Send Orders of Reprints at reprints@benthamscience.net

The Open Sports Medicine Journal, 2013, 7, 1-8 1

Biceps Brachii

Muscle Fatigue During Isometric Contraction: Is

Antagonist Muscle Fatigue a Key Factor?

. .1 .. . 2 1 . *1
Nicola Lovecchio', Cristian Maiorano”, Francesco Naddeo ', Chiarella Sforza -

'Laboratorio di Analisi del Movimento (LAM), presso il Dipartimento di Scienze Biomediche per la Salute, Universitd

degli Studi di Milano, Italy

’Docente Federale F.I.P.C.F. (Federazione Italiana Pesistica e Cultura Fisica), Italy

Abstract: Purpose: Several studies analyzed muscle activity after pre-fatigue due to co-contraction, but the effects of
antagonist contraction on agonist muscle performance are still incompletely known.

The purpose is to determine if a previous workout of an antagonist muscle can affect muscular fatigue appearance during
the subsequent agonist muscle performance.

Methods: Surface EMG was used to estimate biceps brachii muscle fatigue during isometric contraction executed after
previous contractions of the antagonist muscle. Eight expert male body-builders performed five series of isometric
contractions (30 s) alternatively according to the agonist and antagonist protocols.

Results: Within each repetition, for both biceps brachii muscles and experimental protocols, data showed a progressive
fatigue, but no continuous quantitative decreasing trend of the median frequency of the spectrum along the five
repetitions. Contraction time explained 1-91% (1* values) of the reduction of mean activation frequency along the 30 s
(agonistic protocol); 0.7-92% for antagonistic protocol. The decrement in median frequency was only partially time—
related. A repeated measures Anova found significant differences between subjects (p<0.0001), protocols (antagonistic
greater than agonistic, p=0.03), while between sides (p=0.93) and repetitions (p=0.50), and for all interactions no
significant differences were found.

Conclusion: The present results did not confirm that the antagonistic pre-fatiguing can delay the fatigue appearance during
agonistic performance (isometric tasks). Accordingly, the antagonistic protocol does not seem to be functional in

improving the upper arm performance from a fatigue point of view, at least in trained subjects.
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INTRODUCTION

Fatigue is commonly defined as an exercise-induced
decline in performance [1]; it is task dependent and produces
impairments either in the activation signal or muscle
contractility [2-4]. During an isometric constant and
prolonged force effort, even in absence of mechanical
manifestations, strong modifications in the intra and extra-
cellular environment occur [5], the increase in intramuscular
pressure determines occlusion of blood flow [3], the electric
properties of the muscular fiber membrane change [6], and
myoelectric manifestations of muscle fatigue become evident
[2,7].

During sustained contractions, the amount and rate of
change of selected myoelectric signal variables are used to
estimate muscular fatigue. Indeed, amplitude and spectral
estimators obtained from surface electromyography (sSEMG)
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can provide an important assessment of neuromuscular
strategies and muscle performance [2, 4, 7-12].

In particular, the recorded signal consists of a weighted
summation of the spatial and temporal activity of many
Motor Units Action Potentials that propagate along the
fibers. Aiming to evaluate muscular fatigue, it is well known
how myoelectric manifestations change according to fatigue
type, and are proportional to the percentage of maximum
voluntary isometric contraction [10].

The relation between the Motor Units Conduction
Velocity (MUCV) and the Power Spectrum Density (PSD) is
used to study muscle fatigue: a reduction of the MUCV in
the time domain corresponds to a scaling of the PSD towards
lower values in the frequency domain, due to a decrease of
muscle fiber conduction velocity, action potential duration,
and motor unit synchronization [8]. The global effect on the
SsEMG signal is an increase in amplitude and a decrease in
mean power frequency [10].

Muscular fatigue affects the athlete training, requiring
time to restore muscle conditions, and prolonging the
number of sessions and the total time necessary to achieve
the desired goals. In parallel with the study of fatigue,
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therefore, other efforts are focused on new methods to
reduce training time without decreasing the efficacy of the
session [13]. According to this goal, one of the most applied
methods, known as ‘super-set’, consists of immediate
contraction of ‘back to back’ muscles [13, 14] with no
recovery time between the two contractions.

