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The purpose of the present study was to assess the ability of TMG in detecting mechanical fatigue induced
by two different resistance exercises on biceps brachii: high-volume (HV), and high-load (HL). Sixteen
healthy subjects (age 25.1 + 2.6 years; body mass 79.9 + 8.9 kg; height 179 + 7.4 cm) performed arm-curl
in two different protocols (HV: 8 x 15 x 10 kg, HL: 5 x 3 x 30 kg). Tensiomyography was used to assess
muscle response to both exercise protocols. The contractile capacity of biceps brachii significantly varied
by means of the effects of potentiation and fatigue mechanisms that take place at different exercise
phases. The most significant changes correspond to values of maximum radial displacement of muscle
belly (D), sustained contraction time (Ts), relaxation time (T), and contraction velocity (V.). The behav-
ior of these parameters is, in general, similar in both exercise protocols, but they show subtle differences
among them. During the first set, in both protocols, values for V. increase, along with a decrease in T, Ts,
and Dy, values. Fatigue onset was evident from changes in such parameters, with HL being the first in
showing these mechanisms. Tensiomyography has been shown to be highly sensitive in detecting fati-

gue-induced changes.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

It is well documented that, when performing repetitive contrac-
tions, muscles experience, due to a fatigue effect, changes at bio-
chemical, systemic, and structural levels that compromise their
activity. An early definition of fatigue emphasizes that this func-
tional response of the organism means a state in which an incapabil-
ity to maintain the required or expected force is observed (Edwards,
1981; Bigland-Ritchie et al., 1983). Therefore, this state may be a
transient phenomenon, of multifactorial origin, caused by physical
activity. A gradual decrease in the force capacity of muscles or the
endpoint of a sustained activity is observed by exhaustion of con-
tractile function. Muscles that are used intensively show a progres-
sive decline of performance which largely recovers after a sufficient
period of rest. Conversely, potentiation is the increased functional
change observed in the mammalian striated muscle after a previous
muscle activity (Rassier, 2000; Abbate et al., 2000).

The cause of the loss of force during muscle fatigue has been
attributed to different mechanisms, ranging from the generation
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of the central command to the interaction between contractile pro-
teins. The site of impairment depends on the task being performed,
on its magnitude and on its origin; it varies with type, duration and
intensity of the performed activity (Bigland-Ritchie et al., 1983;
Tesch et al., 1990; Enoka and Stuart, 1992; Sacco et al., 2000; Gan-
devia, 2001; Hunter et al., 2003). According to this principle of
effectiveness, it may be expected that acute fatigue determines
changes in muscle response with typical characteristics.

A large number of studies on muscle fatigue normally draws
attention to changes at the electrical excitation level, also known
as central or neural fatigue (Garland and Gossen, 2002; Amann
and Dempsey, 2008), or changes at metabolic level, also known
as muscle or peripheral fatigue (de Ruiter et al.,1999; Sejersted
and Sjggaard, 2000). Studies analyzing effects of fatigue on muscle
mechanical response are far sparser (Bol et al. 2011; Marini and
Veicsteinas, 2010).

Tensiomyography (TMG), a non-invasive method for measuring
the contractile properties of skeletal muscle, could probably offer
an interesting alternative for analyzing the effects of fatigue on
muscle response. Specific alterations in muscle mechanical re-
sponse have been associated by means of this methodology with
increases in maximum radial displacement of the muscle belly
(Dyy) (Simunic et al., 2005; Smith and Hunter, 2006; Garcia-Manso
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et al., 2011), sustained contraction time (Ts) (Garcia-Manso et al.,
2011), and relaxation time (T;) (Rusu et al., 2009; Garcia-Manso
et al.,, 2011), as well as a decrease in contraction velocity (V) (Gar-
cia-Manso et al., 2011). It is known that different exercise protocols
elicit different muscle responses and fatigue which also involve
different pathways (metabolic vs. neuromuscular); thus, we
hypothesize that TMG is a highly sensitive tool to detect response
changes in fatigued muscle, and, furthermore, to differentiate be-
tween different mechanisms in two strength exercise protocols.

Therefore, the aim of the present study was to assess the ability
of TMG in detecting mechanical fatigue induced by two different
resistance exercises on biceps brachii (BB).

