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Summary

We questioned whether electromyographic (EMG) signs of neuromuscular fatigue
accompany the changes in respiratory variables measured at the ventilatory threshold
(VTh) during exercise on a cycloergometer. This was based on the assumption that
the activation of muscle afferents sensitive to accumulation of lactate and potassium
is suspected to elicit both the EMG signs of fatigue and hyperventilation. In 39
subjects performing an incremental cycling, the EMG estimates of neuromuscular
fatigue in vastus lateralis were a non-linear increase in root mean square (RMS), a
decrease in median frequency (MF), a non-linear increase in low-frequency EMG
energies (EL), and/or a decrease in high-frequency energies (EH). VTh was
determined from a non-linear increase in VCO2

[VTh(VCO2
slope)] and an increased

value of the respiratory equivalent for oxygen [VTh(VE/VO2
)]. We measured a

significant increase in venous blood concentration of lactate and potassium, and a
significant pHv fall at VTh. One EMG estimate of fatigue was detected in 33/39
individuals and two EMG estimates in 17 subjects. Highly significant positive
correlations were found between the oxygen uptakes corresponding to each EMG
estimate and to each detection criterion of VTh. These observations suggest that the
activation of muscle sensory pathways contribute to the mechanism of VTh.

Introduction

During the course of an incremental cycling exercise, a

ventilatory threshold (VTh) characterized by a non-linear

increase in minute ventilation is measured in the majority of

subjects. This further increase in ventilation results from an

enhanced activation of the respiratory centres. Its mechanism is

still debated. Some physiologists persist to relate it to the

increased blood concentration of muscle metabolites directly

acting on the respiratory centres, whereas others presume it

could involve the activation of nervous sensory pathways

originating in contracting muscles (Dempsey et al., 1995).

Animal studies indicate that the group III–IV muscle afferents

detect muscle acidosis and also the potassium outflow from

muscle fibres (Kaufman & Rybicki, 1987; Rotto & Kaufman,

1988; Jammes & Balzamo, 1992; Darques et al., 1998; Decherchi

et al., 1998). These afferents are the possible candidate for the

mechanism of the VTh because their activation elicits a marked

stimulation of the respiratory neurones (McCloskey & Mitchell,

1972; Tibes, 1977; Tibes et al., 1977). Thus, it is tempting to

speculate that VTh could result from the activation of chemo-

sensitive muscle afferents by the intramuscular accumulation of

lactate and hydrogen ions.

In parallel, the activation of the group III–IV muscle afferents

exerts an inhibitory influence on the alpha motoneurones

(Bigland-Ritchie et al., 1986a,b; Woods et al., 1987; Garland,

1991; Jammes & Balzamo, 1992). This sensorimotor reflex loop

may explain the leftward shift of electromyographic (EMG)

power spectrum, measured by a decline in median frequency

(MF), which corresponds to an enhanced recruitment of slow-

firing, fatigue-resistant motor units and/or a reduced recruit-

ment of rapid-firing, fatigable motor units (Bigland-Ritchie &

Lippold, 1979; Bigland-Ritchie et al., 1982, 1986a,b; Solomo-

now et al., 1990; Badier et al., 1993; Bendahan et al., 1998).

However, the interpretation of EMG power spectrum changes in

terms of modifications of the motor unit recruitment may be

valid on the condition that there are no concomitant alterations

of the neuromuscular propagation explored by recording the

compound evoked muscle mass action potentials (M-wave)

(Kadefors et al., 1968; Kranz et al., 1983; Stulen & Deluca, 1981).

Previous studies on humans already tried to demonstrate the

existence of relationships between the quantitative EMG changes

and the different detection criteria of VTh. An equal number of

studies reported no correlation between the lactate accumulation

and the decrease in MF of EMG power spectrum or a break point

in the ramp increase of integrated EMG (Viitasalo et al., 1985;
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Bouissou et al., 1989; Gamet et al., 1993; Taylor & Bronks, 1994;

Jansen et al., 1997), whereas others found significant correla-

tions between a non-linear increase in integrated EMG and the

ventilatory (Moritani et al., 1993; Glass et al., 1998) or lactate

threshold (Nagata et al., 1981; Helal et al., 1987; Lucia et al.,

1999). Studies reporting positive data observed that EMG

changes either followed blood lactateosis (Nagata et al., 1981;

Helal et al., 1987) or occurred concomitantly (Lucia et al.,

1999). The aforementioned considerations suggest that there

may be some relationships between the changes in ventilatory

variables occurring at VTh and the EMG signs of fatigue.

