
Introduction

Since the 1970s, surface electromyography (EMG) is widely used
to quantify the level of activation of working skeletal muscles
and to detect the occurrence of neuromuscular fatigue in hu-
mans. Numerous reports are available on the EMG response dur-
ing exhaustive incremental exercise [1,3,11,14,16,23, 24,26, 31].
Some authors have described a linear relationship between the
Root Mean Square (RMS) of EMG or the amplitude of integrated

EMG (iEMG), on one hand, and the workload level, on the other
[3, 29, 30]. However, several studies [1,5,16,24,26, 31] have re-
ported a non-linear increase of RMS or iEMG values after a cer-
tain workload is reached during incremental cycle-ergometer ex-
ercise. This breakpoint, the so-called “EMG threshold” (EMGTh),
is attributable to an increased recruitment of fast twitch motor
units to maintain the required energy supply for contraction
[25].

Abstract

The first aim of this study was to verify the occurrence of the
EMG threshold (EMGTh) in each of eight lower limb muscles
(vastus lateralis [VL], vatus medialis [VM], rectus femoris [RF],
semimembranosus [SM], biceps femoris [BF], gastrocnemius
lateralis [GL] and medialis [GM], and tibialis anterior [TA]) dur-
ing incremental cycling exercise. The second aim was to investi-
gate the test-retest reproducibility of the EMGTh occurrence. Six
sedentary male subjects (27 ± 1 years) performed the same in-
cremental cycling test until exhausted, (workload increments of
25 W/min starting at 100 W) twice. During the tests, the EMG
Root Mean Square (RMS) response was studied in the aforemen-
tioned muscles. The EMGTh was detected mathematically from
the RMS vs. workload relationship. All the subjects showed an

EMGTh in the VL muscle, and the response was reliable in both
tests (246 ± 33 W and 254 ± 33 W for the first and second test, re-
spectively; coefficient of variation: 9.6%, standard error of mea-
surement: 28.9). However, few of them showed an EMGTh in the
other muscles, especially in RF, SM or GM. When present, the
EMGTh occurred at 75 – 80% of the peak power output obtained
during the tests. Our results suggest that EMGTh determination
can be used as a reliable method for studying neuromuscular ad-
justments in the VL of untrained individuals, but not in other
lower limb muscles.
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In most cases, the EMGTh has only been determined in one
[14,24,26] or few lower limb muscles [1,5,31]. On the other
hand, although the between-days reproducibility of EMG meas-
urements has been reported in a single muscle [10] or in various
muscles [30], these studies have not focused on the reliability of
the EMGTh.

The first aim of this study was to verify the occurrence of the
EMGTh in each of eight lower limb muscles during incremental
cycling exercise. The second aim was to investigate the test-re-
test reproducibility of the EMGTh occurrence in the aforemen-
tioned muscles.

Methods

Subjects
Six healthy males (age: 27 ± 1 years, height: 180 ± 10 cm, body
mass: 78 ± 9 kg), volunteered for the study and gave informed
consent. Subjects were not engaged in regular athletic activities,
but they performed 3 ± 1 h of recreational activities (football,
climbing, basketball, swimming, and/or rugby) per week. None
of them were cyclists. The experiment was conducted in accord-
ance with the code of ethics of the World Medical Association
(Declaration of Helsinki) and approved by the local ethic com-
mittee.

Protocol
Each subject performed the same incremental cycling test, to ex-
haustion, on two separate occasions. These tests were performed
on an electrically-braked cycle-ergometer (Excalibur sport,
Lode®, Netherlands). The two tests (i.e. Test 1 and Test 2) were
separated by three days during which the subjects refrained
from strenuous physical activity. Each test consisted of a 3-min
constant level warm up period (at 100 W), after which the power
output (PO) was increased by 25 W · min–1. Subjects wore cycling
shoes with clip-less pedals and maintained pedal cadence within

the 75 – 85 rev· min–1 range. A cadence monitor was placed in
view of the subject during each test and a designated investiga-
tor was placed in charge of monitoring the subjects in order to
insure that they maintained the required pedalling cadence
throughout the duration of the test. The tests were terminated
upon volitional exhaustion of the subjects and/or when cadence
could not be maintained at a minimum of 75 rev· min–1. At the
beginning of each experiment, the height of the saddle and han-
dlebars was adjusted to obtain a conventional cycling posture.
Considering that muscle activity can be influenced by the posi-
tion of the subject, as previously described [8], special care was
taken to place each subject in the same position on the cycle-er-
gometer during the two tests.