2. Methods
2.1. Participants

Sixteen healthy, moderately active subjects (age 25.1%
2.6 years; body mass 79.9 + 8.9 kg; height 179 + 7.4 cm), accus-
tomed to strength training, volunteered to participate in the study.
All subjects were informed of all details of the experimental proce-
dures and the associated risks and discomforts. Each subject gave
written informed consent forms previously approved by the
Research Ethics Committee of the University of Las Palmas de Gran
Canaria in line with the criteria of the Helsinki Declaration for
research involving human beings.

2.2. Study design

Muscle response to two different resistance exercises was as-
sessed in a cross-over design, in which participants performed both
protocols in a randomized manner. The main dependent variables
measured were the mechanical properties of muscle response such
as maximum radial displacement of muscle belly (D,,), sustained
contraction time (Ts), relaxation time (T;), and contraction velocity
(Vo). The independent variables were the two employed resistance
exercise protocols. A one-week period was left as washout be-
tween both protocols.

2.3. Procedures

Biceps brachii contractile properties of dominant arm were as-
sessed with the subject seated and the arm flexed (90°). For such
purpose, a TMG device (TMG-BMC, Ljubljana, Slovenia) was used
with application of a constant current electrical stimuli (75 mA).
TMG is used to assess muscle stiffness (Pisot et al., 2008), estimate
muscle composition (Dahmane et al., 2001, 2005; Simunic et al.,
2011); additionally it is also used to assess contractile properties,
and mechanical response of the superficial muscles under isomet-
ric conditions and electrical stimulation. The measuring point for
each muscle was anatomically determined as a point of maximal
muscle belly displacement detected with palpation during volun-
tary elbow extension (Dahmane et al., 2001; Simunic et al., 2003;
Valencic and Knez, 1997; Valencic et al., 2000, 2001). During mea-
surements, the displacement-measuring sensor (GK40, Panoptik,
Ljubljana, Slovenia) was pressed above the muscle belly perpendic-
ularly to the muscle surface (Fig. 1). Self-adhesive bipolar elec-
trodes (Compex Medical SA, Ecublens, Switzerland) were used
and positioned 4 cm apart from midpoint. The robustness of the
tool and the reproducibility of the method has been assessed in dif-
ferent studies (Dahmane et al., 2001; Krizaj et al., 2008; Rodriguez-
Matoso et al., 2010; Simunic et al., 2003; Simunic and Valencic,
2001; Tous-Fajardo et al., 2010).

Muscle belly displacement (enlargement) during contraction
(muscle belly radial displacement) takes place in the muscle belly

Fig. 1. Positioning of the TMG measuring system.

when a contraction is produced, under isometric conditions, as a
result of an external electrical stimulus. In the present study, we
analyzed four parameters, obtained from the magnitude of radial
displacement of transverse muscle fibers and from the moment
in which the displacements are produced.

2.3.1. Analyzed parameters

Maximum radial displacement (D,,): determined by the radial
displacement of muscle belly expressed in millimeters; it assesses
muscle stiffness.

Sustained contraction time (Ts): the theoretical time that con-
traction is maintained, and is calculated by determining the time
period in which muscle response remains greater than 50% Dy,.

Relaxation time (T;): the time in which muscle response de-
creases from 90% to 50% Dyy,.

The above mentioned parameters are shown in Fig. 2.

Contraction velocity (V.): the mean contraction velocity is cal-
culated when Dy, reaches a 2-mm value (AD/dt); in brief, Dy,
was firstly graphed against t, V. was calculated from the value of
Dp, and the time lapsed for such interval of muscle radial displace-
ment. V. was determined from a displacement of D, that was
equivalent to 2 mm (ADp/t). To ensure a 2-mm displacement,
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Fig. 2. Graph of typical signals of the muscle response to an electric stimulus by
means of TMG.
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Fig. 3. Interpolation of Dy, and ¢ for calculation of V..

when recorded values were below or over 2 mm, an interpolation
was performed for D, and t (Fig. 3).

