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Abstract: This study was designed: (1) to test the reliability of surface electromyography 
(sEMG) recording of the diaphragm and external intercostals contractions response to 
cervical magnetic stimulation (CMS), (2) to examine the amount and the types of 
inspiratory muscle fatigue that developed after maximum voluntary ventilation (MVV) 
maneuvers.Ten male college students without physical disability (22.1±2.0 years old) 
participated in the study and each completed a control (quiet breathing) trial and a fatigue 
(MVV maneuvers) trial sequentially. In the quiet breathing trial, the subjects maintained 
quiet breathing for five minutes. The subjects performed five maximal static inspiratory 
efforts and received five CMS before and after the quiet breathing. In the MVV trial, 
subjects performed five maximal inspiratory efforts and received five CMS before, 
immediately after, and ten minutes after two sets of MVV maneuvers performed five 
minutes apart. Maximal inspiratory pressure (PImax), sEMG of diaphragm and external 
intercostals during maximal static inspiratory efforts and during CMS were recorded. In 
the quiet breathing trial, high intraclass correlation coefficients (ICC=0.95-0.99) were 
observed in all the variables. In the MVV trial, the PImax, the EMG amplitude and the 
median power frequency during maximal static inspiratory efforts significantly decreased 
in both the diaphragm and the external intercostals immediately after the MVV maneuvers 
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(P<0.05) and remained decreased in the diaphragm but not in the external intercostals after 
ten minutes of recovery. MVV maneuvers induced no EMG changes during CMS in either 
the diaphragm or the external intercostals (P>0.05). It is concluded that the sEMG 
recordings of the diaphragm during maximal static inspiratory efforts and in response to 
CMS allow reproducible sequential assessment of diaphragm contractility. MVV 
maneuvers resulted in inspiratory muscles fatigue, possibly central fatigue. 
 
Keywords: Surface electromyography; Diaphragm; Inspiratory muscle; Fatigue; Cervical 
magnetic stimulation  

 
 
1. Introduction 
 

In the areas of pulmonary and critical care medicine and exercise physiology, respiratory muscle 
function is an issue of interest. Considerable progress has been made in quantifying the capacity of the 
respiratory muscles in terms of strength, endurance and fatigue. Diaphragmatic fatigue has been 
defined as a reduction in the capacity of the muscle to develop force resulting from muscle activity 
under load that is reversible by rest [1]. When an obligatory load is exerted on the inspiratory muscles 
which exceeds their capabilities, fatigue may develop and result in structural damage that requires the 
inspiratory muscle to rest in order to recover. There is evidence suggesting that human inspiratory 
muscle fatigue may develop in pathophysiological states associated with the development of 
respiratory failure [2]. Fatigue of the diaphragm has been demonstrated after inspiratory resistive 
loading [3,4], following repeated voluntary contractions [5,6] and after global endurance exercise 
[7-10].  

It is well established that force production by the diaphragm can be significantly reduced by fatigue 
induced by periods of high-intensity voluntary isocapnic ventilation [5]. During a two minutes 
maximal voluntary ventilation (MVV) maneuver there is a progressive reduction in ventilation and 
transdiaphragmatic pressure generation associated with the development of fatigue of the diaphragm 
[6]. These reductions were associated with progressive slowing of the maximum relaxation rate of the 
inspiratory muscles [11,12], suggesting a peripheral fatiguing process affecting the respiratory muscles. 
Thus, MVV maneuvers were suggested to be the test of respiratory muscle endurance which includes 
two sets of 15-second rapidly and deeply breathing maneuvers with five minutes rest in between [13]. 
MVV maneuvers had previously been reported to induce respiratory muscle fatigue [6, 14]. However, 
the amount and the type of inspiratory muscle fatigue that can be elicited by the clinical routine of 
15-second MVV maneuvers is still unknown.  