However, none of the aforementioned studies have considered

in the same individuals the different EMG indices of neuro-

muscular fatigue, the possible associated M-wave alterations, the

different estimates of threshold, and the accumulation of lactate

and also of potassium.

The present study searches for: (i) the existence of the

different EMG signs of neuromuscular fatigue during an

incremental cycling exercise, independently from any M-wave

alteration; (ii) a coincidence of the occurrence of EMG signs of

fatigue with VTh determination; and (iii) the existence of an

accumulation of lactate and potassium at VTh. This was made in

an attempt to support the hypothesis that the activation of

muscle afferents by intramuscular acidosis and increased

extracellular potassium concentration could play a key role in

the further hyperventilation measured at VTh.

Subjects and methods

Subjects

A total of 40 subjects participated in the experiment. One subject

was excluded from EMG analysis because the signs of neuro-

muscular fatigue (altered M-wave configuration) early occurred

during the cycling exercise. As indicated in Table 1, the other 39

male subjects were separated in three groups: group I, middle

age sedentary subjects; group II, young sedentary subjects;

group III, well-trained young cyclists. Written consent was

obtained from each subject as to the experimental protocol. The

study was approved by the institution’s ethics committee.

Physiological measurements

During the exercise trial, 12 electrocardiogram (ECG) leads were

recorded continuously and arm arterial blood pressure was

measured. Heart rate (HR) was computed from standard ECG

leads by the software system and data obtained for each

respiratory cycle. A catheter (Neofly 21G, Viggo-Spectramed,

OXNARD, CA, USA1 ) was inserted in an antecubital vein. Venous

samples were used to measure enzymatically lactate concentra-

tion [LA] and potassium concentration [K+] with a specific

electrode (Corning-Chiron model 860, USA). SEM of lactate

measurements for the laboratory quality control was

±0Æ05 mmol l)1. A face mask (dead space: 30 ml) was designed

to form an airtight seal over the subject’s nose and mouth, with

all the inspired and expired gas going into a turbine flowmeter

for continuous measurement of inspired and expired volume. It

was calibrated with a 1-l syringe, and gave measurements of

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

connected to fast-response differential paramagnetic O2 and

infrared CO2 analyzers (90% response time in 100 ms) which

measured end-tidal partial pressures of O2 and CO2, respectively.

Throughout the incremental exercise trial, the software (Oxycon

Beta, Jaeger, Germany) computed breath-by-breath data of VE,

VO2
, VCO2

, and the ventilatory equivalents for O2(VE/VO2
) and

CO2(VE/VCO2
), the regression equations of changes in VO2

, VCO2
,

VE/VO2
and VE/VCO2

values versus time, and also the VCO2
versus

VO2
plot. Two detection criteria of VTh were used in each subject:

(i) VTh(VCO2
slope), corresponded to the VO2

value at which VCO2

began to increase non-linearly in the VCO2
versus VO2

plot

(Wasserman et al., 1973; Caiozzo et al., 1982; Beaver et al.,

1986); (ii) VTh(VE/VO2
) corresponded to the VO2

value at which

VE/VO2
exhibited a systematic increase without a concomitant

increase in VE/VCO2
(Davis et al., 1979). VTh was expressed in

absolute value of oxygen uptake related to body weight.

EMG recording and analysis

For EMG recording, bipolar (30 mm center-to-center) Ag–AgCl

surface electrodes (Dantec, 13 L 20) were used to measure the

activity from the vastus lateralis muscle on the dominant side of

the body. The electrodes were placed between the motor point

and the proximal tendon. Interelectrode impedance was kept

below 2000 X by careful skin shaving and abrasion with an

ether pad. The 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 2000 Hz and displayed on a numeric data

magnetic tape recorder (TEAC model RD-120T, Kyoto, Japan)

for further analysis. EMG signal was digitized with a sampling

Table 1 Morphological characteristics, maximal aerobic power (VO2
max) and values of the two detection criteria of ventilatory threshold in the three

groups of subjects. Values are mean ± SEM. Asterisks indicate significant differences between group I and group II or III, and crosses show that
group III subjects had higher performances than group II ones (one symbol, P<0Æ05; two symbols, P<0Æ01; three symbols, P<0Æ001).

