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Can the electromyographic fatigue threshold be determined
from superficial elbow flexor muscles during an isometric

single-joint task?

Francois Hug - Antoine Nordez - Arnaud Guével

Abstract The purpose of this study was to compare the
electromyographic fatigue threshold (EMGyy) values deter-
mined simultaneously from superficial elbow flexor mus-
cles during an isometric single-joint task. Eight subjects
performed isometric elbow flexions at randomly ordered
percentages of maximal voluntary contraction (20, 30, 40,
50 and 60%). During these bouts, electromyographic
(EMG) activity was measured in the anterior head of Del-
toid, lateral head of Triceps brachii, Brachioradialis and
both short and long head of Biceps brachii. For each sub-
ject and each muscle, the EMG amplitude data were plotted
as function of time for the five submaximal bouts. The
slope coefficient of the EMG amplitude versus time linear
relationships were plotted against force level. EMGgp was
determined as the y-intercept of this relationship and
considered as valid only if the following criteria were met:
(1) significant positive linear regression (P < 0.05) between
force and slope coefficient, (2) an adjusted coefficient of
determination for force versus slope coefficient relationship
greater than 0.85, and (3) a standard error for the EMGgy
below 5% of maximal voluntary contraction. The EMGygy
could only be determined for one muscle (the long head of
Biceps brachii) and only in three out of the eight subjects
(mean value = 24.9 £ 1.1% of maximal voluntary contrac-
tion). The lack of EMGgy in most of the subjects (5/8)
could be explained by putative compensations between
elbow muscles which were indirectly observed in some
subjects. In this way, EMGg; should be studied from a
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more simple movement i.e., ideally a movement implying
mainly one muscle.
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Introduction

Muscle fatigue can be defined as “any exercise-induced
reduction in the ability to exert muscle force or power,
regardless or whether or not the task can be sustained”
(Bigland-Ritchie and Woods 1984). The evolution may be
fast or slow, depending on the effort performed, and will
lead sooner or later to mechanically detectable changes of
performance. In this way, prolonged submaximal isometric
contraction at constant force level induces a progressive
increase in surface electromyographic (EMG) amplitude
(Edwards and Lippold 1956; DeVries 1968). While some
non-physiological factors contribute to this increase in
EMG amplitude [for review, see (Farina et al. 2004)], it can
be mainly explained by an enhancement of the central drive
as a result of an increase in the number of active motor
units and/or a modulation of the discharge rate to compen-
sate for the decrease in the force of contraction that occurs
in fatigued muscle fibers (Garland et al. 1994; Garland
et al. 1997; Hunter et al. 2003). DeVries (1968) reported a
linear relationship between EMG amplitude and time dur-
ing fatiguing exercises. The slope coefficient of this linear
relationship is proportional to the force level. Based on
these findings, deVries etal. (1982) proposed a cycle
ergometer test to determine the fatigue threshold in quadri-
ceps femoris muscle group. The protocol consisted to deter-
mine the rate of rise in integrated EMG amplitude (i.e.,
integrated EMG slope) as a function of time for pedaling



bouts performed at three or four different power outputs.
The integrated EMG slopes obtained were plotted against
power output resulting in linear plots which were extrapo-
lated to a zero slope to give an intercept on the power axis.
This y-intercept, named the EMG fatigue threshold
(EMGg), was defined as the highest power output that can
be maintained without an increase in EMG activity level
over time (i.e., iIEMG slope =0). The EMGg; has been
widely studied using pedaling tests (Matsumoto et al. 1991;
Moritani et al. 1993; Pavlat et al. 1993; Pringle and Jones
2002; Graef et al. 2008; Smith et al. 2009) and has been
shown to be an interesting tool to assess the fitness level/
muscle performance (deVries et al. 1982; Matsumoto et al.
1991; Moritani et al. 1993; Graef et al. 2008; Smith et al.
2009). This method has the advantage that it does not
require submaximal exercise bouts to be performed until
exhaustion. For this reason, it would be very useful for
patients who are not able to tolerate maximal effort, which
is known to depress the immune system and to be deleteri-
ous in muscle diseases such as myopathy.