For routine muscle fatigue measurements, the decrease in force generated from a maximal 
volitional contraction is often used as a fatigue index. The decrease of the maximum amount of 
force-generating capacity of the inspiratory muscles (PImax) can be a fatigue index of inspiratory 
muscles. However, this type of fatigue index provides little information for clinicians due to its 
inability to distinguish between central fatigue and peripheral neuromuscular fatigue. Utilizing a 
non-invasive method to distinguish the type of inspiratory muscle fatigue is clinically important 
because it helps clinicians to design effective treatment interventions for the patients. It has long been 
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known that externally applied electrical currents can stimulate nerves and can be used to evaluate 
peripheral neuromuscular function. Electrical stimulation of the phrenic nerve with an esophageal 
electrode has been previously used to measure the phrenic nerve conduction time [15]. However, 
application of electrical stimulation techniques have disadvantages which include discomfort, poor 
reproducibility and difficulty in achieving supramaximum stimulation intensity reliably [16-18]. The 
technique of cervical magnetic stimulation (CMS) of the phrenic nerve roots has a number of 
advantages over electrical stimulation [19,20]. The stimulation is easily applied, well-tolerated and 
reproducible, and therefore particularly suitable for the sequential assessment of diaphragmatic 
contractility.  

Diaphragm muscle contractility can be assessed either as a pressure or an electromyographic (EMG) 
response. Transdiaphragmatic pressure is the arithmetic difference between esophagus pressure and 
stomach pressure. However, the disadvantage of this method is its invasiveness and discomfort. The 
EMG of diaphragm muscle can be recorded with surface, intramuscular needle or esophageal 
electrodes. Intramuscular needle electrodes avoid the problems of cross-talk but have the 
disadvantages of invasiveness and sampling bias. Thus, the intramuscular EMG recording of the 
diaphragm muscle is not practical in most clinical studies. The surface EMG (sEMG) response to 
phrenic nerve stimulation is termed the compound muscle action potential (CMAP) of the diaphragm. 
The CMAP of the diaphragm represents the summated electrical activity produced by all motor units 
activated synchronously [21]. Previous studies suggested positioning the EMG recording electrodes on 
the skin over the costal diaphragm in the lowest intercostal spaces level between the midline and the 
midclavicular line [22,23]. However, the reliability has not yet been established. Because the CMAP of 
the diaphragm is activated by stimulating the phrenic nerve and bypassed the central nervous system, it 
can measure the peripheral neuromuscular fatigue in diaphragm muscles. 

We therefore measured sEMG using CMS of the phrenic nerves, before and after MVV maneuvers 
to determine the extent and duration of inspiratory muscles fatigue induced in the clinical MVV 
maneuvers. The purposes include: (1) to test the reliability of sEMG recording of diaphragm and 
external intercostals contractions response to CMS, (2) to examine the amount and the types of 
inspiratory muscles fatigue that developed after MVV maneuvers.  
 
2. Methods 
 
2.1. Experimental design and Participants 
 

This study was a repeated measure design. Ten male college students without physical disability 
with mean age of 22.1 yr (2.0 SD) were recruited in this study. All the subjects were informed in detail 
of the purposes of the study and the methods used. Each subject participated in two trials, namely the 
quiet breathing trial and the MVV trial, sequentially. The study was approved by the Institutional 
Ethics Committee of the National Taiwan University Hospital (approval #200612106R), and all 
subjects gave their written informed consent prior to enrolment. 
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2.2. Inspiratory muscle strength 
 

Maximal inspiratory pressure (PImax) was measured with an aneroid pressure gauge (Model 4103, 
Boehringer, Norristown, PA, USA) over a range of pressures (0 to -250 cm H2O). As an index of the 
maximum amount of force-generating capacity of the inspiratory muscles, PImax was measured at the 
mouth near residual volume according to the procedures of Black and Hyatt [24]. Studies have shown 
this test to be a good measure of inspiratory muscle strength [13]. During the PImax tests, subjects wore 
a nose clip, exhaled fully to near residual volume, and then inspired maximally once a tight seal was 
created around the mouth of the cylinder. An 18-gauge needle was inserted in the proximal end of the 
mouthpiece to prevent the production of artificial high pressures with the buccal muscles when the 
glottis was closed [25]. To ensure that the value of the PImax obtained was maximal, patients performed 
five repetitions in the sitting position with at least 30 seconds of rest between each repetition to prevent 
testing-induced respiratory muscle fatigue [13]. PImax value was reported as the average of the two 
highest efforts within 5% of each other [26].  
 
