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Summary

We questioned if a non-linear increase in ventilation defining a ventilatory threshold
(VTh) accompanied the electromyographic (EMG) signs of neuromuscular fatigue.
Indeed, the intramuscular accumulation of metabolites may activate the afferent
nervous pathways responsible for both the ‘muscle wisdom’ phenomenon and the
respiratory centre activation. During inframaximal (50%) handgrip sustained until
exhaustion, minute ventilation (VE), VE/VO2 and VE/VCO2 ratios were measured
simultaneously with surface EMG of the ‘flexor digitorum’ muscle. VTh was defined
as a non-linear VE increase and/or an abrupt VE/VO2 increase without any
concomitant increase in the VE/VCO2 ratio. Handgrip was repeated during complete
arterial blood flow interruption in order to suppress any venous return from the
exercising forearm. In both control and blood flow interruption conditions, an
abrupt increase in the VE/VO2 ratio was measured in the majority of trials (13 of 15
and 14 of 15, respectively) and the EMG signs of neuromuscular fatigue (a decline in
median frequency and/or a non-linear increase in low-frequency EMG energies, EL)
were concomitant with the VTh determination. Thus, VTh occurs during sustained
static contraction and is concomitant with EMG signs of neuromuscular fatigue.
Neurogenic factors seem to be responsible for the two responses which persist
despite the absence of any release of metabolites in the circulation.

Introduction

The electromyographic (EMG) signs of neuromuscular fatigue

always occur during a static exercise sustained at a high force

level (Bigland-Ritchie, 1981; Bigland-Ritchie et al., 1983;

Badier et al., 1993; Bendahan et al., 1998; Caquelard et al.,

2000; Dousset et al., 2001b). They are characterized by a

decline in median frequency (MF) of the EMG power spectrum

which has been considered as an index of a preferential

recruitment of less-fatigable, low-frequency motor units. This

protective phenomenon, called the ‘muscle wisdom’, delays

the occurrence of contractile failure (Enoka & Stuart, 1992;

Gandevia, 2001). The interpretation of the EMG power

spectrum changes in terms of modifications of the motor unit

recruitment may be valid on the condition that there be no

concomitant alterations of the neuromuscular propagation,

explored by recording the evoked compound muscle mass

action potential (M-wave).

The activation of the group IV muscle afferents during

fatiguing contraction is suspected to play a key role in adjusting

the motor drive to working muscles through a reflex control of

the recruitment of motoneurones (Lindstrom et al., 1970;

Bigland-Ritchie, 1981; Bigland-Ritchie et al., 1983; Woods

et al., 1987; Jammes & Balzamo, 1992). These muscle afferents

detect the intramuscular acidosis and the potassium outflow

from the muscles fibres (Rotto & Kaufman, 1988; Darques et al.,

1998; Decherchi et al., 1998) and they are activated after a

sufficient accumulation of metabolites has occurred in a

fatigued muscle (Darques & Jammes, 1997). Thus, during

sustained static efforts there should be a threshold for the

activation of the group IV muscle afferents and the resulting

reflex changes in the sensorimotor control protecting against

muscle failure.

Animal studies have demonstrated that the direct stimulation

of the group IV muscle afferents elicits hyperventilation

(McCloskey & Mitchell, 1972; Tibes, 1977; Tallarida et al.,

1979). These data serve to explain the adjustment of ventilation

to the energetic demand of the exercising muscles. In humans,

some authors have measured the respiratory and ventilatory

changes during a static handgrip exercise (Muza et al., 1983;
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Pokorski et al., 1990; Sakakibara & Honda, 1990; Fontana et al.,

1993; Vogiatzis et al., 1996). Hyperventilation occurs when the

preset force level is higher than 25% of the maximal voluntary

contraction (MVC) (Fontana et al., 1993). The ventilatory

response starts at the onset of the contraction but its magnitude

varies throughout the exercise trial. Muza et al. (1983) have

already reported a non-linear increase in ventilation during static

contractions sustained at 30% MVC which resembles the

ventilatory threshold measured during a progressive cycling

exercise. The occurrence of a further increase in ventilation

suggests that different afferent nervous pathways and/or

humoral stimuli of the respiratory centres may be successively

involved during prolonged static contraction. Indeed, the

intramuscular accumulation of metabolites, as lactate and

potassium, could activate the chemosensitive (group IV) muscle

afferents, eliciting both the adaptation of the motor control to

the contracting muscles and also the associated hyperventilation.