Age

(years) Sex

Weight

(kg) VO2max

VTh(VE/VO2
)

(mlÆminSTPD-1Ækg-1)
VTh(VCO2

slope)

(mlÆminSTPD-1Ækg-1)

Group I (n ¼ 28) 47 ± 13 M ¼ 18; F ¼ 10 71 ± 14 24Æ9 ± 7Æ1 18Æ3 ± 4Æ2 16Æ6 ± 6Æ9
Group II (n ¼ 5) 26 ± 3** M ¼ 5 76 ± 5 41Æ5 ± 5Æ2* 25Æ1 ± 5Æ1* 27Æ0 ± 3Æ8*
Group III (n ¼ 6) 21 ± 4** M ¼ 5 69 ± 8 60Æ6 ± 3Æ4**,++ 51Æ7 ± 5Æ9**,+ 53Æ0 ± 4Æ3***,+++

209EMG versus respiratory variables, F. Hug et al.

� 2003 Blackwell Publishing Ltd • Clinical Physiology and Functional Imaging 23, 4, 208–214



frequency of 1200 Hz using a data acquisition card mounted on

a personal computer. As previously published (Arnaud et al.,

1997; Jammes et al., 1997, 1998, 2001), EMG computation

started at the beginning of each muscle contraction and covered

all the muscle contraction (i.e. near 500 ms when the cycling

frequency was 1 Hz). For each contraction, an averaged power

spectrum was obtained from six 128-ms window epochs,

overlapping each over by half their length for a total segment of

512 ms. EMG analysis was performed by calculating the root

mean square (RMS), an index of global EMG energy, and the

power spectrum density distribution. The MF was defined as the

frequency that divided the power density spectrum into two

regions of equal power. Power spectrum analyses also allowed

to calculate EMG energies in two separate bandwidths of low

(EL: 10–80 Hz) and high (EH: 90–300 Hz) frequencies. EMG

analysis was performed during the last 20 s of each step increase

in work load, until the maximal work load was reached. For

each subject, mean values of RMS, MF, EH and EL were plotted

against corresponding mean VO2
values. Throughout the

incremental cycling exercise and before EMG signs of neuro-

muscular fatigue occurred, MF remained stable, while EH, EL and

RMS progressively increased. Fatigue-associated variations of

EMG variable during incremental exercise were determined

according to previous literature data, i.e. a non-linear increase in

RMS (Viitasalo et al., 1985; Helal et al., 1987; Taylor & Bronks,

1994; Glass et al., 1998; Lucia et al., 1999), a decrease in MF

(Petrofsky, 1979; Tesch et al., 1983; Viitasalo et al., 1985;

Taylor & Bronks, 1994; Jansen et al., 1997), a decrease in EH

and/or a non-linear increase in EL value (Nagata et al., 1981;

Bouissou et al., 1989; Badier et al., 1993). To determine any

significant decrease in MF or EH value, we searched for variations

‡10% of values measured during the preceding work load and

we looked after further accentuation of their changes during the

next work loads. According to Glass et al. (1998), break points

of RMS and EL increase throughout incremental exercise were

visually identified on graphical plots of EMG variables versus VO2

at the inflection point where a non-linear increase occurred.

Compound muscle mass action potentials (M-waves) were

evoked by direct muscle stimulation, using a monopolar

technique (Arnaud et al., 1997; Jammes et al., 1997, 1998,

2001). A constant-current 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

vastus lateralis muscle and a large (3 · 3 cm) positive silver

electrode was placed on the opposite side of the thigh. 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

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

maximal amplitude. The signal was fed to an oscilloscope

(model DSO 400, Gould, Ballainvilliers, France), permitting to

average the M-waves from eight successive potentials and to

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

the time between the stimulus artefact and peak.

Protocol

Each subject performed an incremental exercise on an electric-

ally braked cycloergometer (Ergometrics ER 800, Jaeger,

Germany) connected to the microcomputer software. The

testing protocol consisted first in a 2-min rest period, during

which all physiological variables were measured and the venous

blood samples collected, second in a 2-min 0-W work load

period used to reach the 1-Hz cycling frequency, and third in a

work period. The work period started at a work load of 20 W

and the load was increased by 20 W every 1 min until the

maximal oxygen uptake (VO2max) was reached. The ergometer

was then unloaded and the subject continued to cycle for a

2-min recovery period. Venous blood was sampled at each work

load.