Although this kind of training is considered useful for
sport actions where both muscles/ muscular groups are
active, the effects of pre-fatiguing antagonistic muscles on
the activity of reciprocal agonistic muscles are not fully
known yet [13, 14]. Differences about tested muscles, load
and type of contraction make the results difficult to compare
[13-16]. To date, most of EMG fatigue studies are relative to
limb  ballistic movement and are focused on
concentric/eccentric muscle contraction.

Thus, in the current study, two fatiguing protocols for
biceps brachii muscle training (classical and super-set
methods) [17, 18] were examined to verify muscular fatigue
during time. In particular, we wanted to find the best training
method to hinder the fatigue effects. SEMG was used to
estimate muscular fatigue parameters [2, 7, 11, 12, 19, 20] to
verify which protocol was more efficacious to delay the
appearance of fatigue [13], and consequently to hold higher
level of strength during time.

MATERIALS AND METHODOLOGY
Subjects

Eight expert male body-builders (age, 24 + 3.5 years;
weight, 80.5 + 8.3 kg, Table 1) volunteered for the study
after a detailed explanation of the procedures and possible
risks involved. They were selected because they are people
able to manage load and usually have an equilibrated level of
force (agonistic and antagonistic muscles) in all paired
muscles (right vs left). All body builders could interrupt the
protocol at any time. Approval was obtained from the local
ethics committee; all procedures were not invasive and not
potentially harmful.

All subjects were right handed [21] and free from
neurological and neuromuscular disorders. They were tested
during training regime.
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Instrumentation

SEMG was made using an 8 channels electromyograph
and disposable surface electrodes (Freely, De Gotzen srl;
Legnano, Italy). To detect the sSEMG (differential mode) in
accord to the SENIAM Protocol [22] disposable, pre-gelled,
silver/silver chloride bipolar surface (21£1 mm center-to-
center; diameter 10 mm) electrodes (FLAB, Vicchio,
Florence, Italy) were placed (Fig. 1) over the longitudinal
axis of the biceps brachii muscle [23] parallel to the
estimated direction of muscle fibers [24]. A disposable
reference electrode was applied to the forehead [25]. Before
electrode placement, the skin was cleaned with ethanol. No
EMG signal was collected from the triceps brachii muscle
because the experimental set up (preacher curl bench, see
below and Fig. 1) makes impossible the placement of
electrodes on the muscular bellies.

The analog sEMG signal was amplified and digitized
(gain 150, peak-to-peak input range 28 mV, that is £14 mV,
12 b resolution, 2230 Hz A/D sampling frequency,
theoretical resolution 16 iV) using a differential amplifier
with a high common mode rejection ratio (CMRR = 105 dB
in the range 0-60 Hz, input impedance 10 GU), and filtered
(analogue filtering: lowpass filter with a cut off 580 Hz;
digital filtering: range 30-400 Hz; band-stop for common 50
Hz interference with a notch filter [26], approximate range
47-53 Hz).

The signals were recorded for further analysis. Very low
frequency (<10Hz) artifacts were limited by the use of the
reference electrode (forehead).

To perform the endurance training exercises, a preacher
curl bench with 60° incline plane, a flat bench, a barbell
(length 200 cm, diameter 2.8 cm, weight 10 Kg) and some
iron plates of different weight (1-10 Kg) were used.

Experimental Procedure

The one repetition maximum (IRM) in eccentric-
concentric modality was determined for each subject on
“preacher curl” (biceps brachii exercise) and on “close grip
bench press” (triceps brachii exercise). The two exercises
require the use of a barbell and a preacher curl bench (Fig. 1)