2.3.2. Protocols

Two different resistance exercise protocols were tested: high-
volume (HV), and high-load (HL) with a BB curl exercise with
bar. All exercise sessions were supervised by trained study person-
nel. For the exercise, subjects started from a standing up position
with their torso upright while holding a barbell at a shoulder-
width grip; the palm of the hands were facing forward and the el-
bows kept close to the torso. Afterwards, while holding the upper
arms stationary, the subjects curled the weights forward while
contracting the biceps brachii and exhaling. Subjects were in-
structed to only move the forearms. The movement continued until
biceps brachii was fully contracted and the bar was at shoulder le-
vel. Afterwards, subjects slowly began to bring the bar back to
starting position while breathing in. The total time for the move-
ment was three seconds: 1.5 s for the concentric phase and 1.5 s
for the eccentric phase. Differences between both protocols were
in workload, number of sets, and number of repetitions per set.
The first protocol (HV) consisted in performing, with a controlled
pace, eight sets with 15 repetitions each, recovery time between
sets of one minute and a 10-kg load (8 x 15 x 10 kg rec. 1 min).
The second protocol (HL) consisted in performing, also with a con-
trolled pace, five sets with three repetitions each, recovery time be-
tween sets of one minute, and a 30-kg load (5 x 3 x 30 kg rec.
1 min).

During both exercise protocols, the first measurement took
place in a rest situation (before the first set and without previous
warm-up). The following measurement was performed 30 s after
completing each set, putting the displacement sensor at the same
point of the previous measurement. For such purpose, during the
first assessment, a dermatographic pen was used to fix the mea-
surement point. After the five (HL) and eight (HV) sets and their
respective assessments, four more measurements were taken at
3, 6, 10, and 15 min post-exercise.

2.4. Statistics

Traditional statistical methods were used in order to calculate
both means and standard error of the mean (S.E.M.). The normality
of the samples was calculated according to the Kolmogorov-Smir-
nov test. The effect of the different interventions: HL or HV proto-
cols (independent variables) on D, T, Ts and V. (dependent
variables) was analyzed by means of analysis of variance (ANOVA)
with repeated measurement of two factors (within): group and
time. A Sidak correction was used to adjust the P-value in relation
to the number of contrasts that were performed. A P < 0.05 crite-

rion was used to establish statistical significance; for all the statis-
tical tests the SPSS version v17 (SPSS Inc., Chicago, IL., USA)
package for Windows was used.

3. Results

The behavior of D, and V. is shown in Figs. 4 and 5 while that of
Ts and T; is shown in Figs. 6 and 7.

From the first set on, a statistically significant decrease in Dy,
values in both protocols was observed with regards to rest values
(HV: 20.9% decrease; HL: 17.4% decrease). This meant an increase
in muscle stiffness due to a task effect. Such increase in stiffness
continued throughout the remaining sets in HV, reaching statistical
significance (p = 0.004, time effect); with regards to HL a significant
decrease was observed during the first three sets (p = 0.004, time
effect); from the 4th set on the response was stabilized, and no sta-
tistically significant differences were observed. With regards to
recovery, it is noteworthy that it was faster, albeit incomplete, in
HV. At the end of recovery (Rec 15'), D, values in HL still showed
significant differences with regards resting values (p = 0.021, see
Fig. 4).

The mechanical changes shown by the behavior of D,, are
accompanied by similar behavior of Ts and T,, and also by an in-
verse response of V.. Slight differences, however, were observed
between each resistance exercise protocol. T, significantly de-
creased in HV (p = 0.001, time effect); although there was a slight
increase during the 5th and 6th sets trying to revert the situation,
there was a further statistically significant decrease during the last
two sets of the exercise; on the other hand, for HL, there was a sta-
tistically significant decrease until the 3rd set followed by an in-
crease during the 4th and 5th sets (see Fig. 6). T, significantly
decreased in HV (8 x 15 x 10 kg) as the number of performed rep-
etitions increased (p = 0.002, time effect), while, in HL (5 x 3 x 30),
the values stabilized during the last two sets (see Fig. 7).

On the contrary, V. increased significantly in both trainings
(p=0.005, time effect) showing similar behavior but with slight
differences between them (Fig. 5). V. significantly increased from
the first set to the third set, becoming stabilized on the 4th through
7th sets; after this latter set, a decrease was observed (see Fig. 5).
V. increased in HL in a statistically significant manner up to the 4th
set to later decrease during the last set.

4. Discussion

We have studied the influence of HV and HL repetitive dynamic
contractions on the human biceps brachii through two different
resistance exercise protocols. The muscle response observed was
an initial potentiation followed by a slight fatigue. Yet, the resis-
tance exercise models employed present slight variations with re-
gards to the changes that fatigue provokes in muscle response.
Additionally, TMG has been shown to be a valid and non-invasive
technique to evaluate the muscular response during resistance
exercise.