In most of these studies, EMGgp was determined from
the Vastus lateralis muscle (deVries et al. 1982; Matsumoto
etal. 1991; Moritani etal. 1993; Graef etal. 2008;
Smith et al. 2009) assuming that this muscle is representa-
tive of all the muscles implied in pedaling. However, ped-
aling is a bilateral multi-joint task requiring the usage of
numerous muscles [for review, (Hug and Dorel 2009)] and
thus, the EMG fatigue characteristics of other muscles
could result in different EMGy values, as demonstrated by
Housh et al. (1995). In this way, the high inter-individual
variability of EMG patterns reported during pedaling (Hug
et al. 2008) could explain the fact that some studies failed
to report EMGgp in some subjects (Pringle and Jones
2002). In addition, since pedaling is a dynamic exercise,
the intensity (power output) is difficult to control because
both mechanical loads (i.e., resistance imposed by the
cyclo-ergometer) and movement velocity (i.e., pedaling
rate) must be standardized. Taken together, these informa-
tion suggest that a more simple (single-joint) and standardized
task would permit more accurate EMGygy determination.
Surprisingly, there are only three recent studies that have
determined the EMGg from an isometric single-joint task
(Cardozo and Goncalves 2003; Dias da Silva and Goncalves
2006; Hendrix et al. 2009). Hendrix et al. (2009) compared
the EMGg and critical force (i.e., the isometric force
threshold above which fatigue will occur during a sus-
tained muscle action) for isometric actions of the elbow
flexors but, as discussed by the authors, their conclusions
were limited by the fact that EMGgy was determined only
from Biceps brachii. In fact, the generation of elbow
torque results from the contribution of all of the muscles
surrounding this joint. The moment arms (Murray et al.
1995), cross sectional areas and muscle typologies

(Johnson et al. 1973) are different among the muscles. This
fact alone would imply different muscles’ contribution to
the total torque (Murray et al. 1995) and thus possible
different EMGgr.

Therefore, the purpose of this study was to compare the
EMGg; values determined simultaneously from superficial
elbow flexor muscles (Biceps brachii long head, Biceps
brachii short head and Brachoradialis) during an isometric
single-joint task (i.e., elbow flexion). It was hypothesized
that EMGy would be different for each of these superficial
flexor muscles.

Methods
Subjects

Eight healthy subjects volunteered to participate in this
study (2 women, 6 men; aged 27.0 & 9.5 years; height
172.0 & 6.5 cm; weight 64.8 £ 11.0 kg). They were informed
of the possible risk and discomfort associated with the
experimental procedures before they gave written consent.
The experimental design of the study was approved by the
local Ethical Committee and was done in accordance with
the Declaration of Helsinki.

Measurements
Ergometer

A home made ergometer was used to measure the force
produced by the elbow flexors (Fig. 1a). Subjects were
seated upright in an adjustable chair with their dominant
arm shoulder joint flexed in the sagittal plane so that the
upper arm was horizontal and the forearm was vertical and
mid-pronated (90° between arm and forearm). The force
exerted at the wrist level was measured with a force sensor
(ZF200 kg, sensibility: 3 mV/V, Scaime, Annemasse,
France), in the sagittal plane. The force signal was sampled
at 1 kHz and stored in a computer.

Electromyography

Rudroff et al. (2008) showed that surface EMG measure-
ments provide a more appropriate measure of the change
in muscle activity during a fatiguing contraction than
intramuscular recordings. In fact, intramuscular record-
ings, even measured with wire electrodes, sample a lim-
ited number of motor units and thus, the signal is not
necessarily representative of the global muscle activity,
especially for the lowest levels of muscle activity (Chiti
et al. 2008). For this reason only the surface EMG activity
of superficial elbow flexor muscles was recorded in the
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Fig. 1 Experimental setup (a) and protocol (b). a Subjects were seated
upright in an adjustable chair with dominant arm shoulder joint flexed
in the sagittal plane so that the upper arm was horizontal and the fore-
arm was vertical and mid-pronated (90° between arm and forearm).
b After a 10 min standardized warm-up, each subject performed three
3 s isometric maximal voluntary contractions (MVC) with the elbow
flexors, shoulder flexors and elbow extensors. Following this session,
each subject rested 5 min, then performed isometric elbox flexions at
randomly ordered percentages of MVC (20, 30, 40, 50 and 60%). Each
bout lasted 30 s and was separated by a 10 min recovery period