Table 1. Anthropometric Characteristics of the Body Builders, and Strength Level Relative to Biceps Brachii (1 RM) and to
Triceps Brachii Muscles (1 RM)
Body Builder Age (Years) Height (cm) Body Mass (Kg) 1RM Curl (Kg) 1RM Bench Press Throws (Kg)
M1 26 178 85 41 110
M2 28 174 69 35 80
M3 19 183 87 51 110
M4 19 165 68 47 95
M5 22 171 73 51 100
M6 24 183 90 45 95
M7 25 181 82 47 100
M8 29 187 90 41 95
Mean 24.0 177.8 80.5 44.8 98.1
SD 35 6.8 8.3 5.1 9.0
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Fig. (1). Upper limbs arrangement and electrode positions during the isometric contraction.

because this set avoids or reduces the intervention of
shoulder and trunk muscles. On both exercises the grip width
on the barbell was close to shoulder width and the setting.
An expert trainer controlled the correct position of the
subjects during the performance of all exercises.

Three days after the 1RM test [3, 27], each subject
executed the experimental protocol which had been
previously randomly assigned to him (4 subjects at the
agonist protocol group, 4 subjects at the antagonist protocol
group). In the agonist protocol the subjects were asked to
perform isometric contractions of the biceps brachii muscles,
while in the antagonist protocol (super set method) the
biceps brachii contractions were preceded by contractions of
the antagonist muscle (triceps brachii).

After a general warm-up composed of a low intensity
aerobic activity, the subjects had a specific warm-up
(eccentric-concentric contractions) which depended on their
specific experimental protocol (Tables 2 and 3).
Subsequently, each subject performed five series of
prolonged isometric contractions (simple task used to avoid
putative compensation between muscles) [23] while SEMG
was recorded from their biceps brachii muscles [28, 29].

Loads and isometric contraction times are reported in
Tables 4 and 5. The agonist protocol subjects executed an
isometric contraction of biceps brachii in the preacher curl
exercise, holding up a barbell (loaded according to personal
1RM) with an elbow angle of 90°. The recovery after each
contraction was 270 s.

For the subjects of the antagonist group, the isometric
contraction in preacher curl exercise were preceded (with a 2
minute interval) by isometric contractions (30 s) of triceps

Table2. Specific Warm-Up Performed by the Body Builders
of the “Agonistic” Group, and Loads Relative to
Curl Exercise on Larry Scott Bench
Series Repetitions % 1RM Recovery Length (s)
1 5 50 60
1 4 60 60
1 3 70 60
1 2 80 180

brachii in the close grip bench press with an elbow angle of
140°. The angular elbow positions were checked by an
expert technician within a range of 2-3° [1]. In the antagonist
protocol, the recovery between preacher curl and close grip
bench press was arranged to have the same timing between
subsequent biceps brachii contractions as in the agonist
protocol. Strong verbal encouragement was given to the
subjects during the task.

In both protocols, SEMG potentials were detected during
the preacher curl isometric contraction (30 s) according to
the endurance time found by Dimitrova et al. (2009) [30]
using 80% of 1RM.

After a week, period in which the body-builders did not
perform any upper limb training, the groups were shifted and
the tests were repeated at the same time of the first day to
avoid the effect of circadian rhythms [3].

Room was kept stable at 24°C [6] to avoid reductions in
force production and changes in SEMG characteristics [31].
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Table3. Specific Warm-Up Performed by the Body Builders of the “Antagonistic” Group and Loads Relative to Curl Exercise on
Larry Scott Bench and Bench Press Throws
Exercise Series Repetitions % 1RM Recovery Length (s)
Bench press throws 1 5 50 60
Curl 1 5 50 60
Bench press throws 1 4 60 60
Curl 1 4 60 60
Bench press throws 1 3 70 60
Curl 1 3 70 60
Bench press throws 1 2 80 60
Curl 1 2 80 180
Table4. Agonistic Fatigue Protocol. Loads and Recovery of each muscle and repetition, all median frequencies were
Curl Exercise interpolated by linear regression analysis [8] and then slope
coefficient (m) was calculated. Thus, 160 regression lines
Repetition | Contraction | % Elbow Recovery were obt.amed: 2 m §lope coefficient (right and left side) for
Sequence Length(s) | 1RM | Angle (Deg) Length (s) each subject x repetition.
A repeated measures ANOVA was used to determine
1 30 90 90 270 . . . .
differences between subjects, experimental protocol, side
2 30 90 90 270 and repetition. The level of significance was set at 5%.
3 30 90 90 270 RESULTS
4 30 % % 270 Within each repetition, for both biceps brachii muscles
5 30 90 90 - and experimental protocols, data showed a progressive
muscular fatigue (90% of the m values were negative, Tables
6 and 7).
Data Analysis Comparing the first repetition with the fifth one during