Statistics

ANOVA allowed comparison of the three groups on the basis of

age, weight, VO2max, and the two detection criteria of VTh. To

test the significance of the changes in biochemical variables at

VTh with respect to the corresponding resting values, we used a

paired t-test or a Wilcoxon signed rank test when the normality

test failed. The occurrence of non-linear increase in RMS and/or

EL and also of decrease in MF and/or EH value was determined in

each individual, and the corresponding VO2
values were noted.

Because all the different EMG estimates of neuromuscular fatigue

were rarely found in the same subject, significant differences

between the proportions of each EMG estimate in our

population were tested using the z-test after the Yates correction

was applied to calculation. In each individual, VO2
data

corresponding to each EMG variation (RMS, MF, EH and EL

energies) were plotted against VO2
measured at each detection

criterion of VTh. Least square linear regressions were then tested

(significance of r coefficient against zero with a level of

significance £0Æ05) and we considered both the slope and Y

intercept of each regression line and their standard deviations: a

slope value of one indicated that EMG changes and VTh occurred

simultaneously, whereas a slope value inferior to one should

indicate that EMG changes preceded the threshold on the

condition that the Y intercept did not differ from zero. A t-test

allowed to compare the slopes (±SEM) of regression lines.

Results

As shown in Table 1, the mean age of group I subjects was

significantly (P<0Æ01) higher than that of group II and III

subjects. Values of VO2max significantly increased from group I to

groups II (P<0Æ05) and III (P<0Æ001). Both the VTh(VCO2
slope)

and VTh(VE/VO2
) significantly increased from group I to group

III. This satisfied our initial purpose to compare EMG changes in

subjects having wide spread values of maximal aerobic power

and VTh.

Table 2 shows the mean values (±SEM) of lactate concentra-

tion [LA], pHv, and potassium concentration [K+] measured at
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rest, at VTh(VE/VO2
) and VTh(VCO2

slope), and at VO2max in 25

subjects where blood sampling corresponded to VTh determin-

ation. At both detection criteria of VTh, the mean values of [LA],

pHv, and [K+] significantly varied compared to the resting level.

No significant differences between resting values of [LA], pHv,

and [K+] and those measured at VTh level were noted in the

three groups.

We considered an increase in M-wave duration and/or in

conduction time superior to 10% of the corresponding

individual resting values. Only in five group I subjects, an

increase in M-wave duration was measured near the end of

exercise, i.e. after measurement of VTh, with further alteration

during the recovery period. In the other group I subjects as well

as in groups II and III subjects, we noted no significant M-wave

changes before the exercise trial ended. Thus, when the EMG

changes were detected near VTh, they were not associated with

an altered propagation of myopotentials.

Thirty-three subjects (85%) presented at least one EMG

estimate of neuromuscular fatigue in vastus lateralis muscle.

Among these subjects, 14 had two EMG estimates and three

EMG estimates were only found in three others. A non-linear

increase in EL value was present in 25 individuals, i.e. 76% of

subjects (group I, 16; group II, 6; group III, 3). A decrease in EH

was measured in 14 individuals, 42% (group I, 10; group II, 0;

group III, 4). A non-linear RMS increase occurred in eleven

subjects, 33% (group I, 9; group II, 0; group III, 2). A decrease

in MF value was only found in eight subjects, 24% (group I, 7;

group II, 1; group III, 0). The z-test showed that a non-linear EL

increase occurred more frequently than a decrease in EH

(P<0Æ05), a MF decrease ( P<0Æ001), and a non-linear RMS

increase (P<0Æ01). Due to the inconsistent number of data on

MF and RMS variations associated with neuromuscular fatigue, a

multiple regression analysis combining all variables was rejected

by the software programme.

Figure 1 shows an individual example of the changes in VE/

VO2
, and the four EMG variables (RMS, MF, EL and EH energies) in

relation with the oxygen uptake during an incremental exercise

trial. Highly significant linear regressions were found between

each of the four EMG estimates of fatigue and the two detection

criteria of VTh (Table 3). ANOVA did not reveal significant

differences in regression slopes when plotting the same EMG

estimate of fatigue against VTh(VE/VO2
) or VTh(VCO2

slope). There

was no significant difference between the Y intercepts of

regression lines which were also not significantly different from

zero. The slopes of these regression lines were close to one,

except that of the regression involving non-linear EL changes

which was significantly lower than the other slope values.

Discussion

The present observations show that EMG signs of neuromuscular

fatigue in vastus lateralis muscle occurred around VTh in the

majority (85%) of the studied subjects. The correlative analysis

indicated that EL variations preceded VTh determination, what-

ever the detection criterion used. Indeed, the slope of regression

line between the two variables (EL and VTh) was inferior to one.