EMG analysis
During each test, EMG activity was continuously recorded from
the following eight muscles of the right lower limb: Vastus late-
ralis (VL), Rectus femoris (RF), Vastus medialis (VM), Semimem-
branosus (SM), Biceps femoris (BF), Gastrocnemius lateralis (GL)
and medianus (GM) and Tibialis anterior (TA). A pair of surface
electrodes (Universal Ag/AgCl electrodes, Contrôle Graphique
Medical®, France) was attached to the skin with a 2 cm inter-
electrode distance. The electrodes were placed longitudinally
with respect to the underlying muscle fibre arrangement and lo-
cated according to the recommendations by SENIAM (Surface
EMG for Non-Invasive Assessment of Muscles) [12]. Prior to elec-
trode application, the skin was shaved and cleaned with alcohol
in order to minimize impedance. The wires connected to the
electrodes were well secured with tape to avoid movement-in-
duced artefacts.

Raw EMG signals were pre-amplified (gain 375) close to the elec-
trodes, band pass filtered between 8 and 500 Hz, amplified
(ME3000P8 by Mega Electronics Ltd®, Finland), and analog-to-
digital converted at a sampling rate of 10 kHz (Fig. 1). The Root
Mean Square (RMS) was averaged every five crank revolutions
(corresponding to about 3 s at 85 rpm) throughout the test.

Fig. 1 Individual example of raw EMG sig-
nals recorded during the pedalling exercises.
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Determination of EMGTh

We used a computer algorithm (Centro de Datos, UCM, Madrid)
that models RMS response to gradual exercise using simple line-
ar regression [24]. With this method, a single linear regression is
fitted to all data points. The program calculates regression lines
for all possible divisions of the data into two contiguous groups,
and the pair of lines yielding the least pooled residual sum of
squares is chosen as representing the best fit. Fig. 2 shows an ex-
ample of the aforementioned mathematical determination of
EMGTh in one of subjects’ muscles.

Statistical analysis
All statistics were performed using the statistical package SPSS
for windows (version 10.1). Results were expressed as mean ±
Standard Deviation (SD). For all statistical comparisons outlined
below, the level of significance was set at 0.05. Possible differ-

ences in EMGTh values between repeated tests were assessed
with a Wilcoxon’s test. The same test was used to compare the
peak power output (PPO) and mean pedalling cadence in Tests 1
and 2.

We determined the standard error of measurement (SEM, de-
fined as the square root of mean square error within trials) and
coefficient of variation (CV, i.e. standard deviation/mean, in %)
for the EMGTh values obtained in Tests 1 and 2.

Further analysis of EMGTh reliability was accomplished by apply-
ing the procedures suggested by Bland and Altman [4]. For this
analysis, the mean difference (bias) and SD of the differences be-
tween the mean values of EMGTh (in W), obtained in Test 1 and
Test 2, were calculated. The data were shown graphically com-
paring the difference between the two tests against their average
value in W. The mean difference (bias) was indicated in the
graphs (Figs. 4 and 5).

Results

There was no significant difference between Test 1 and Test 2 in
the PPO reached by the subjects (300 ± 32 W vs. 300 ± 32 W, re-
spectively) or in their mean pedalling rate (80 ± 4 rpm vs.
82 ± 3 rpm, respectively).

The EMGTh did not occur in all the subjects’ muscles and tests.
When present, the EMGTh corresponded on average to 77 ± 14%
and 79 ± 8% of the PPO attained in Tests 1 and 2, respectively.
For each muscle and test, the percentage of subjects showing an
EMGTh is shown in Table 1. The only muscle in which we found
the EMGTh to occur in 100% of the subjects (in both tests) was
the VL muscle. Furthermore, the response of this muscle was re-
liable between trials (Table 1). The EMGTh of the VL muscle is de-
picted for each subject and each test in Fig. 3.

Fig. 2 Example of the mathematical determination of EMGTh in one
(Rectus femoris) of subjects’ muscles.