Human observations by Wiley & Lind (1971) have shown that

the ventilatory response to static handgrip persists after

occlusion of the arterial blood flow supplying the exercising

muscles. This strongly suggests that neurogenic factors arising

from the fatiguing muscles could play a key role in this

ventilatory response.

To our knowledge only Vogiatzis et al. (1996) simultaneously

analysed the changes in electrophysiological and respiratory

variables during static exercises. These authors obtained a

positive correlation between the increased global EMG activity

(root mean square, RMS) of the quadriceps muscles and the

hyperventilation occurring during repetitive bouts of isometric

exercise. However, they did not examine the occurrence of a

threshold for the changes in EMG and respiratory variables.

The aim of the present study was first, to verify the existence

of a non-linear increase in ventilation during sustained static

handgrip. This should indicate the occurrence of a ventilatory

threshold for a further activation of the respiratory centres. At

the same time, we searched for the persistence of a ventilatory

threshold during a complete arterial blood flow interruption to

suppress any humoral stimulation of the respiratory centres.

Secondly, we examined whether the EMG signs of neuromus-

cular fatigue accompanied the ventilatory threshold in both

situations (control and arterial blood flow interruption) to

support the hypothesis that the activation of the group IV

muscle afferents play a major role in the further hyperven-

tilation.

Methods

Subjects

Fifteen healthy subjects (three females) participated in the study

(mean age 36 ± 5 years, mean weight 73Æ5 ± 6Æ1 kg). None

had a history of neuromuscular or metabolic disorders and they

were not involved in a training programme involving forearm

and arm muscles. Their informed consent was obtained for the

study, which was approved by the local Ethics Committee.

Force measurements

The subjects were comfortably seated. One forearm was

maintained in a horizontal prone position in a device specially

built for the experiment that allowed isometric handgrip

(Bendahan et al., 1998; Caquelard et al., 2000; Dousset et al.,

2001b). The subjects were given a visual feedback from a strain-

gauge (ZC Scaime, Annemasse, France) to keep the preset force

level constant, i.e. at 50% of the MVC.

Measurements of respiratory variables

A face mask (dead space 30 ml) was designed to form an air-

tight seal over the subject’s nose and mouth, with all the

inspired and expired gas going into a turbine flow meter for

continuous measurements of the inspired and expired volumes,

calibrated with a 1 l syringe, which in turn gave measurements

of minute ventilation (VE). A side pore of the face mask was

connected to fast-response paramagnetic O2 and infrared CO2

analysers (Jaeger, Mijnhardt, Bunnik, The Netherlands; 90%

response time in 100 ms) which measured end-tidal partial

pressures of O2 and CO2, respectively. Throughout the handgrip

exercise, the software (Oxycon Beta, Hellige, Germany)

computed breath-by-breath data of VE, VO2, VCO2, and the

ventilatory equivalents for O2 (VE/VO2) and VCO2 (VE/VCO2).

Averaged values were obtained every 10 s. After values of VE,

VE/VO2 and VE/VCO2 were plotted against time, two ventilatory

thresholds (VTh) were determined: (i) an abrupt VE increase

following a plateau value (VEVTh); (ii) an increase in VE/VO2

(VE/VO2VTh) without a concomitant increase in VE/VCO2, as

already determined by Davis et al. (1979) during incremental

cycling exercise. Two observers, one being blinded to the

purpose of the study, determined VEVTh and VE/VO2VTh from the

listing of numeric data. The software (Oxycon Beta, Hellige,

Germany) also allowed to compute the two thresholds and

confirmed their determination by the two observers.