Table 2 The mean values (±SEM) of lactate, [LA], and potassium, [K+], concentrations and pHv in 25 subjects of the three groups where venous blood
sampling coincided with VTh determination. LA and K+ concentrations at VO2max are also reported. Asterisks indicate that values at VTh and VO2max

significantly differ from those measured at rest (***, P<0Æ001).

Rest V Th(VE/VO2
) V Th(VCO2

slope) VO2
max

[LA] (mmol l)1) 1Æ32 ± 0Æ09 2Æ30 ± 0Æ23*** 2Æ35 ± 0Æ35*** 5Æ18 ± 0Æ50***
pHv 7Æ38 ± 0Æ01 7Æ35 ± 0Æ01*** 7Æ35 ± 0Æ01*** 7Æ30 ± 0Æ01***
[K+] (mmol l)1) 4Æ02 ± 0Æ06 4Æ40 ± 0Æ09*** 4Æ48 ± 0Æ11*** 4Æ80 ± 0Æ10***

Figure 1 Example of variations of EMG variables (root mean square,
RMS; median frequency, MF; and low, EL and high, EH EMG energies)
and corresponding values of the respiratory equivalent for oxygen
(VE/VO2

). Arrows indicate the measurements of VTh(VE/VO2
), non-linear

RMS increase, MF decrease, and non-linear EL increase.

211EMG versus respiratory variables, F. Hug et al.
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Moreover, even if we know that there is a delay between the

release of lactate and potassium from leg muscle and the

measurement of these variables in antecubital venous blood, we

considered that the accumulation of lactate and potassium could

already occurred at VTh.

The majority of our subjects presented a variation of at least

one EMG estimate of neuromuscular fatigue in vastus lateralis

muscle. Thus, recording the EMG activity in this muscle seems

to be representative of leg muscle activity during incremental

cycling exercise, corroborating numerous previous studies

(Helal et al., 1987; Gamet et al., 1993; Taylor & Bronks, 1994;

Viitasalo et al., 1995; Glass et al., 1998; Lucia et al., 1999). The

absence of measurable EMG changes in the direction of

neuromuscular fatigue was noted in a non-negligible proportion

of our subjects (6/39, i.e. 15%). One explanation for the

absence of EMG signs of neuromuscular fatigue in vastus

lateralis muscle could be that the motor programme of muscles

recruitment for pedalling differed between individuals, mainly

because the involvement of vastus lateralis in response to

incremental work load was not essential in some subjects. We

found three studies which recorded EMG of different leg

muscles during incremental cycling exercise but their data were

somewhat conflicting. Ericson et al. (1985) and Taylor & Bronks

(1994), respectively, showed that an increase in work load at a

constant pedalling rate significantly increased the integrated

EMG activity in all the recorded muscle groups. By contrast,

Duchateau et al. (1986) reported that only slow muscles

increased their EMG activity with an increasing load at constant

speed while a large increase in integrated EMG was only

measured in fast muscles when the pedalling speed rose in a

large proportion. Vastus lateralis being considered a mixed

muscle in healthy sedentary subjects (Johnson et al., 1973), any

variation of the proportion of slow and fast muscle fibres in

relation with training may modify the recruitment of this

muscle in response to an incremental work load, explaining the

absence of its fatigue in some individuals. A second explanation

for the absence of EMG signs of neuromuscular fatigue in vastus

lateralis muscle could be that in our protocol the pedalling rate

was the same in all individuals. Takaishi et al. (1996) reported

that the occurrence of fatigue in different leg muscles depended

on the pedalling rate.

We reported marked interindividual differences in the pattern

of EMG variations in response to neuromuscular fatigue in

almost all our responding subjects. These observations of

dissociated variations of RMS and power spectrum EMG variables

during dynamic contractions agree with previous ones during

static effort (Badier et al., 1993; Bendahan et al., 1998) and also

dynamic exercise (Nagata et al., 1981; Viitasalo et al., 1985; Helal

et al., 1987; Gamet et al., 1993). Namely, a non-linear increase in

RMS or integrated EMG may be measured in the absence of a MF

decrease (Viitasalo et al., 1985; Helal et al., 1987; Gamet et al.,

1993), and a modest or non-significant MF variation may be

found despite the existence of a significant EL increase or an EH

decrease (Nagata et al., 1981; Badier et al., 1993; Bendahan et al.,

1998). Moreover, in a previous study (Badier et al., 1993) we

showed that during sustained fatiguing efforts, an increase in EL

occurred more often than a decrease in EH.