2.3. Maximal voluntary ventilation 
 

Inspiratory muscle fatigue was induced by the MVV maneuvers using a computerized spirometer 
(Chestgraph HI-701, Chest MI Inc., Tokyo, Japan). When the MVV was measured, the subjects were 
asked to sit up very straight and make sure nothing was restricting chest movement or airflow. The 
subjects began the test by breathing normally through the mouthpiece, followed by breathing as deeply 
(recommended depth: 1/2–3/4 of the patient's vital capacity) and rapidly (recommended rate: 70–150 
breaths/min) as possible for 15 seconds [13]. At the end of the measurement interval, they were told to 
resume normal breathing and the mouthpiece was removed. Two sets of MVV maneuvers were 
performed separated by a five minutes rest. Minute ventilation was calculated by the computer 
automatically.  
 
2.4. Cervical magnetic stimulation 
 

S was performed by a Magstim 200 stimulator equipped with a circular doughnut-shaped 90-mm 
coil producing a maximum output of 2.5 Tesla (Magstim, Whitland, Dyfed, UK) using the standard 
technique described by Similowski and coworkers [19]. The subjects kept the neck in a slightly 
forward-bent position during the test according to the suggestion by the previous study [19]. The 
handle of the coil was held parallel to the vertebral column. The coil position was centered over the 
spinous process of the seventh cervical vertebra. All stimuli were delivered with the glottis closed, at 
relaxed end expiration and with the same abdominal configuration. Stimulations were delivered by 
using the maximal output of the stimulator. 
 
2.5. Surface EMG recordings for diaphragm and external intercostals 
 

Surface recordings of the right costal diaphragmatic and external intercostals EMG activity were 
obtained by using pairs of skin-taped silver/silver chloride electrodes (8 mm in diameter) filled with 
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conductive paste placed on the cleaned, abraded skin. To record the activity of the diaphragm, the 
electrodes were placed in the seventh or eighth intercostal space on the right side of the body at the 
midclavicular line, and for the external intercostals muscles, electrodes were placed in the 2nd or 3rd 
intercostal space at the midclavicular line (Figure 1). A ground electrode was placed on the sternum. 
The distance between the two electrodes of a given pair was kept to a minimum, never exceeding 2 cm, 
and care was taken to place the electrodes in the same orientation as the muscle fibers. The positioning 
of the two electrodes respective to one another was adjusted, stepwise displacement of one of the 

electrodes around the other on a circle passing by each electrode center, until clear return of the signal 
to its baseline after the stimulation artifact and the elimination of any short-latency small wave was 
obtained, such as those described by Luo et al. [27]. Once the electrodes were positioned and a clear 
EMG signal was confirmed (by a deep inspiration), the electrodes were fixed in place using adhesive 
surgical tape. It has been established that with appropriate placement of electrodes, quality EMG 
recordings, minimally disturbed by unwanted external factors, could be obtained from the diaphragm 
and intercostals [28]. The influence of the ECG on the EMG signal was minimized by recording from 
the right side of the body. To further minimize any signal contamination by ECG on the diaphragm 
EMG during the two seconds PImax effort, root mean square (RMS) was measured from the segments 
between QRS complexes. 

 
Figure 1. The placements of surface EMG electrodes for recording the right costal 
diaphragmatic and external intercostals. 

 

 
 
 
2.6. Experimental protocol 
 

All measurements were made with the subjects sitting and wearing a nose clip on a chair with 
armrests, abdomen unbound. In each subject, the quiet breathing trial and the MVV trial were studied 