Electromyographic measurements

Bipolar (30 mm centre-to-centre, 1 · 1 cm of diameter)

Ag–AgCl surface electrodes (Dantec, Medtronic, Rueil,

Malmaison, France, 13 L 20) were used to measure EMG voltage

from the ‘flexor digitorum’ muscle. The electrodes were placed

between the motor point and the proximal tendon. The

longitudinal orientation of each electrode pair was parallel to a

line bisecting the proximal and distal tendons. The inter-electrode

impedance was kept below 2000 x by careful skin shaving and

abrasion with an ether pad. The electrodes were secured with

surgical tape and cloth wrap to minimize disruption during the

contraction. A ground electrode was placed over the right wrist.

Each EMG signal was amplified (Nihon Kohden, Tokyo, Japan;

common mode rejection ratio: 90 dB; input impedance:

100 mx; gain: 1000–5000) with a frequency band ranging

from 10 to 1200 Hz and then fed into a numeric data magnetic

tape recorder (TEAC RD-120T, Tokyo, Japan) for further analysis.
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The EMG signal was digitized with a sampling frequency of

1200 Hz using a data acquisition card mounted in a personal

computer. Every 10 s, the EMG analysis was performed by

calculating the power spectrum density distribution. The MF

was defined as the frequency that divided the power density

spectrum into two regions of equal power. The power

spectrum analyses also allowed calculation of EMG energies

(EL) in a band of low (10–80 Hz) frequencies. For each

subject, mean values of MF and EL were plotted against time

(time zero corresponding to the beginning of the exercise).

Fatigue-associated variations of EMG variables during handgrip

exercise were determined according to previous data related to

the handgrip, i.e. a decrease in MF (Caquelard et al., 2000;

Dousset et al., 2001a; Gainnier et al., 2001) or a non-linear

increase in EL values (Bendahan et al., 1998; Caquelard et al.,

2000; Dousset et al., 2001a,b; Gainnier et al., 2001). We used

the listing of numeric data provided by the software used to

calculate the EMG power spectrum to determine any significant

decrease in the MF value. We searched for MF variations ‡10%

of the corresponding mean value which plateaued during at

least the first 10 s of the handgrip exercise. According to Glass

et al. (1998), break points of EL increase throughout static

handgrip exercise were visually identified on graphical plots of

EMG variables versus time at the inflection point where a non-

linear EL increase occurred. The EMG thresholds were

determined by two different observers, one of them being

blinded to the purpose of the study.

As previously performed (Caquelard et al., 2000; Dousset

et al., 2001a,b; Gainnier et al., 2001), the compound muscle

mass action potentials (M-waves) were evoked by direct muscle

stimulation of the ‘flexor digitorum’ using the monopolar

technique. A Grass S88 neurostimulator (Grass, Quincy, MA,

USA) delivered supramaximal shocks with 0Æ1-ms rectangular

pulses through an isolation unit. One small (1 · 1 cm) negative

silver electrode was applied on the main motor point of the

muscle and a large (3 · 3 cm) positive silver electrode was

placed on the opposite side of the arm. The main motor point of

this muscle was identified as the location of the cathode yielding

the strongest contraction with the lowest pulse amplitude.

Supramaximal stimulation was defined as the pulse amplitude

level about 15% above the level yielding an M-wave of maximal

amplitude. The signal was fed onto an oscilloscope (model DSO

400, Gould, Ballainvilliers, France), permitting averaging of the

M-waves from eight successive potentials and calculation of the

M-wave duration and the conduction time, that is the time

between the stimulus artefact and peak response.