present study. Since the Brachialis lies below the Biceps
brachii, it is not accessible by surface EMG and was not
therefore recorded. Bipolar surface electromyographic
(EMG) activity was measured with dry-surface electrodes
(Delsys DE 2.1, Delsys Inc, Boston, USA; 1 cm inter-
electrode distance) that were placed over the short and
long head of Biceps brachii, and Brachioradialis. Co-acti-
vation was also assessed by measuring the EMG activity
of the lateral head of Triceps brachii. Possible compensa-
tion with shoulder flexors was investigated by recording
the EMG activity of the anterior head of the Deltoid mus-
cle. The electrodes were placed longitudinally with
respect to the underlying muscle fibre arrangement, distal
to the motor point. A reference electrode was placed at the
level of manubrium sternum. Prior to electrode place-
ment, the skin was shaved and cleaned with alcohol in
order to minimize impedance. EMG signals were ampli-
fied (x1,000) and digitized (bandwidth of 6-400 Hz) at a
sampling rate of 1 kHz (Bagnoli 16, Delsys Inc, Boston,
USA), and stored on a computer.

Protocol

After a 10 min standardized warm-up (5 min of rowing at
100 W following by 3 series of 10 dynamic elbow flexions
at 4, 6 and 8 kg, 1 min of recovery between each series),
each subject performed three 3 s isometric maximal volun-
tary contractions (MVC) using their elbow flexor muscles.
The subjects rested 2 min between trials. The greatest force
achieved over a 500 ms interval was taken as the MVC
force and used as the reference to normalize the target force
for the subsequent submaximal bouts aimed at determining
EMGgy. The maximal EMG (RMS,,,) of the elbow flexor
muscles was determined as the maximal average root mean
square (RMS) value over a 500 ms interval. Three maximal
isometric shoulder flexions with the forearm pronated and
three maximal isometric elbow extensions were performed
in order to determine the RMS  for the anterior head of
Deltoid and lateral head of Triceps brachii. Following this
session, each subject rested 5 min, then performed isomet-
ric elbow flexions at randomly ordered percentages of
MVC (i.e., 20, 30, 40, 50 and 60%) (Fig. 1b). Each bout
lasted 30 s and was separated by a 10 min recovery period.
This exercise duration was chosen to avoid the accumula-
tion of muscle fatigue to a minimal extent and to be sure
that all the subjects are able to maintain the require load
during all this period (especially for the bouts performed at
50 and 60% of MVC). During each bout, a visual feedback
of the force signal has been displayed on a monitor placed
in front of the subjects.

EMGgy determination

The data processing was performed using standardized
Matlab® scripts (The Mathworks, Natick, USA). For each
bout, the interference EMG data obtained for all muscles were
root mean squared with a time averaging period of 1.33 s
(corresponding to 20 RMS values for each bout) to quantify
the activity level. EMGgp was then determined only in Bra-
chioradialis and both heads of Biceps brachii. As shown in
Fig. 2, the rate of rise in RMS as a function of time (slope
coefficient of the linear regression) was calculated for each
of the five bouts and for each subject. When the slope coeffi-
cient was negative (three cases out of 40 for the long head of
Biceps brachii, 15 cases out of 40 for the short head of
Biceps brachii and 18 cases out of 40 for the Brachioradi-
alis), the bout was not taken into consideration for EMGgy
determination. The force levels were then plotted as a func-
tion of slope coefficients for the RMS vs. time relationship.
The EMGy; was defined as the y-intercept of the relation-
ship between force level and slope coefficient (deVries et al.
1982) (Fig. 2). The significance of the linear regression, the
adjusted coeflicient of determination (R%) and the standard
error for y-intercept were then calculated (Origin 8, OriginLab
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Fig. 2 Method for determining the EMG fatigue threshold (EMGgy).
a The EMG amplitude (RMS) data are plotted as function of time for
the five submaximal bouts (20, 30, 40, 50 and 60% of maximal volun-
tary contraction (MVC)). b The slope coefficients of the RMS versus
time relationship obtained are plotted against force level (% of MVC).
The EMGyy is determined as the y-intercept of this relationship (DeV-
ries et al. 1982). The regression line and its 95% confidence interval
are depicted. Note that this individual example corresponds to subject
#1. The bout performed at 20% of MVC was not taken into consider-
ation because the slope coefficient was negative (see “Methods” sec-
tion for more details)