Table 1 Comparison of the EMG threshold (EMGTh) between Test 1 and Test 2

Number of subjects showing EMGTh EMGTh in Test 1 (W) EMGTh in Test 2 (W) n p CV (%) SEM

Test 1 Test 2

VL 6 (100%) 6 (100%) 246 ± 33 254 ± 33 6 NS 9.6 28.9

RF 2 (33%) 4 (66%) 237 ± 53 250 ± 35 2

VM 5 (83%) 5 (83%) 237 ± 43 231 ± 42 4 NS 5.8 8.8

SM 3 (50%) 2 (33%) 233 ± 52 275 ± 0 1

BF 3 (50%) 5 (83%) 242 ± 63 258 ± 52 3 NS 5.4 14.4

GL 5 (83%) 4 (66%) 231 ± 55 237 ± 32 4 NS 11.9 8.8

GM 3 (50%) 2 (33%) 275 ± 52 275 ± 70 1

TA 5 (83%) 4 (66%) 244 ± 66 244 ± 43 4 NS 7.6 25.0

Mean ± SD for all
muscles

243 ± 14 253 ± 16

CV (%) for all
muscles

5.8 6.3

Data are shown as mean ± SD. VL, vastus lateralis; RF, rectus femoris; VM, vastus medialis; SM, Semimembranosus; BF, Biceps femoris; GL, Gastrocnemius lateralis; GM,
Gastrocnemius medianus; TA, Tibialis anterior; n, number of subjects showing an EMGTh in both tests; NS, no significant difference; CV, coefficient of variation; SEM, square
root of mean square error within trials
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All the muscles taken together, the workload at which the EMGTh

occurred did not differ between the two tests (Table 1). For each
muscle, we applied the Bland and Altman procedure when we
found the EMGTh to occur in both tests for at least 3 subjects
(Fig. 4). For all the muscles and subjects, we applied the Bland
and Altman procedure when we found the EMGTh to occur in
both tests (i. e. 25 values) (Fig. 5).

Discussion

This is the first report to compare, in untrained subjects, the
EMGTh occurrence in eight lower limb muscles during incremen-
tal cycling exercise. All the subjects showed an EMGTh in the
vastus lateralis muscle, and this response was reliable, whereas
few of them showed an EMGTh in the RF, SM and GM muscles.

Although surface EMG technique can serve as a useful tool in as-
sessing muscles activation, this method is not without limita-
tions. First, cross talk from adjacent muscles may influence
EMG signals. To minimize this phenomenon, we used small bipo-

Fig. 3 Vastus lateralis EMGTh of each sub-
ject is depicted for test 1 and test 2.
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lar electrodes, and special care was taken for the electrode place-
ment. Before each test, the contribution of the eight muscles to
the signals recorded by the corresponding electrodes was ascer-

tained by the presence of bursts of EMG activity during tonic
contractions. Second, EMG signals can be influenced by move-
ment artefacts. We minimized these influences by using a pre-
amplifier placed near the electrodes for each muscle, and secur-
ing the electrode wires well with tape.

On average, the EMGTh of all the muscles was 75 – 80% of the sub-
ject’s PPO for Tests 1 and Test 2. As this exercise intensity is close
to the power output value at which both ventilatory equivalents
for oxygen (VE · V̇O2

–1) and carbon dioxide (VE · V̇CO2
–1) exhibited

a systematic increase (i.e. the second ventilatory threshold [VT2])
in sedentary individuals, our results are in agreement with pre-
vious studies which showed the EMGTh to occur near VT2

[1,11,26]. However, other studies reported a correlation between
EMGTh and the power output value at which VE · V̇O2

–1 exhibited
a systematic increase without a concomitant increase in
VE · V̇CO2

–1 (i.e. first ventilatory threshold [VT1]) [14,24,31].
These discrepancies can be due to differences in experimental
protocols (pedalling cadence, rate of workload increments,
method of EMGTh and VT1/VT2 determination [visual or mathe-
matical, etc.]) or in the training status of the subjects (i.e. trained,
untrained or diseased subjects). For example, Viitasalo and co-
workers [31] used only three workload levels to show the EMGTh

occurrence at VT1 and Lucia and co-workers [24] found that the
EMGTh occurred at the VT1 in cardiac transplant patients.

Simple visual inspection has been shown to be valid for VT1/VT2

detection [28]. However, EMGTh is not so commonly used and
measured in exercise physiology laboratories as the aforemen-
tioned ventilatory thresholds, and to date, no previous study
has shown the accuracy and/or reliability of EMGTh visual detec-
tion. For this reason, we chose to use a mathematical model as an
objective method to detect the EMGTh.