The EMA software (De Gotzen srl; Legnano, Italy) was
used to analyze the frequency spectrum. In particular, Fast
Fourier Transformate (FFT) was assessed in 1-s epochs along
the signal [2] and the median frequency of the spectrum was
calculated. For each right and left biceps brachii muscle
acquisition in every repetition (from 1 to 5) and for both
protocols (agonistic and antagonistic), 30 median frequencies
(Hz) were thus obtained in each repetition. To assess the time-
related variations in the median frequency associated to the
effects of fatigue on muscular contraction [19], separately for

the performance of the antagonistic protocol, all body
builders, except M5, M6 and M7, showed an increasing
muscular fatigue in both arms (larger absolute values of m
coefficient). In contrast, M5 and M6 did not show fatigue
manifestations (the absolute value of m in the fifth repetition
was smaller than the first one), while M7 showed an EMG
effect of fatigue only in his right arm.

The same comparison within the agonistic protocol did
not show a regular decreasing trend; only M2 and M4
showed EMG indicators of fatigue in both sides.

TableS. Antagonistic Fatigue Protocol. Loads and Recovery Time of Curl Exercise and Close Grip Bench Press
Exercise Repetition Sequence | Contraction Length (s) % 1RM Elbow Angle (Deg) Recovery Length (s)
Close grip bench press 1 30 90 140 120
Curl 1 30 90 90 120
Close grip bench press 2 30 90 140 120
Curl 2 30 90 90 120
Close grip bench press 3 30 90 140 120
Curl 3 30 90 90 120
Close grip bench press 4 30 90 140 120
Curl 4 30 90 90 120
Close grip bench press 5 30 90 140 120
Curl 5 30 90 90 -




Fatigue Effect Detected Using EMG Signal

The Open Sports Medicine Journal, 2013, Volume 7 5

Table 6. Slope Coefficients (m) of the Time-Related Linear Regressions During the Agonistic Protocol (5 Repetitions x 2 Sides),
and Mean (SD) Values of the Relevant Regression Coefficients (rz)
Agonistic
Rep 1 Rep 2 Rep 3 Rep 4 Rep 5 r’
R L R L R R L R L R L

Ml 0.74 0.54 -0.72 -0.50 -0.46 -0.43 -0.67 -0.48 0.81 0.44 0.64 0.58
0.17) (0.10)

M2 0.04 -0.29 -0.41 -0.55 -0.30 -0.46 -0.11 -0.71 -0.37 -0.49 0.22 0.52
0.21) (0.16)

M3 -0.62 -0.16 -0.39 -0.16 -0.74 -0.41 -0.59 -0.32 -0.48 -0.68 0.49 0.30
(0.08) 0.23)

M4 -0.86 -0.64 -0.85 -0.88 -1.18 -0.84 -0.94 -1.10 -1.45 -1.39 0.74 0.76
0.12) (0.10)

M5 -0.27 -0.52 -0.28 -0.49 -0.26 -0.30 -0.16 -0.16 -0.22 -0.58 0.36 0.44
(0.14) (0.19)

M6 -0.33 -0.64 -0.36 -0.57 -0.48 -0.54 -0.47 -0.51 -0.66 -0.38 0.61 0.81
0.12) (0.05)

M7 -0.21 -0.24 -0.22 -0.44 -0.17 -0.27 0.17 0.39 -0.09 -0.16 0.14 0.25
0.07) (0.10)

M8 -0.42 -0.93 -0.71 -0.90 -0.39 -1.01 -0.67 -0.92 -0.12 -1.08 0.33 0.86
0.25) (0.03)

The average m values did not show a continuous
quantitative decreasing trend along the five repetitions
(Fig. 2). The difference between close repetitions about the
same side (1-2, 2-3, 3-4, 4-5, absolute m values) was not
negative in all cases (similar trend within side). This
manifestation was more frequent in the antagonistic protocol
than in the agonistic one.

