve respiratory muscle function, respiratory sensations and 
exercise performance in SCI patients.    

 Acknowledgements 
  &  
 We thank the French Disabled Federation and the Scientifi c 
Council of AGIR à dom (Grenoble, France) for fi nancial support, as 
well as the athletes for time and eff ort dedicated to this study.              

   References  
   1     American Thoracic Society/European Respiratory Society.       ATS/ERS 

Statement on respiratory muscle testing  .   Am J Respir Crit Care Med   
  2002  ;   166  :   518   –   624    

  2     Baydur     A   ,    Alsalek     M   ,    Louie     SG   ,    Sharma     OP    .   Respiratory muscle strength, 
lung function, and dyspnea in patients with sarcoidosis  .   Chest     2001  ; 
  120  :   102   –   108    

  3     Boutellier     U   ,    Buchel     R   ,    Kundert     A   ,    Spengler     C    .   The respiratory system 
as an exercise limiting factor in normal trained subjects  .   Eur J Appl 
Physiol     1992  ;   65  :   347   –   353    

   4     Brown     R   ,    DiMarco     AF   ,    Hoit     JD   ,    Garshick     E    .   Respiratory dysfunction and 
management in spinal cord injury  .   Respir Care     2006  ;   51  :   853   –   866 ;     
  discussion 869 – 870    

   5     Dempsey     JA   ,    Romer     L   ,    Rodman     J   ,    Miller     J   ,    Smith     C    .   Consequences of 
exercise-induced respiratory muscle work  .   Respir Physiol Neurobiol   
  2006  ;   151  :   242   –   250    

   6     Dempsey     JA   ,    Wagner     PD    .   Exercise-induced arterial hypoxemia  .   J Appl 
Physiol     1999  ;   87  :   1997   –   2006    

  7     Gross     D   ,    Ladd     HW   ,    Riley     EJ   ,    Macklem     PT   ,    Grassino     A    .   The eff ect of train-
ing on strength and endurance of the diaphragm in quadriplegia  .   Am 
J Med     1980  ;   68  :   27   –   35    

  8     Haisma     JA   ,    Woude     LH van der   ,    Stam     HJ   ,    Bergen     MP   ,    Sluis     TA   ,    Bussmann   
  JB    .   Physical capacity in wheelchair-dependent persons with a spinal 
cord injury: a critical review of the literature  .   Spinal Cord     2006  ;   44  : 
  642   –   652    

    9     Leith     DE   ,    Bradley     M    .   Ventilatory muscle strength and endurance train-
ing  .   J Appl Physiol     1976  ;   41  :   508   –   516    

   10     Liaw     MY   ,    Lin     MC   ,    Cheng     PT   ,    Wong     MK   ,    Tang     FT    .   Resistive inspiratory 
muscle training: its eff ectiveness in patients with acute complete cer-
vical cord injury  .   Arch Phys Med Rehabil     2000  ;   81  :   752   –   756    

  11     Miller     MR   ,    Hankinson     J   ,    Brusasco     V   ,    Burgos     F   ,    Casaburi     R   ,    Coates     A   , 
   Crapo     R   ,    Enright     P   ,    Grinten     CP van der   ,    Gustafsson     P   ,    Jensen     R   ,    Johnson   
  DC   ,    MacIntyre     N   ,    MacKay     R   ,    Navajas     D   ,    Pedersen     OF   ,    Pellegrino     R   ,    Viegi   
  G   ,    Wanger     J    .   Standardisation of spirometry  .   Eur Respir J     2005  ;   26  : 
  319   –   338    

    12     Mueller     G   ,    Perret     C   ,    Hopman     MT    .   Eff ects of respiratory muscle endur-
ance training on wheelchair racing performance in athletes with 
paraplegia: a pilot study  .   Clin J Sport Med     2008  ;   18  :   85   –   88    

    13     O ’ Donnell     DE   ,    Lam     M   ,    Webb     KA    .   Measurement of symptoms, lung hyper-
infl ation, and endurance during exercise in chronic obstructive pulmo-
nary disease  .   Am J Respir Crit Care Med     1998  ;   158  :   1557   –   1565    

   14     Ohry     A   ,    Molho     M   ,    Rozin     R    .   Alterations of pulmonary function in spinal 
cord injured patients  .   Paraplegia     1975  ;   13  :   101   –   108    