While the selected exercise protocols for this study did not en-
tail severe fatigue for the subjects, during the last set in both pro-
tocols, and especially in the HL work, symptoms of the appearance
of acute fatigue that affect muscle response are observed. On the
other hand, it seems that the muscle response was more efficient
at the end of the first set.

During muscular contraction, the magnitude of neuromuscular
activation is regulated via central descending pathways and also
through sensory reflex pathways, including group Ib afferents from
Golgi organs in the muscle-tendon complex and group la and
group II afferents from muscle spindles (Gordon, 1991). Force pro-
duction is often increased after a brief period of muscle activity,
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Fig. 4. Behavior of Dy, values throughout the different sets in the two different protocols (HV and HL) and during the recovery phase. Values are mean + S.E.M, n = 16 subjects.
There was a significant time effect for Dy, (p = 0.04) as determined by repeated measures ANOVA and Sidak postHoc test. *P < 0.05 compared to HL. P1 = effect of the type of
time; P2 = effect of the type of exercise protocol; P3 = effect of the type of time x exercise protocol.

and this phenomenon is called post-activation potentiation (Fow-
les and Green, 2003; Skurvydas and Zachovajevas, 1998). In the
present case, as a result of the strength exercises used, all seems
to indicate that post-activation potentiation was responsible for
the observed changes in muscle response at the end of the first
set. This mechanism becomes significant with changes in V. (in-
crease), Dy, (decrease), Ts (decrease), and T, (decrease).

There is a correlation between this force potentiation and phos-
phorylation of the myosin regulatory light chain (Sweeney et al.,
1993). During muscle activity, after each action potential, Ca* re-
leased forms the calcium/calmodulin complex, activating the ki-
nase enzyme of the myosin light chains (Manning and Stull,
1982; Persechini et al.,1985; Sweeney et al., 1993). This enzyme
enables the estate of phosphorylation of the myosin light chains,
yet the phosphorylation-dephosphorylation cycle taking place
during each muscle activation is relatively slow. This phenomenon
may imply that the return to a rest state may be delayed for several
minutes after finishing the contraction. Post-activation potentia-
tion is generally larger in fast-twitch than in slow-twitch fibers
(Sweeney et al., 1993).

Changes in phosphorylation of the myosin regulatory light
chain, as well as alterations in muscle viscoelasticity, determine
structural alterations in muscle that are manifested as an increase
in its stiffness. On one hand, D,, represents muscle radial displace-
ment, and indirectly evaluates muscle stiffness; on the other, it
varies among subjects depending on how each muscle group has
been trained. Therefore, we may think that D,,’s behavior in re-
sponse to strength exercise will vary depending on the workload,
recovery time between repetitions, and the type of contraction per-
formed. Low D,;, values indicate a high muscle tone and excessive
stiffness in the muscle structures. On the other hand, elevated val-
ues indicate a lack of muscle tone or the appearance of muscle fa-
tigue (Dahmane et al., 2001; Krizaj et al., 2008; Valencic et al.,
2001). Fatigue becomes detectable when the observed changes

start inverting with regards to the behavior observed during the
first exercise set. Important levels of fatigue imply decreases in
V. and increases in the other three parameters (D, Ts, and T;).

In recent years accumulating evidence has implicated altered
intracellular Ca®* regulation as a major contributor to muscle fati-
gue as sarcoplasmic reticulum Ca?* release rate was markedly re-
duced after voluntary fatiguing contractions. This mechanism
could likely be affected by sarcoplasmic reticulum Ca* release
and all the Ca®" buffers in the cell (Allen et al., 2008; Baylor and
Hollingworth, 1998; Li and Handschumacher, 2002). This fatigue
is partly associated to the Na*-K* pump regulation and to the
changes it entails in intracellular and extracellular Na* and K* con-
centrations as shown by different studies (Clausen, 2003; Kabbara
et al,, 2000; Sjggaard et al., 1985). These changes in the Na*-K*
pump affect sarcolemma and T tubules depolarization decreasing
the release of Ca®" and altering the muscle response.