The physiological mechanism behind an abrupt increase in EMG
activity above certain exercise intensity (75 – 80% of PPO) is not
fully understood. The non-linear increase of RMS can be due to
several factors, such as 1) an increase in M-Wave duration, 2) a
central motor drive regulation and/or 3) disruptions of excita-
tion-contraction coupling. A lengthening of M-wave duration
may partly cause an increase in RMS, independent of any central
activation failure [17,18]. In the present study, we did not record
M-Wave because it was very difficult to obtain a measurement
for the eight muscles simultaneously. However, some studies
showed M-Wave alterations to occur only during prolonged exer-
cise (> 2 h) [19,20], as opposed to short-duration exercise [21]. In
this line, considering that the mean duration of our progressive
exercise test was of only ∼ 11 min, we could hypothesize that no
M-Wave alteration occurred in our subjects and that the abrupt
increase of RMS was most likely due to another mechanism.

Previous studies [1,16,23] showed that EMGTh occurred simulta-
neously in muscles that are clearly different both in terms of fi-
bre type distribution and in their implication during the pedal-
ling task. Another investigation demonstrated, during a sus-
tained static contraction of the Flexor digitorum, that a concom-
itant EMGTh and VT1 persist during complete arterial blood flow
interruption [15]. Because these responses persisted in the ab-
sence of any blood release of metabolites, neurogenic factors
seem to be responsible for both EMG and ventilatory thresholds.

Fig. 4 For each muscle, a graphic analysis of the power output
(Watts) data corresponding to the EMGTh, determined during test 1
and 2, is depicted. Because of the few number of subjects showing an
EMGTh in RF, SM and GM, only the 5 other muscles are depicted.

Fig. 5 Graphic analysis of the power output (Watts) data correspond-
ing to the EMGTh determined during test 1 and 2. Data for all muscles
are shown. Only the data points from the 25 subjects exhibiting an
EMGTh in both Tests 1 and 2 are shown in this figure.
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Thus, all these results suggest a central motor drive regulation.
The activation of group III and IV muscle afferents, during fatigu-
ing contraction, is suspected to play a key role in adjusting the
motor drive to working muscles through a reflex control of the
recruitment of motor neurons [2,22]. These muscle afferents de-
tect changes in intramuscular acidosis and potassium outflow
from working muscles fibres [6] and are activated after a suffi-
cient accumulation of metabolites has occurred in a fatiguing
muscle [7]. In other words, the amount of intramuscular accu-
mulation of metabolites and/or acidosis, that occurs in those
muscles more involved in an exercise task, could play a key role
in the changes of central motor drive for all the other muscles. In
our study, the EMGTh seemed to occur at the same workload level
in the eight muscles studied (i. e. very low CV for all muscles tak-
en together in both tests). However, no subject showed an EMGTh

in all the recorded muscles, which suggests that other mecha-
nisms could be in the origin of the threshold occurrence.

As workload increases, the accumulation of hydrogen ions, oxy-
gen reactive species and potassium has been shown to impair ex-
citation-contraction coupling [32]. In this case, it is necessary to
recruit additional motor units in order to compensate for the def-
icit in contractility. This phenomenon can explain an abrupt in-
crease in EMG activity. As shown in Table 1, an EMGTh was deter-
mined in 100% of the subjects in the VL muscle. This result con-
firms previous EMG [27], biopsy [9] and Magnetic Resonance
Imaging (MRI) studies [13] showing that this muscle is highly in-
volved during leg pedalling exercise. In contrast, EMGTh was not
detectable in the majority of the subjects in GM, SM and RF, all of
which are less implicated in the cycling task [8]. These results
confirm the local hypothesis of EMGTh occurrence, i.e. accumula-
tion of metabolites in the most active muscles induces additional
motor unit recruitment in these same muscles, but less in other
muscles.

However, we found inter-individual differences in the muscles
showing an EMGTh, which suggests some heterogeneity in the
muscle recruitment strategies of our subjects. This result is in
accordance with previous work from our laboratory using EMG
and MRI, which showed considerable heterogeneity in the
muscle recruitment patterns of a homogeneous population of
professional road cyclists [13].

Conclusion

In all the subjects, EMG activity of the VL muscle showed a non-
linear increase which occurred at about 75 – 80% of PPO. The re-
sults of this study suggest that EMGTh determination can be used
as a reliable method for studying neuromuscular fatigue during
cycling exercise in this specific muscle, but not in other leg
muscles. Because this pilot study was conducted in only 6 sub-
jects, and does not report metabolic measurements, more re-
search is necessary to clearly elucidate the mechanism(s) behind
the EMGTh and the reasons that explain its occurrence (or lack of
occurrence) in different muscles.
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