   15     Rutchik     A   ,    Weissman     AR   ,    Almenoff      PL   ,    Spungen     AM   ,    Bauman     WA   ,    Grimm   
  DR    .   Resistive inspiratory muscle training in subjects with chronic cer-
vical spinal cord injury  .   Arch Phys Med Rehabil     1998  ;   79  :   293   –   297    

  16     Scherer     TA   ,    Spengler     CM   ,    Owassapian     D   ,    Imhof     E   ,    Boutellier     U    .   Respira-
tory muscle endurance training in chronic obstructive pulmonary 
disease: impact on exercise capacity, dyspnea, and quality of life  .   Am 
J Respir Crit Care Med     2000  ;   162  :   1709   –   1714    

  17     Sheel     AW    .   Respiratory muscle training in healthy individuals: physi-
ological rationale and implications for exercise performance  .   Sports 
Med     2002  ;   32  :   567   –   581    

    18     Silva     AC   ,    Neder     JA   ,    Chiurciu     MV   ,    Pasqualin     DC   ,    da Silva     RC   ,    Fernandez   
  AC   ,    Lauro     FA   ,    Mello     MT de   ,    Tufi k     S    .   Eff ect of aerobic training on venti-
latory muscle endurance of spinal cord injured men  .   Spinal Cord     1998  ; 
  36  :   240   –   245    

    19     Sonetti     DA   ,    Wetter     TJ   ,    Pegelow     DF   ,    Dempsey     JA    .   Eff ects of respiratory 
muscle training versus placebo on endurance exercise performance  . 
  Respir Physiol     2001  ;   127  :   185   –   199    



Training  &  Testing 7

 Verg è s S et   al. Respiratory Muscle Training in Athletes    …    Int J Sports Med 2009;   30: 1 – 7 

IJSM/1038/12.3.2009/Macmillan

    20     Uijl     SG   ,    Houtman     S   ,    Folgering     HT   ,    Hopman     MT    .   Training of the respira-
tory muscles in individuals with tetraplegia  .   Spinal Cord     1999  ;   37  : 
  575   –   579    

    21     Van Houtte     S   ,    Vanlandewijck     Y   ,    Gosselink     R    .   Respiratory muscle train-
ing in persons with spinal cord injury: a systematic review  .   Respir 
Med     2006  ;   100  :   1886   –   1895    

   22     Van Houtte     S   ,    Vanlandewijck     Y   ,    Kiekens     C   ,    Spengler     CM   ,    Gosselink     R    . 
  Patients with acute spinal cord injury benefi t from normocapnic 
hyperpnoea training  .   J Rehabil Med     2008  ;   40  :   119   –   125    

    23     Verges     S   ,    Boutellier     U   ,    Spengler     CM    .   Eff ect of respiratory muscle endur-
ance training on respiratory sensations, respiratory control and exer-
cise performance. A 15-year experience  .   Respir Physiol Neurobiol   
  2008  ;   161  :   16   –   22    

   24     Verges     S   ,    Flore     P   ,    Favre-Juvin     A   ,    Levy     P   ,    Wuyam     B    .   Exhaled nitric oxide 
during normoxic and hypoxic exercise in endurance athletes  .   Acta 
Physiol Scand     2005  ;   185  :   123   –   131    

     25     Verges     S   ,    Lenherr     O   ,    Haner     AC   ,    Schulz     C   ,    Spengler     CM    .   Increased fatigue 
resistance of respiratory muscles during exercise after respiratory 
muscle endurance training  .   Am J Physiol     2007  ;   292  :   R1246   –   R1253    

  26     Wien     MF   ,    Garshick     E   ,    Tun     CG   ,    Lieberman     SL   ,    Kelley     A   ,    Brown     R    .   Breath-
lessness and exercise in spinal cord injury  .   J Spinal Cord Med     1999  ; 
  22  :   297   –   302    

   27     Witt     JD   ,    Guenette     JA   ,    Rupert     JL   ,    MacKenzie     DC   ,    Sheel     AW    .   Inspiratory 
muscle training attenuates the human respiratory muscle metabo-
refl ex  .   J Physiol     2007  ;   584  :   1019   –   1028                