http://sdos.ejournal.ascc.net/cgi-bin/sciserv.pl?collection=journals&journal=15699048&issue=v155i0003&article=213_daiseapaaiml&form=fulltext#bib8#bib8
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sequentially. For avoidance of the bias of the EMG due to electrode replacement, subjects completed 
both the quiet breathing trail and the MVV trial in the same day. sEMG electrodes were positioned as 
described previously and the site for optimal cervical stimulation located. Subjects were then instructed 
to breathe quietly and remain silent for 20 min to avoid twitch potentiation [29]. The first trial (quiet 
breathing trial) examined the reliability of surface EMG recording of diaphragm contractions induced 
by CMS. The subjects performed five maximal static inspiratory efforts lasting two seconds as baseline 
diaphragm contractility. This was then followed by five CMS stimulations. Then, the subjects began 
the quiet tidal breathing for five minutes, which was immediately followed by another five CMS 
performed as described above. Five maximal static inspiratory efforts were then performed to 
determine the inspiratory muscle strength for comparison. The second trial was the MVV trial. The 
procedure was similar as the quiet breathing trial except for the quiet tidal breathing phase, which was 
replaced by the MVV maneuvers. Before the diaphragm fatigue maneuvers, the subjects performed 
five PImax test and five CMS stimulations to represent baseline diaphragm contractility. Then, 
inspiratory muscle fatigue was induced by two sets of MVV maneuvers separated by five minutes of 
rest. The subjects began the test by breathing as deeply and rapidly as possible for 15 seconds to 
produce a maximal ventilatory effort. At the end of the measurement interval, they were told to resume 
normal breathing and remove the mouthpiece. Immediately after the second MVV maneuver, another 
five CMS will be performed as described above, following which, five maximal inspiratory efforts 
were performed to determine the inspiratory muscle strength at fatigue. Recovery of inspiratory muscle 
strength would be assessed by measuring PImax at ten minutes post-task failure.  
 
2.7. EMG data analyses and statistics 
 

All EMG signals were amplified (EMG100A, Biopac Systems Co., CA, USA), band-pass filtered 
between 20-Hz to 500-Hz and digitized at a sampling rate of 4 kHz using an analogue to digital 
converter, and finally acquired and later analyzed using a commercially available software 
(AcqKnowledge 3.7.0 software for Windows). EMG data were analyzed off-line. The EMG signal 
during maximal static inspiratory efforts would be analyzed in the time domain, as RMS, amplitude 
with a time constant of 25 ms. Computer aided analysis was performed over a 0.5 s window initiated at 
the point of peak pressure during the maximal inspiratory effort for diaphragm and external 
intercostals. The same windows were considered for calculating the median power frequency (MPF), 
taken as an indication of the distribution of frequency content.  

In addition, phrenic nerve conduction time stimulated by CMS was measured as the time elapsed 
between the stimulus and the onset of the action potential, namely, the first departure of the signal from 
baseline (CMAP latencies, Figure 2.). Data were rejected if the return of the signal to baseline after the 
stimulation was ambiguous or if there was evidence of contamination by an electrocardiogram complex. 
CMAP latencies provided thereafter correspond to the average of five accepted stimulations. CMAP 
amplitudes were measured from peak to trough. For data analysis, the average amplitudes of five 
twitches were calculated. 
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Figure 2. Example of right diaphragmatic EMG recording for motor response (CMAP) 
with CMS is presented. 
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Values were expressed as mean ± SD. The comparisons between two sessions in the quiet breathing 

trial were performed by means of the Paired t-test. The PImax and sEMG parameters (RMS, MPF, 
CMAP latency, and CMAP amplitude) were analyzed using a one-way repeated measures analysis of 
variance (ANOVA) and Bonferonni post hoc test to assess the difference between the baseline and 
post fatigue test, and recovery-10 min values in the MVV trial. Statistical analyses were performed 
using SPSS statistical package, v11.5 for Windows (SPSS Inc., Chicago, IL, USA). P-values of less 
than 0.05 were considered to be statistically significant. 
 
3. Results  
 
3.1. Surface EMG parameters in the reliability test  
 

When testing was performed in the quiet breathing trial, no significant changes were observed in 
all the measured variables of sEMG parameters of both diaphragm and external intercostals (all 
P>0.05, Table 1), including under conditions induced by voluntary contraction (RMS amplitude and 
MPF) or evoked by CMS (CMAP latency and amplitude). There was a high intraclass correlation 
coefficient (ICC=0.95-0.99) of pretest and posttest in all the variables. However, significantly less 
CMAP latency of external intercostals muscle than that of the diaphragm (3.4 ms and 5.8 ms, 
respectively) and higher CMAP amplitude of external intercostals muscle than that of the diaphragm 
(875 μV and 644 μV, respectively) were noted.  
 
 
 
 
 

http://sdos.ejournal.ascc.net/cgi-bin/sciserv.pl?collection=journals&journal=15699048&issue=v155i0003&article=213_daiseapaaiml&form=fulltext#N1183b0.6b644-BACK#N1183b0.6b644-BACK
http://sdos.ejournal.ascc.net/cgi-bin/sciserv.pl?collection=journals&journal=15699048&issue=v155i0003&article=213_daiseapaaiml&form=fulltext#tbl1#tbl1
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Table 1. Reliability of surface EMG parameters of diaphragm and external intercostals in 
the quiet breathing trial. 