As recommended by several investigators (Kadefors et al.,

1968; Stulen & Deluca, 1981; Bigland-Ritchie et al., 1982; Kranz

et al., 1983), we analysed the M-wave in parallel to the

quantitative EMG during voluntary contractions to eliminate a

possible influence of an altered propagation of myopotentials on

the frequency component of EMG power spectrum. Indeed, a

slowing down of action potential membrane propagation

should reduce MF and increase EL independently from any

variations of the pattern of motor unit recruitment. Except in

one subject of the present study, no significant increase in

M-wave duration was measured at VTh allowing the interpret-

ation of the EMG changes in terms of an adaptive response of the

central nervous system to the changes in muscle metabolism.

The purpose of the present study was not to contribute to the

dispute on the occurrence of a lactic threshold. Indeed, studies

on correlative analyses between invasive (blood lactate concen-

tration) and non-invasive (minute ventilation and respiratory

gas exchange) detection criteria of the �anaerobic� threshold are

numerous but their results are often conflicting. Some authors

Table 3 Regression lines obtained between paired values of oxygen uptake corresponding to the two detection criteria of ventilatory threshold
and EMG estimates of fatigue during incremental cycling exercise (non-linear RMS increase, decreased MF and EH non-linear EL increase). As indicated
by asterisks, significant differences were found between the slope ± SEM of the regression line drawn between non-linear EL increase and a given
VTh criterion and the slopes of the regression lines between each one of the three other EMG estimates of neuromuscular fatigue and VTh (*, P<0Æ05;
**, P<0Æ01). No significant differences were found between Y intercepts (± SEM) of the different regression lines.

Non-linear RMS increase Decreased MF Decreased EH Non-linear EL increase

VTh(VCO2
slope)

n 11 8 14 25
r 0Æ977; P<0Æ001 0Æ932; P<0Æ001 0Æ986; P<0Æ001 0Æ869; P<0Æ001
Slope 0Æ98 ± 0Æ07* 0Æ98 ± 0Æ12 0Æ93 ± 0Æ05* 0Æ72 ± 0Æ09
Y intercept 1Æ34 ± 0Æ83 1Æ82 ± 1Æ70 1Æ70 ± 1Æ51 0Æ78 ± 0Æ87

VTh(VE/VO2
)

n 11 8 14 25
r 0Æ968; P<0Æ001 0Æ966; P<0Æ001 0Æ961; P<0Æ001 0Æ808; P<0Æ001
Slope 1Æ11 ± 0Æ09** 1Æ24 ± 0Æ15** 0Æ95 ± 0Æ08** 0Æ71 ± 0Æ11
Y intercept 1Æ37 ± 1Æ48 1Æ74 ± 0Æ76 1Æ11 ± 0Æ65 0Æ52 ± 0Æ82

212 EMG versus respiratory variables, F. Hug et al.
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(Wasserman et al., 1973; Caiozzo et al., 1982; Beaver et al.,

1986) reported a highly significant correlation between gas

exchange and lactate thresholds, because they observed a clear

significance of the lactate accumulation at threshold with no

change in baseline warm-up values. By contrast, Yeh et al.

(1983) and Gladden et al. (1985) did not find any significant

correlation between gas exchange and lactate thresholds due to a

ramp increase in lactate level from the beginning of progressive

cycling exercise. In our work we only examined the changes in

lactate concentration at VTh.

A significant increase in potassium concentration was

measured at VTh. In the literature, an increased blood concen-

tration of K+ during dynamic contractions is well documented

(Marcos & Ribas, 1995; Sejersted & Sjogaard, 2000) but we do

not find any information on a potassium accumulation at

measurement of VTh. Thus, the present observations suggest an

early occurrence of muscular potassium outflow during

incremental cycling exercise. The muscle outflow of potassium

being a well-known stimulus of the group IV muscle afferents

(Rotto & Kaufman, 1988; Decherchi et al., 1998), it was

tempting to speculate that an intramuscular potassium accumu-

lation could activate these chemosensory muscle endings.

Thus, the present data verified our hypothesis that the changes

in sensorimotor control of exercising muscles associated with

neuromuscular fatigue accompanied the non-invasive detection

criteria of VTh. The early occurrence of an accumulation of

lactate and potassium is a possible candidate for the activation of

chemosensitive muscle afferents in contracting muscles.
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