Biochemical analyses

In three subjects, a catheter (Neofly 21 G; Viggo-Spectramed,

Johnson & Johnson, Brussels, Belgium) was inserted in an

antecubital vein to sample blood during the handgrip trials

executed by the contralateral forearm in both situations (control

condition and arterial blood flow interruption). We measured

lactate ([La]) and potassium concentrations ([K+]) with specific

electrodes (Corning-Chiron model 860, Ciba-Corning,

Medfield, MA, USA). SEM of lactate measurements for the

laboratory quality control was ±0Æ05 mmol l)1.

Protocol

Each subject was instructed to perform static handgrip exercises

with each of the two forearms. One forearm, determined at

random, exercised during complete arterial blood flow inter-

ruption allowing suppression of any venous return from the

exercising forearm. The whole challenge, constituted by a

control handgrip then an exercise during blood flow interrup-

tion, was performed in the same afternoon. For each trial, the

subject was instructed to perform three isometric MVC

contractions with each forearm (1-min interval between each

contraction). The highest force recording of the three contrac-

tions was considered as the MVC. To produce fatigue, the

subject was asked to sustain static handgrip at 50% of the

corresponding MVC with the aid of the reference value indicated

on the strain gauge amplifier. After a 30 min period of recovery,

a sphygmomanometer (SK Welch Allyn, Jungingen, Germany)

placed around the contralateral arm was inflated at a pressure

‡200 mmHg to suppress the radial pulse. The 50% MVC

handgrip began 10 s after arterial occlusion and the cuff was

maintained for 30 s after the trial had ended. During trials, the

subjects were verbally encouraged to sustain the contraction as

long as possible and also to maintain the handgrip at the target

level. Measurements of respiratory and EMG variables were

simultaneously performed. The M-wave was recorded before

the handgrip trial, when it stopped, and every 2 min during the

recovery period. In three subjects, venous blood was sampled

from the non-exercising muscle at different stages (rest, end of

50% MVC and at 30 s after handgrip ended) during 50% MVCs

associated or not with arterial blood flow interruption.

Statistical analysis

Results are expressed as mean ± SEM. A one-way analysis of

variance for repeated measures was used to evaluate the changes

in VE, VE/VO2 and VE/VCO2 over time, and the two estimates of

the neuromuscular fatigue (MF and EL). When significant

changes were identified over time, Bonferroni’s t-test was used

to determine which time points were different. ANOVA was

also used to compare the values of variables between the two

situations (control and arterial blood flow interruption).

Statistical significance was set at P < 0Æ05. In each individual,

we determined the time from the onset of the handgrip trial

corresponding to each EMG variation (MF, EH and EL energies)

and the time corresponding to each detection criterion of VTh

(VEVTh, VE/VO2VTh). We also measured the maximal variations

of VE, VE/VO2, MF, and EL at the end of each handgrip trial. A

paired t-test was used to determine significant differences

between the occurrence of EMG signs of fatigue and VTh and

also to examine if the arterial blood flow interruption modified

or not the delay between the two phenomena.
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Results

Electromyographic signs of neuromuscular fatigue

No significant M-wave changes were noted at the end of the

50% MVC in all subjects, indicating the absence of an altered

neuromuscular transmission. Figures 1 and 2 respectively show,

in the same individual, examples of the changes in MF and EL

during handgrip sustained in the control or arterial blood flow

interruption conditions. All subjects presented at least one EMG

indication of neuromuscular fatigue. A non-linear EL increase

was present in 14 of 15 trials in control condition and in 13 of

15 trials during arterial blood flow interruption. A MF decrease

was measured in 13 of 15 control trials and in 10 of 15 trials

performed during arterial blood flow interruption. We found no

significant difference between the thresholds of MF decline and

non-linear EL increase in the two situations (control: MF

threshold ¼ 55 ± 8 s and EL threshold ¼ 49 ± 6 s; arterial

blood flow interruption: MF threshold ¼ 54 ± 8 s and EL

threshold ¼ 40 ± 4 s). There was no significant difference

between the endurance time to sustain 50% MVC in control

condition and during arterial blood flow interruption. This

allows comparison of the maximal MF and EL variations at the

end of handgrip trials. Despite a tendency to reduced maximal

MF variations at the end of the handgrip executed during arterial

blood flow interruption ()10 ± 4% compared with )24 ± 5%

in control condition), the difference was not significant.