 Pretest Posttest ICC* P value# 

PImax (cmH2O) 59.6±13.5 59.0±13.9 0.99 0.394 
Diaphragm      

RMS (μV) 60.2±12.9 58.8±12.7 0.99 0.054 
Median frequency (Hz) 104.0±17.0 103.2±17.5 0.98 0.635 
CMAP latency (ms) 5.84±0.44 5.75±0.42 0.97 0.144 
CMAP amplitude (μV) 643.8±315.3 672.6±355.4 0.99 0.064 

External intercostals     
RMS (μV) 84.1±33.5 84.4±34.9 0.99 0.778 
Median frequency (Hz) 100.1±9.8 100.6±11.4 0.99 0.558 
CMAP latency (ms) 3.38±0.24 3.35±0.27 0.95 0.333 
CMAP amplitude (μV) 874.9±291.2 880.3±294.0 0.99 0.428 

*: ICC is the abbreviation of “Intraclass Correlation Coefficient”. 
#: Paired t-test. 

 
3.2. Maximal inspiratory pressure  
 

No significant changes in PImax were observed in the quiet breathing trial (Table 1). However, in the 
MVV trial, PImax decreased significantly from 62.2 cmH2O to 49.0 cmH2O (decrease of 21%, P <0.001) 
immediately after the MVV maneuvers and did not return to baseline levels after 10 min of recovery 
(still decreased by 9%, Table 2.). 
 

Table 2. Surface EMG parameters of diaphragm and external intercostals before and after 
MVV maneuvers. 

 
 Pretest Posttest Recovery p-value 

PImax (cmH2O) 62.2±14.0 49.0±16.5* 56.4±14.1*# 0.000 
Diaphragm     

RMS (μV) 58.5±13.2 47.9±12.1* 51.5±15.8* 0.000 
Median frequency (Hz) 101.8±16.2 89.7±14.4* 91.7±16.7* 0.000 
CMAP latency (ms) 5.80±0.39 5.74±0.40 5.80±0.40 0.928 
CMAP amplitude (μV) 650.2±314.2 619.2±263.5 673.0±311.3 0.238 

External intercostals     
RMS (μV) 88.9±44.5 80.7±35.5 90.5±47.9 0.206 
Median frequency (Hz) 100.9±12.9 94.3±10.5* 97.3±13.3 0.013 
CMAP latency (ms) 3.42±0.29 3.38±0.21 3.38±0.23 0.408 
CMAP amplitude (μV) 879.6±273.8 850.8±262.0 879.3±265.0 0.057 

*: p<0.05, comparisons of posttest vs pretest or recovery vs pretest. 
＃:p<0.05, comparison between recovery and posttest. 

http://sdos.ejournal.ascc.net/cgi-bin/sciserv.pl?collection=journals&journal=15699048&issue=v155i0003&article=213_daiseapaaiml&form=fulltext#N1183b0.6b69c-BACK#N1183b0.6b69c-BACK
http://sdos.ejournal.ascc.net/cgi-bin/sciserv.pl?collection=journals&journal=15699048&issue=v155i0003&article=213_daiseapaaiml&form=fulltext#tbl1#tbl1
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3.3. Surface EMG parameters in the MVV trial  
 

Diaphragmatic voluntary contraction sEMG recording parameters, including RMS amplitude and 
MPF, were significantly decreased after MVV maneuvers (decrease of 18% and 12% from baseline, 
respectively, P<0.05, Table 2). After ten mins of recovery, RMS amplitude and MPF were still lower 
than baseline in the diaphragm (decrease of 12% and 10%, respectively, P<0.05, Table 2). However, 
most EMG parameters of the external intercostals muscles did not show significant changes after the 
MVV maneuvers except a slight decrease in MPF (6.5%, P<0.05).  

Unlike voluntary contraction, the sEMG parameters of both the diaphragm and external intercostals, 
which included CMAP latency and amplitude, did not show significant changes (P>0.05, Table 2) 
after the MVV maneuvers.  
 