corporation, USA). We chose to report adjusted R? because
it is a more accurate goodness-of-fit measurement than the
R? when dealing with small samples. Note that EMGy was
only determined if the following criteria were met: (1) sig-
nificant positive linear regression (P < 0.05) between force
and slope coefficient, (2) an adjusted coefficient of determi-
nation (R?) for force versus slope coefficient relationship
greater than 0.85, and (3) a standard error for the y-intercept
(i.e., EMGgr) below 5% of MVC.

Results

Table 1 includes data for each subject, each bout and each
elbow flexor muscle. No significant linear relationship was
found between force level and slope coefficient in Brachio-
radialis and the short head of Biceps brachii. Thus, no
EMGg; was determined from these two muscles. EMGygp
was determined with a good precision (standard error
ranged from 0.42 to 4.6%) in three out of the eight subjects
for the long head of Biceps brachii (mean value & SD:

249 £ 1.1% of MVC) (Fig. 3). Co-activation of lateral
head of Triceps brachii was low for all of the exercise bouts
(19+1.7,34+29,42+32,53+42and 6.2+4.7%
of RMS, .. for 20, 30, 40, 50 and 60% of MVC, respec-
tively) and no change in EMG activity in this muscle was
found during each of the five bouts.

Discussion

This study shows that EMGy cannot be easily determined
from isometric elbow flexions. In fact, EMGgy could only
be determined for the long head of Biceps brachii in three
out of the eight subjects.

Methological considerations

The accuracy of EMGygr mainly depends on the linear fit
used to model the force level versus slope coefficient rela-
tionships. Because EMGyy could be considered as a valid
tool to assess muscle function/fitness level (and to monitor
changes in response to training/rehabilitation programs)
only if it is determined accurately, we chose to validate the
EMGg determination only for significant positive linear
regression between force and slope coefficient resulting in a
value of R*>0.85 and in a standard error of y-intercept
(i.e., EMGgy) < 5%. Using these criteria we detected an
accurate EMGygr in only one muscle (i.e., long head of
Biceps brachii) and in only three out of the eight subjects.
One study focusing on EMGgy from isometric muscle con-
tractions of the superficial elbow flexors (Hendrix et al.
2009) determined the EMGgy in Biceps brachii for all ten
subjects. The discrepancy with the present study could be
explained by the fact that these authors did not use any cri-
teria for attesting the accuracy of their EMGp; measure-
ment. For instance, using the second criteria (i.e.,
R>>0.85) of the present study, three out of ten EMGgy
would not have been determined in the study from Hendrix
et al. (2009).

The lack of accurate EMGg could be explained by vari-
ous physiological/non-physiological factors known to affect
the EMG signal during constant-load exercise (for review,
see (Farina et al. 2004)). For instance, motor-unit synchro-
nization or signal cancellation (i.e., superposition of the
positive and negative phases of the muscle action poten-
tials) could affect the rise in EMG during the five constant-
load exercises. The methodology used in the present study
does not allow us to verify this hypothesis.

Possible compensation between muscles

It is well documented that the nervous system has multi-
ple ways of accomplishing a given motor task (Bernstein



Table 1 Data for the long and short head of Biceps brachii and Brachioradialis, for each subject