In the HV protocol, the described processes were observed in a
less intensive way, especially during the first moments, than in the
HL protocol. The reason for this phenomenon may be the magni-
tude of the loads in each case. Nevertheless, at the end of the sets,
symptoms of intense fatigue could also be observed in the HV pro-
tocol; such symptoms were detected by changes in the tendencies
observed in the analyzed parameters (V. Dy, Ts, and T;). These
changes vary, in magnitude and moment of appearance, according
to the physical level of each subject.

With greater volume (120 repetitions) and lower load (10 kg)
training, a major activation of the metabolic pathways used to sup-
ply ATP occurs, and is accompanied by large increases in the accu-
mulation of metabolic by-products which may be the main trigger
of muscle fatigue (Allen et al., 1995; Cady et al., 1989; Dawson
et al., 1980; Fitts, 1994). In these cases, when the metaboreceptors
are activated, there is inhibition of the motoneuron pool via a re-
flex pathway mediated by small-diameter group III and IV muscle
afferents (Bangsbo, 1996; Sinoway et al., 1993). This response,
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Fig. 5. Behavior of V. values throughout the different sets in the two different protocols (HV and HL) and during the recovery phase. Values are mean * S.E.M, n = 16 subjects.
There was a significant time effect for V., (p = 0.05) as determined by repeated measures ANOVA and Sidak postHoc test. *P < 0.05 compared to HL. P1 = effect of the type of
time; P2 = effect of the type of exercise protocol; P3 = effect of the type of time x exercise protocol.
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Fig. 6. Behavior of T, along the different sets in both protocols (HV and HL) and during the recovery phase. Values are mean + S.E.M, n = 16 subjects. There was a significant
time effect for T; (p = 0.001) as determined by repeated measures ANOVA and Sidak postHoc test. *P < 0.05 compared to HL. P1 = effect of the type of time; P2 = effect of the
type of exercise protocol; P3 = effect of the type of time x exercise protocol.

most likely, also affects the reduction in voluntary drive through To the changes provoked by fatigue on the action potential and
spinal and supraspinal actions (Duchateau et al., 2002; Gandevia, the myosin regulatory light chain activation, the alterations suf-
2001). fered by the fiber in the muscle relaxation mechanisms should
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Fig. 7. Behavior of T along the different sets in both protocols (HV and HL) and during the recovery phase. Values are mean * S.E.M, n = 16 subjects. There was a significant
time effect for T; (p = 0.002) as determined by repeated measures ANOVA and Sidak postHoc test. *P < 0.05 compared to HL. P1 = effect of the type of time; P2 = effect of the

type of exercise protocol; P3 = effect of the type of time x exercise protocol.

be added. Relaxation of skeletal muscle cells is a complex process
that involves changes in SR Ca?" handling and cross-bridge
function (Allen et al., 2008). Skeletal muscle fatigue is generally
accompanied by a progressive slowing of relaxation, affecting the
force-generating potential. This situation is especially observed
when the muscle works repeatedly with short recovery times be-
tween each movement such as what happened in the used
protocols.

In none of the protocols a complete recovery of Ts and T, values
was achieved during the 15 after termination of the exercise
(Fig. 3). Ts recovery was 75.9% in HV, and 90.8% in HL. T; recovery
was less efficient, reaching only values of 70.1% and 75.2%, respec-
tively. The same happened with Dy, (Fig. 2), where recovery was
90.4% (HV) and 80.2% (HL). On the contrary, for V,, in both cases
(Fig. 2), recovery was complete 15’ after finishing the exercise.
Nonetheless, recovery was faster in HV, where values close to nor-
mality were achieved three minutes after finishing the task. This
situation indicates that V. had a behavior similar to that detected
when studying recovery of the motor nerve which, according to
Béliveau et al., 1991, recovers initial values of mean impulse fre-
quency and conduction velocity of the motor nerve just few min-
utes after performing a resistance exercise.

In summary, it can be observed how the manifestation of the
contractile capacity of biceps brachii significantly varies due to
the effects of potentiation and fatigue that exercise entails during
the different phases. Fatigue may be detected by means of the anal-
ysis that TMG provides us, especially the values of Dy, V, T, and T..
These parameters reflect the alterations that take place in the mus-
cle at the structural and neural levels. The behavior in these
parameters is, in general, similar in both used exercise models
(HV and HL), yet showing subtle differences between them. In both
cases, V. increased during the first set while D, T, and T; de-
creased. When fatigue starts appearing, these behaviors became
inverted, with the high-load work being the first in showing these
mechanisms.
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