Contraction time explained from 1 to 91% (r* values,
mean values reported in Tables 6 and 7) of the reduction of
the median power frequency along the 30 s (agonistic
protocol) and from 0.7 to 92% for antagonistic protocol. The
large variability in r* value indicated that the decrement in
median frequency was only partially time-related.

A repeated measures Anova (Table 8) found significant
differences between subjects (p<0.0001), protocols
(antagonistic greater than agonistic, p=0.03), while between
sides (p=0.93), repetitions (p=0.50) and for all interactions
no significant differences were found.

DISCUSSION

SEMG can help trainers and athletes to better their
training session and global performance. In the current study,
we tried to define the fatiguing appearance due to two
different kinds of exercise sequences for the elbow muscles.
In the first protocol, all body builders performed isometric
contraction of biceps brachii muscles (agonistic) while in the
second one the same contraction followed a previous
isometric contraction of triceps brachii muscles (antagonistic
or super-set).

The EMGs were detected during isometric contraction
because it is the best way to record the signal with minimal
crosstalk and without electrode movements [7]; the
frequency spectrum analysis could explain the fatigue
appearance with or without a previous antagonistic
contraction.

The median frequency collected in 1-s epochs along the
30-s signal was significantly different between the two
protocols while no differences were found between sides [3].
The lack of side-related differences is in accord with
Williams ef al. (2002) who monitored a sustained maximum
isometric fatiguing task of the elbow flexors, and did not
find significant differences in the frequency spectrum
between dominant and non-dominant arm.

The lack of significant differences among the five
repetitions and the sides can be explained by both the
selected task (30 sec of contraction may be insufficient to
produce fatigue, or recovery time may be too long) or by the
good level of training of the current group of body builders
that use their right and left side muscles almost
symmetrically. Different results may be obtained with less
trained subjects, and it may be the topic of a future study.
Indeed, Hendrix ef al. (2009) [10] during isometric elbow
flexor contraction found a significant correlation between
force and fatigue threshold when the contraction was
maintained for an extended period of time without
exhaustion.

The two analyzed protocols produced different
decrements (antagonistic greater than agonistic) of the
median frequency during the muscular effort (isometric
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Table 7. Slope Coefficients (m) of the Time-Related Linear Regressions During the Antagonistic Protocol (5 Repetitions x 2 Sides),
and Mean (SD) Values of the Relevant Regression Coefficients (rz)

Antagonistic
Rep 1 Rep 2 Rep 3 Rep 4 Rep 5 r’
R L R L R L R L R L R L
M1 -0.53 -0.39 -0.44 -0.45 -0.58 -0.57 -0.52 -0.64 -0.82 -0.46 0.58 0.52
0.19) (0.13)
M2 -0.12 -1.41 -0.13 -0.80 -0.28 -0.23 -0.05 -0.13 -0.42 -0.23 0.10 0.36
0.11) (0.28)
M3 -0.43 -1.38 -0.82 -0.59 -0.54 -1.56 -0.82 -0.94 -1.60 -1.50 0.31 0.62
0.22) 0.24)
M4 -1.37 -0.75 -1.46 -0.63 -1.17 0.44 -1.47 -0.48 -1.53 -1.54 0.84 0.41
0.07) 0.27)
M5 -0.62 -0.28 -0.20 -0.20 -0.23 -0.10 -0.38 -0.26 -0.27 -0.10 0.32 0.27
(0.16) (0.18)
M6 -0.66 -0.21 -0.47 -0.84 -0.66 -0.38 -0.86 -0.33 -0.59 -0.25 0.68 0.60
0.07) (0.16)
M7 -1.28 -0.31 -0.43 -0.18 -0.24 -0.30 -0.18 -0.20 -0.15 -0.30 0.29 0.27
(0.32) 0.11)
M8 -0.81 -0.70 -0.65 -0.94 -0.94 -0.79 -1.03 -0.95 -0.94 -1.26 0.74 0.83
(0.09) (0.04)
Repetitions
1 3 4 5
0 -
-0,2
0,4
RN u
-0,8
-1
| mAgonistic R
1,2 @ Agonistic L
OAntagonistic R
m Antagonistic L
1,4