S Force (% MVC) Long head of Biceps brachii Short head of Biceps brachii Brachioradialis
Slope (mV s7h P R? Slope (mV s7h P R? Slope (mV s7h P R?
1 20 - * 0.99 - NS  0.63 -
30 6.7 x 1077 - -
40 22 x107° 14 x 107° -
50 3.5 x 1076 33 x 1076 1.3 x 107°
60 5.0 x 107° 49 x 107° 1.3 x 107°
220 - * 0.87 - NS  —0.71 -
30 1.3 x 1077 - -
40 1.2 x 107° 7.8 x 1077 1.2 x 107°
50 1.5 x 107° 1.2 x 107° -
60 2.0 x 107° 6.0 x 1077 5.1 x 1077
320 3.0 x 1077 NS  0.09 1.2 x 107° 22 x 1077
30 1.0 x 107° - -
40 1.0 x 107° - -
50 1.5 x 107° - -
60 22x107° - -
4 20 2.8 x 1077 NS 032 13 x 107 NS 076 4.8 x 1077 NS  0.36
30 29 % 107° 2.0 x 107° 2.7 x 107°
40 1.2 x 107° 2.5 % 107° 1.2 x 107°
50 1.0 x 107° - 35%x 1076
60 1.1 x 1073 13 %1073 3.0x107°
5 20 2.0 x 1077 * 0.91 1.4 x 10710 -
30 23 x 107 - -
40 1.1 x 107 14 x 107° -
50 22x%x107° - 3.0 x 107°
60 1.6 x 1076 - 1.3 x 107
6 20 8.2 x 1077 NS  0.54 - NS  0.80 - NS  —0.57
30 - 13 x 1073 3.9 x 107°
40 1.6 x 107° - 6.3 x 1078
50 1.2 x 107 2.8 x 1077 -
60 1.1 x 107 2.5 % 1078 1.3 x 107°
7 20 1.0 x 107° NS 003 3.9 x 1077 NS  0.84 34 x 1077 NS 023
30 1.8 x 107° 1.9 x 107° 2.9 x 1078
40 33 x107° 2.0x107° 2.0 x 1077
50 5.0 x 107° 2.8 x 107° 1.9 x 1077
60 2.0 x107° - 13 %107
8 20 29 x107° NS  —033 29 x107° NS  —0.30 -
30 9.8 x 107° 92 x107° -
40 1.1 x 1073 83 x 107° 1.3 x 107°
50 5.6 x 107° 7.8 x 107° 3.9 x 1077
60 5.6 x 107° 3.5%x107° -

Slope corresponds to the slope coefficient of the relationship between EMG and time. En dash indicates negative slope coefficient (not taken into
consideration for the EMGy determination) (asterisk) shows significant linear regression (P < 0.05) between force level and slope coefficient. (NS)
shows no significant linear regression between force level and slope coeflicient (and thus no EMGgy). (R?) stands for adjusted coefficient of deter-
mination. Note that linear regression was not determined with less than three points. S subjects

1967). At the muscle level, there are multiple synergists
as well as various combinations of agonist/antagonists
muscles that can contribute to the same force pattern

(van Bolhuis and Gielen 1999). In other words, there are
many ways in which a given torque can be exerted at the
elbow, because many muscles are capable of substituting
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for each other (named here “compensation between mus-
cles”).

The lack of EMGgy could be explained by putative co-
activation changes with agonist and antagonist muscles
between and within each constant-load exercise. In this
way, EMG activity of the lateral head of Triceps brachii
was assessed because the antagonist activity can influence
the occurrence of fatigue in agonist muscles (Psek and
Cafarelli 1993). However, the level of co-activation was

slope coefficient (mV.s™)

minor (ranged from 1.

9t0 6.2% of RMS_ ) and no change

max.

was observed during the five constant-load exercises.

Consequently, in this

study, coactivation of this antagonist

muscle did not interfere with EMGp determination.
Hunter et al. (2003) showed that the amplitude and rate
of increase in EMG activity during fatiguing contraction
varied among the elbow flexor muscles. More precisely,
these authors reported no significant change in the EMG
activity level of the short head of Biceps brachii during an



isometric exercise performed until exhaustion. The results
of the present study are consistent with this observation
showing no significant increase of EMG activity in this
muscle (and thus no EMGygy) during the five constant-load
exercises performed at 20, 30, 40, 50 and 60%, of MVC.
Consequently, EMGg cannot be determined in this muscle.
In the only study which focused on EMGg from isometric
muscle contractions of the superficial elbow flexors
(Hendrix et al. 2009), the authors did not specify which
head of the Biceps brachii was recorded. As they followed
the recommendations of SENIAM (surface EMG for non-
invasive assessment of muscles) (Hermens et al. 2000) they
certainly recorded EMG activity resulting from both the
long and short head of Biceps brachii. Despite the fact that
the three EM Gy values determined in the present study are
in agreement with the range of EMGgy that they reported
(from 22.2 to 37.8% of MVC), it could be assumed that the
localization of the EMG electrodes used by these authors
interfered in their EMGg determination, mainly by overes-
timating the threshold levels (by adding a responding and a
non-responding muscle). As discussed by these authors,
other synergic muscles that contribute to elbow flexion
(Brachioradialis and Brachialis) could exhibit different
EMGg;. However, since Hunter et al. (2004) reported a
similar increase in EMG activity for the long head of
Biceps brachii and Brachioradialis during a fatiguing pro-
tocol, the lack of EMGyy in the Brachioradialis muscle in
the present study is surprising.