However, the maximal EL increase was significantly higher

(P < 0Æ05) in control condition (+215 ± 65%) than during

arterial blood flow interruption (+98 ± 30%).

Assessment of the efficacy of complete blood flow

interruption

Figure 3 shows, in the two experimental situations, the

venous blood lactate and potassium concentrations measured
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Figure 1 Individual example of the changes in electromyographic
(EMG) variables (median frequency, MF; low-frequency EMG energy)
and ventilatory variables (minute ventilation, VE; ventilatory equivalents
for oxygen, VE/VO2 and CO2, VE/VCO2) measured during 50% maximal
voluntary contraction in control conditions. Arrows indicate the instants
of significant MF decrease, a non-linear increase in low-frequency
energy, an abrupt VE increase, and a VE/VO2 increase.
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Figure 2 The changes in ventilatory and electromyographic variables
measured in the same individual as in Fig. 1 but during 50% maximal
voluntary contraction executed during blood flow interruption.
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at rest, at the end of the 50% MVC, then at 30 s of recovery.

A marked significant increase in both lactate and potassium

concentrations was measured after control 50% MVC,

whereas no variation was noted after the cuff had been

inflated.

Changes in respiratory variables throughout

the handgrip trial.

Examples of changes in VE, VE/VO2 and VE/VCO2 during 50%

MVCs executed by the same subject in control and blood

flow interruption conditions are shown in Figs 1 and 2,

respectively. All subjects presented an initial rise in VE at the

onset of the exercise which was followed by a further VE

increase in 11 of 15 trials in control and in 10 of 15 trials

during blood flow interruption. Despite the individual

examples depicted in Figs 1 and 2 suppose that the changes

in respiratory variables were attenuated in the blood flow

interruption condition, ANOVA did not reveal any significant

difference between the maximal VE increase measured at the

end of handgrip trials performed in control condition

(+104 ± 20%) and during blood flow interruption

(+71 ± 17%). Figures 1 and 2 also show an abrupt VE/VO2

increase (VE/VO2 VTh) without a concomitant rise in VE/VCO2

which occurred in 13 of 15 trials in control condition and in

14 of 15 trials during blood flow interruption. The maximal

VE/VO2 increase measured at the end of the handgrip trials

did not differ between control (+63 ± 20%) and blood flow

interruption conditions (+47 ± 14%). Figure 4 shows that

the onset delay of these two thresholds was correlated with

the target force level sustained during static handgrip. We

verified that no change in VE and VE/VO2 occurred throughout

the period of arterial blood flow interruption when the

subjects did not exercise.

Comparison between threshold values of EMG

and respiratory variables.

The threshold values of the changes in EMG and respiratory

variables measured in the two experimental conditions are

depicted in Table 1. Concomitant variations of EMG and

respiratory variables occurred in the majority of trials (12 of

15 in control and 13 of 15 during blood flow interruption). The

paired t-test did not reveal any significant difference between

the individual values of EMG (MF and EL) and ventilatory

thresholds (EqO2 and VE).
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Discussion