4. Discussion  
 

The present study was designed to measure the sEMG of inspiratory muscles during voluntary 
breathing and in response to CMS after the MVV maneuvers to determine the amount and the type of 
fatigue developed after MVV maneuvers. We also established the reliability of surface EMG recording 
of the inspiratory muscles. The results revealed that the RMS amplitude during voluntary breathing 
and the CMAPs in response to CMS of both the diaphragm and the external intercostals were reliable. 
The PImax decreased after MVV maneuvers. The median frequency of both the diaphragm and the 
external intercostals decreased after MVV maneuvers. The RMS amplitude of sEMG during voluntary 
breathing decreased after MVV maneuvers only in the diaphragms but not in the external intercostals. 
These results suggested that the inspiratory muscles did fatigue after the MVV maneuvers. The 
amplitude of the CMAPs elicited by CMS in the diaphragm and external intercostals were unchanged 
after MVV maneuvers, suggesting that peripheral neuromuscular transmission failure was not the 
major contributor.  
 
4.1. Reliability of sEMG measures of inspiratory muscles response to CMS  
 

sEMG recordings provide a popular, routine tool with which to investigate chest wall muscle 
function. However, analysis and interpretation of the sEMG is easily confounded due to contamination 
by non-physiological signals, or by signals originating from muscles located adjacent to the muscle 
under investigation [30]. This is a potential limitation of sEMG. However, to limit signal 
contamination, we placed the electrodes in a way that has been shown to be able to minimize recording 
muscle cross-talk suggested by previous researches [23,31,32]. In addition, the subjects were well 
supported during testing in order to minimize the activities of the adjacent trunk muscles. The present 
results showed no significant changes in all the measured variables, including under conditions 
induced by voluntary contraction (RMS amplitude and MPF), CMAP latency and amplitude of sEMG 
parameters of both the diaphragm and the external intercostals muscles. There was also a high 
intraclass correlation coefficient of pretest and posttest in all the variables. These results suggested that 
sEMG recording for diaphragm and external intercostals in response to CMS was a reliable assessment 

http://sdos.ejournal.ascc.net/cgi-bin/sciserv.pl?collection=journals&journal=15699048&issue=v155i0003&article=213_daiseapaaiml&form=fulltext#N1183b0.7a4180-BACK#N1183b0.7a4180-BACK
http://sdos.ejournal.ascc.net/cgi-bin/sciserv.pl?collection=journals&journal=15699048&issue=v155i0003&article=213_daiseapaaiml&form=fulltext#N1183b0.7a4230-BACK#N1183b0.7a4230-BACK
http://sdos.ejournal.ascc.net/cgi-bin/sciserv.pl?collection=journals&journal=15699048&issue=v155i0003&article=213_daiseapaaiml&form=fulltext#bib27#bib27
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tool. In addition, the high reliability of all variables suggested that the testing sequence in this study 
was appropriate and there was no evidence of confounding factors due to the sequence of test. 
 
4.2. MVV maneuvers induced diaphragm fatigue but not external intercostals 
 

The decrease of PImax after the MVV maneuvers was observed in all subjects in the present study, 
suggesting that the MVV maneuvers did indeed induce fatigue of the inspiratory muscles. The amount 
of decrease in our study (21%) is close to that reported by other studies utilizing a target resistive 
breathing task (15%-20%) [4,33] and exercise-induced inspiratory muscle fatigue (17%-22%) [34]. In 
addition, our study found that the decline in PImax did not recover to baseline after 10 minutes of rest. 
This decline in post-task PImax was also consistent with several studies that investigated 
exercise-induced inspiratory muscle fatigue [34,35].  

EMG RMS amplitude have been shown to have a positive relationship with force production [36]. 
In parallel to the decline in PImax, the present results showed that the RMS amplitude and MPF of 
diaphragmatic muscles during voluntary contraction were significantly decreased after MVV 
maneuvers, suggesting that the diaphragm did fatigue significantly. In contrast, most of the EMG 
parameters of the external intercostals muscles did not show significant changes after the MVV 
maneuvers except for a slight decrease in MPF (6.5%), suggesting that fatigue of the intercostals took 
place but the amount of fatigue was not comparable to that of the diaphragm. This also suggests that 
the diaphragm is the principal pressure generator during MVV maneuvers in young, healthy adults. 
This would be consistent with the notion that during loaded breathing, the contribution of diaphragm 
and external intercostals muscle activity will adapt to ‘optimize the use of resources’ and prolong 
endurance time [33,37].  