Fig. (2). Mean slope of the time-related linear regressions during the agonistic and antagonistic protocols (5 repetitions x 2 sides for both

protocols). Error bars: 1 SD.

contraction). These results disagree with previous data
collected during isokinetic tasks of the quadriceps muscles
[13]. Those authors found decrements in peak torque and
peak power as compared with the non-fatigued state, but no
significant differences in quadriceps EMG activity whether
muscles were pre-fatigued or not, were detected.

Thus, we do not confirm that the antagonistic pre-
fatiguing could increasing agonistic force generation, at least
during low speed actions [13], and during isometric tasks.
Indeed, during slow movements (and overall in sustained
isometric task) all muscles around the joints change the
motor unit control strategies to stabilize the bones with
progressive concentric and eccentric contractions [6].
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Table8. Repeated Measures ANOVA on the Slope (m) of
Median EMG Frequencies During Time
Effect Degrees of | pyyjye P Value
Freedom

Protocol 1,152 4.77 0.03
Side 1,152 0.01 0.93
Protocol x side 1,152 2.76 0.09
Repetition 4,152 0.83 0.50
Protocol x repetition 4,152 1.28 0.27
Side x repetition 4,152 0.15 0.96
Protocol x side x repetition 4,152 0.26 0.90

Subject 7,152 13.73 <0.0001

The present study was made with a reduced number of
subjects (but in line with the numbers typical of this kind of
investigations) [2, 5, 6, 19, 23, 30], and even if we tried to
standardize their performance using the 1RM, as previously
done in literature [8, 23], this was not sufficient to reduce
inter-subject variability. Additionally, the current values of r*
were very variable [10], and in several occasions the median
frequency decrement was not time related, with r* values
close to 0. The estimation of “m slopes” values is therefore
to be taken with caution.

Decreasing in peak power in slow tasks (60° sec™) [13]
and a fatiguing manifestation in median frequency during
sustained back to back muscle isometric contractions suggest
the use of super-set training only during ballistic limb
movements [32]. Indeed, Baker & Newton (2005), using a
computerized Plyometric Power System, found an acute
effect on power output after antagonistic effort. The
alternation of antagonistic and agonistic contractions could
reduce the interfering effect of co-contraction, and increase
the braking action of antagonists, thus favoring power output
action during the performance of fast joint movements [14].
It has to be mentioned that the co-activation of agonist and
antagonist muscles plays a key role in joint stability [11, 16],
and that triceps contraction modulates elbow flexion during
this position task (supporting inertial load while maintaining
a constant joint angle) thus making the global contraction
pattern very complex. Fatigue effects can be different in the
agonist and antagonist muscles of a single joint when
concentric contractions had been performed [16], but similar
with eccentric [11] and isometric (no differences between
side) contractions.

Moreover, body builder are able to generate a great level
of force that could hide fatigue trend in back-to-back
muscles because they are used to managing load in slow
movements (at least not ballistic).

CONCLUSION

In conclusion, the ‘antagonist protocol’ is not apparently
improving the force generation with respect to the fatigue
effects, in particular during an isometric task and with
trained people.
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Further investigations are necessary to fully understand
the complex neuromuscular strategy during fatiguing task,
the differences between concentric and eccentric muscle
contractions [9, 11], the role of restricted blood flow during
high percentage of 1RM load task [10, 23, 30], the influence
of antagonist muscle activation during agonist muscle
isometric contraction, and the fatigue manifestations about
antagonist muscle.

Moreover, the variability in spatial change activity,
amplitude cancelation [10], variation in the number of active
motor units (overall in low load contraction) suggest other
investigations and new mathematical model analysis [6, 8].
A further improvements may be the application of long
detecting electrodes to enhance the detection of the EMG
signal [30], and the assessment of ‘normal-trained’ subjects
group to evaluate the reliability of the protocol.
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