The present study verifies our hypothesis that a non-linear

increase in minute ventilation and/or an abrupt increase in

VE/VO2 occurs throughout a sustained handgrip exercise able to

elicit the EMG signs of neuromuscular fatigue. The delay in

occurrence of the two indices of VTh depended on the strength

of contraction which varied among individuals, the higher the

absolute value of the target force, the shorter the onset of VE and

VE/VO2 variations. The EMG signs of neuromuscular fatigue

accompanied the ventilatory threshold. Our situation of com-

plete interruption of the venous return from the contracting

muscle was sufficient to suppress any activation of the

respiratory centres by the blood release of metabolites produced

during muscular contraction. In this situation, the EMG signs of

neuromuscular fatigue and the ventilatory thresholds persisted

and the delay in occurrence of EMG changes and ventilatory

thresholds did not significantly differ from control. These

observations suggest that the amount of intramuscular accumu-

lation of metabolites, which constitutes a well known stimulus

to the group IV muscle afferents, could play a key role in the

respiratory centres activation.

Absence of altered neuromuscular transmission

It was not surprising that we did not observe any sign of

impaired neuromuscular transmission after sustained 50%

MVCs. Indeed, in the literature, an altered neuromuscular

transmission is not a constant phenomenon during and after

sustained voluntary contraction. Few studies have reported a

decline in the M-wave amplitude and a lengthened M-wave

duration during static muscle contraction (Stephens & Taylor,

1972; Bellemare & Garzaniti, 1988; Merletti et al., 1990)

whereas numerous others, including ours, concluded that the

neuromuscular propagation was unimpaired in this circum-

stance (Woods et al., 1987; Hicks et al., 1989; Caquelard et al.,

2000; Dousset et al., 2001a). The absence of M-wave variations

after a static handgrip allows discarding the possibility that EMG

changes could simply result from an altered propagation of

myopotentials. Thus, in this condition, previous studies showed

that the variations of EMG power spectrum can be interpreted in

terms of the changes in motor unit recruitment (Caquelard et al.,

2000; Dousset et al., 2001a).

VE/VO2 and VE thresholds

Our observations of an initial VE increase followed by a further

hyperventilation confirm previous data during static handgrip

exercise (Myhre & Andersen, 1971; Wiley & Lind, 1971; Muza

et al., 1983) but the associated variation of VE/VO2 was not

previously documented during static exercise. Because we

measured an increase in VE/VO2 without a concomitant change

in VE/VCO2, the definition of a threshold for the ventilatory

equivalent of oxygen, initially proposed by Davis et al. (1979),

was considered. In control handgrip trials, the modifications of

VE and VE/VO2 were associated with a venous blood release of

lactate, and it is well known that blood acidosis constitutes a

powerful stimulus of the respiratory centres. The low value of

blood lactate concentration during handgrip trials sustained

under a condition of total arterial blood flow interruption

demonstrated the efficacy of the arterial cuff in suppressing any

chemical communication between the contracting muscle and

the respiratory centres. However, in this situation the muscle

metabolites continued to accumulate in the contracting muscle

and we continued to measure VTh during the sustained

handgrips. The increased production of lactate by exercising

muscle is also associated with an outflow of potassium. Lactate

and potassium are well known stimuli of the group IV muscle

afferents (Rotto & Kaufman, 1988; Darques et al., 1998;

Decherchi et al., 1998) whose the activation by the intramus-

cular accumulation of these metabolites could play a key role in

the occurrence of VTh during handgrip trials.

EMG signs of neuromuscular fatigue

All subjects presented at least one EMG indication of neuro-

muscular fatigue (MF decline or non-linear EL increase). These

EMG changes have been previously reported for static handgrip

exercises sustained at 50–60% of MVC (Bendahan et al., 1998;

Caquelard et al., 2000; Dousset et al., 2001b). A MF decline and a

non-linear EL increase during fatiguing efforts should result

from the filtering effects exerted on the alpha motoneurones

and/or the supraspinal motor drive by the inhibitory sensory

signals arising from the contracting muscle. This slowing of

motoneurones discharge, called ‘muscle wisdom’, results from

the recruitment of slow-firing, fatigue-resistant motor units

which delays the occurrence of contractile failure during

prolonged exhaustive exercise (Bigland-Ritchie et al., 1986;