A number of mechanisms may be involved in decreased the sEMG amplitude and MPF of a muscle. 
It was reported that decrease of sEMG amplitude in both the diaphragm and the external intercostals 
might reflect decreased motor unit recruitment that resulted from a decreased activation of the target 
muscles caused by central fatigue [38]. The decrease of sEMG amplitude could also represent the 
decrease of individual motor unit action potential [39]. However, since the CMS-elicited CMAPs of 
both the diaphragm and the intercostals muscles were not changed, the decrease of the individual 
motor unit action potential is less likely to be the cause of decrease of sEMG amplitude. The reduction 
in median frequency of the EMG power spectrum has been typically considered as an indicator of 
fatigue as it has been noted during fatigue by maximum and submaximum voluntary contractions 
[39-42]. The shift in the EMG power spectrum is considered to be associated with fatigue-induced 
metabolic accumulation [43], change in intracellular PH [44], and reduction in muscle fiber conduction 
velocity [40,45-47]. It should be noticed that changes in MPF could also represent the change of the 
recruitment because previous research reported that the MPF changed as the levels of contractions 
changes [48,49]. In this study, decrease in MPF during MVV maneuvers indicated that inspiratory 
muscle fatigue did exist after MVV maneuvers. Decreases of the motor units recruitment after MVV 
maneuvers might have resulted from the inhibition arising from group III and IV afferent stimulated by 
fatigue-induced metabolic accumulation [45]. 
 
 

http://sdos.ejournal.ascc.net/cgi-bin/sciserv.pl?collection=journals&journal=15699048&issue=v155i0003&article=213_daiseapaaiml&form=fulltext#bib11#bib11
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4.3. sEMG amplitude during voluntary contraction versus evoked CMAP 
 

Our results showed that CMS-elicited CMAPs did not change after MVV maneuvers. This 
information suggested that the site responsible for inspiratory muscle fatigue was not at the peripheral 
neuromuscular transmission. Therefore, the significant decrease in sEMG RMS amplitude during 
voluntary contraction after MVV maneuvers should be due to transmission failure at spinal circuitry 
level and/or at supra-segmental level, such as central fatigue. The diaphragm, like other skeletal 
muscles, contains both type I and type II fibers. Type I fibers compromise approximately 50% of 
diaphragm fibers that cause them to contract slowly and maintain tension. The remainder of the 
diaphragm fibers consists of type II fibers, which are equally subdivided into type II A fast-twitch 
oxidative glycolytic fibers and type IIB fast-twitch glycolytic fibers [50,51]. During quiet breathing, 
type I fibers are predominately activated. Type II fibers are required in conditions requiring more force 
generation. Fatigue may result when type II fibers can no longer be effectively activated to sustain the 
force of contraction [50]. Conventionally, the diaphragm is believed to be a skeletal muscle that does 
not fatigue easily. During quiet breathing, firing of the type I fibers is the major contributor, and type II 
fibers are only activated when maximal breathing was needed. Our results suggested that MVV 
maneuvers might not cause the muscle itself to fatigue, but induce the “protective” central fatigue. 
Because peripheral muscle fatigue would result in persist muscle fatigue and longer recovery period, 
perhaps central nerve system would induce an earlier fatigue to prevent further inspiratory muscle 
fatigue. 
 
4.4. Limitations 
 

The limitations of the study must be considered before we can make inferences from the results. 
First, because the participants in this study were apparently healthy without physical disability, further 
studies should be made in patient groups with different disorders.Second, CMS was reported to be 
cautioned in the patients with pacemakers. Therefore, methods utilized in this study was not suitable 
for those patients with pacemakers. 

It is concluded that the surface EMG recordings of the diaphragm and the external intercostals in 
response to CMS using surface electrodes allows reproducible sequential assessment of diaphragm 
contractility. Following MVV maneuvers, the inspiratory muscles, especially the diaphragms, are 
fatigued and the sites responsible for the fatigue were possibly at the spinal circuitry or the 
suprasegmental level. The surface EMG recordings of the diaphragm and the external intercostals 
during voluntary breathings and under CMS stimulation can be used to investigate the role of fatigue 
in these muscles in human studies. 
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