While Brachialis muscles have been shown to be highly
active during sustained isometric exercise, we can also
assume that this muscle would exhibit EMGyg; or would
compense for other elbow flexor muscles between bouts.
For instance, EMGgy could not be determined in the long
head of Biceps brachii for subjects #3 and 7. This is mainly
due to one bout (the bout performed at 50% of MVC for
subject #3 and that performed at 60% of MVC for subject
#7) which exhibited a low EMG rise compared to the bouts
performed at lower force levels. Interestingly, if these bouts
are not taken into consideration, EMGg can be determined
with a good accuracy (Fig. 4). Since, neither the Brachio-
radialis, nor the short head of Biceps brachii showed an
increase in EMG during this bout, we can hypothesize that
the Brachialis muscle is highly activated during this exer-
cise in order to compensate for fatigue. The EMGp values
determined in these two subjects (13.1% of MVC for sub-
ject #3 and 14.7% of MVC for subject #7) was much lower
than those determined in the other three subjects
(24.9 £ 1.1%) which is highly suggestive that the long
head of Biceps brachii is more fatigable in these two sub-
jects and thus needed to be compensated for with other
muscles during the highest levels of force.

The home made ergometer used in this study was simi-
lar to those used in other studies (Rudroff et al. 2007) and
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Fig. 4 EMG fatigue threshold determination in the long head of
Biceps brachii in two subjects (#3 and 7). The EMGgy could not be
determined in the long head of Biceps brachii for subjects #3 and 7 (see
Fig. 3). This is mainly due to one bout (the bout performed at 50% of
MVC for subject #3 and that performed at 60% of MVC for subject #7)
which exhibited a low EMG rise compared to the bouts performed at
lower force levels. This figure shows that, EMGg can be determined
with a good accuracy if these bouts are not taken into consideration.
The regression line and its 95% confidence interval are depicted. SE
corresponds to the standard error of the y-intercept (i.e., of the EMGg)

was used to standardize the single-joint task as much as
possible. However, in one subject (#8), the results suggest
compensation with a shoulder muscle (anterior head of
the Deltoid muscle) during the bouts performed at 50 and
60% of MVC (Fig. 5). While the slope coefficients (i.e.,
rise in RMS) of the linear relationships between the RMS
of the long head of Biceps brachii and time increase line-
arly from 20 to 40% of MVC, a much lower rise of RMS
was found at 50 and 60% of MVC. It seems to be compen-
sated for by a higher rise in RMS of the anterior head of
the Deltoid muscle. In fact, when the RMS of the long
head of Biceps brachii and anterior head of the Deltoid
were summed and plotted as a function of time for each of
the five bouts, a rise in the sum of RMS was linearly
linked to the force level and thus EMGgy could be deter-
mined with good accuracy (13.5% of MVC; Fig. 5). Note
that such compensation was found in only one subject, but
we could expect that it may have occured in numerous
other studies.
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Conclusion and perspectives

This study shows that EMGgr can be determined only for
one superficial elbow flexor muscle (i.e., long head of
Biceps brachii). The lack of EMGgy in most of the sub-
jects (5 out of 8) could be explained by putative compen-
sations with other muscles which were indirectly
observed in two subjects. In this way, the results of the
present study suggest that EMGgy cannot be accurately
determined from joints like the elbow. Thus, we suggest
to study EMGg from a more simple task during which
one main muscle is involved limiting compensation
between muscles. For instance, the first dorsal interroseus
(FDI) is responsible for about 93% the maximum abduc-
tion force of the index and the adductor pollicis (AP) is a

major contributor to the adduction force of the thumb
(about 80% of the maximum torque) (Chao et al. 1989). In
consequence, these two superficial muscles would be used
in future studies to test the ability to determine an EMGgy
in all subjects.
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