Woods et al., 1987). The present study shows that at the end of

the handgrip sustained at 50% MVC the EMG signs of

neuromuscular fatigue are slightly attenuated under the condi-

tion of complete arterial blood flow interruption. It is well

Table 1 Threshold values of the changes in electromyographic (EMG)
and respiratory variables expressed in seconds and measured in the
two experimental conditions. (n ¼ subjects number). In each situation,
the pairs of ventilatory and EMG variables correspond to the circum-
stances where two threshold estimates could be determined in each
individual. P-values indicate that no significant differences exist between
threshold values in the two conditions.

VTh (s) EMG threshold (s) n P

Control
EqO2 – MF 61Æ2 ± 8Æ1 56Æ5 ± 9Æ8 10 0Æ445
EqO2 – EL 57Æ1 ± 7Æ1 53Æ3 ± 7Æ1 12 0Æ518
VE – MF 68Æ5 ± 16Æ2 53Æ7 ± 10Æ1 8 0Æ291
VE – EL 56Æ3 ± 9Æ3 44Æ2 ± 3Æ9 10 0Æ236

Blood flow interruption
EqO2 – MF 62Æ9 ± 10Æ3 51Æ7 ± 9Æ3 9 0Æ345
EqO2 – EL 55Æ2 ± 7Æ7 39Æ6 ± 3Æ5 13 0Æ103
VE – MF 58Æ2 ± 9Æ5 56Æ7 ± 12Æ9 6 0Æ911
VE – EL 54Æ7 ± 6Æ1 40Æ5 ± 4Æ1 10 0Æ06
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documented in humans that hypoxaemia, and ischaemia,

markedly depress the ‘muscle wisdom’ phenomenon during

static efforts (Caquelard et al., 2000; Dousset et al., 2001a).

Animal observations indicate that the two situations of reduced

oxygen supply to muscle stimulate the group IV muscle afferents

at rest (ischaemia: Lagier-Tessonnier et al., 1993; hypoxaemia:

Dousset et al., 2001a; Arbogast et al., 2002) but attenuate their

further activation during fatiguing contraction (Dousset et al.,

2001b; Arbogast et al., 2002). This helps to explain the

attenuation of the MF decline and thus of the ‘muscle wisdom’

when a muscle works under the present ischaemic condition.

Concomitance of EMG signs of neuromuscular fatigue

and VTh

The EMG signs of neuromuscular fatigue accompanied a non-

linear VE increase and/or an increase in VE/VO2 ratio in the

majority (12–13 of 15) of the handgrip trials executed in both

control and blood flow interruption conditions. No significant

difference was noted in the delay of VTh in the two situations and

we measured a 8 to 10-s delay between the occurrences of EMG

signs of fatigue and VTh. However, the statistical analysis did not

show significant differences between the onset of changes in

EMG and respiratory variables. This signifies that VTh did not

systematically follow the EMG signs of fatigue. Because respir-

atory and EMG variables were averaged for consecutive 10-s

epochs throughout the 50% MVC, any delay between the changes

in the two categories of variables could simply result from the

relative inaccuracy of time determination which results from the

averaging of the breathing cycles. Under ischemic condition,

the EMG signs of neuromuscular fatigue did not occur earlier

than in the control condition, suggesting that the intramuscular

release of metabolites was not accentuated in this situation. In a

previous 31PMRS study, we showed that acute hypoxia did not

accentuate the decrease in pH nor the phosphocreatine con-

sumption during static handgrip (Bendahan et al., 1998).

In conclusion, our study shows that a further activation of the

respiratory centres occurs during a sustained static contraction

and that this ventilatory event is concomitant with the EMG

signs of neuromuscular fatigue. Because these responses persist

in the absence of any blood release of metabolites, neural

pathways arising from the fatigued muscle seem to be

responsible for the near concomitant changes in the motor

drive to muscle and the adaptive ventilatory response.
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