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ABSTRACT: Introduction: Concentric (CON) and eccentric
(ECC) contractions may involve different mechanisms related to
changes in sarcolemma status and the consequent alteration of
action potential transmission along muscle fibers. Methods:
Muscle conduction velocity (CV), surface electromyography sig-
nal (sEMG), muscle quality, and blood lactate concentrations
were analyzed during CON and ECC actions. Results: Com-
pared with ECC, the CON protocol resulted in greater muscle
force losses, blood lactate concentrations, and changes in
sEMG parameters. Similar reductions in CV were detected in
both protocols. Higher echo intensity values were observed 2
days after ECC due to greater muscle damage. Conclusions:
The effects of the muscle damage produced by ECC exercise
on the transmission of action potentials along muscle fibers
(measured as the CV) may be comparable with the effects of
hydrogen accumulation produced by CON exercise (related to
greater lactate concentrations), which causes greater force loss
and change in other sEMG variables during CON than during
ECC actions.
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Concentric muscle fatigue is involved in daily
human performance, and its relationship to surface
electromyography (sEMG) parameters has been
studied widely.1–3 Acute decreases in muscle torque
and mean sEMG frequency, and increases in the
Dimitrov fatigue index, sEMG amplitude, and lac-
tate concentration have been observed during con-
centric fatiguing contractions.4,5 In the past several
years, however, eccentric exercise has started to
gain importance in areas such as rehabilitation.6

Eccentric contractions are characterized by greater
muscle force, lower metabolic cost, and greater
muscle damage, which cause muscle stiffness and
soreness in untrained subjects in the days after the
exercise.7 Nevertheless, the resultant changes in
muscle stiffness are still controversial and may
increase or decrease after eccentric bouts.8,9

The effects of muscle actions on maximal force
and sEMG parameters measured during maximal
fatiguing contractions have been compared
recently. Depending on the muscle group involved

and the fatiguing protocol, muscle force can
decrease further after eccentric10–12 or concentric
protocols,13,14 or it can decrease at a similar rate
during both types of induced fatigue protocols.15,16

Regarding sEMG parameters, the mean frequency
has been shown to have greater decreases during
either concentric13 or eccentric exercise.12 These
different behaviors of sEMG parameters may be
related to differences in the nature of concentric
and eccentric actions and/or to the limitations of
these techniques in addressing the non-stationarity
of the sEMG signal during dynamic contractions.17

During eccentric contractions, a cross-bridge
cycling interaction occurs, with less adenosine
triphosphate hydrolysis taking place than during
concentric contractions.18 Therefore, concentric
actions induce increased muscle acidosis (related
to greater lactate values),19 which could have a
stronger impact on neuromuscular function,
thereby inducing greater changes in sEMG param-
eters than eccentric exercise.20

Muscle conduction velocity, which depends on
the polarization state of the sarcolemma, has also
been examined. The transmission of action poten-
tials along the sarcolemma is influenced by numer-
ous factors, including the membrane potential,
extracellular and intracellular Na1 and K1 concen-
trations, internal and external resistances, and mem-
brane resistance and capacitance.21 Many of these
factors can vary due to concentric fatigue to pro-
duce changes in action potential transmission along
muscle fibers.21 On the other hand, the muscles
that perform eccentric contractions are prone to
incur muscle fiber membrane damage (among
other types of damage or injury), causing changes
in action potential propagation along the fibers.7

Therefore, it appears that, during concentric and
eccentric actions, different mechanisms may be
responsible for the alterations that occur in sarco-
lemma status and the consequent changes in action
potential transmission along muscle fibers. However,
few studies have analyzed the evolution of the mus-
cle conduction velocity during fatiguing concentric
and/or eccentric actions, most likely because of dif-
ficulties in measuring this parameter.22

As mentioned above, it is well known that
eccentric exercise produces greater muscle damage
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than concentric exercise due to greater disorgani-
zation of sarcomeres, mainly at the Z lines, and
damage to the T-tubules and sarcolemma.23 Some
studies have assessed echo intensity using ultra-
sound gray-scale values as an indirect method for
determining muscle damage.24–27 Several of these
studies have revealed greater echo intensity values
in the days after eccentric exercise.24,26,27 More-
over, traditional resistance exercise, consisting of
concentric and eccentric actions, also results in
increased echo intensity.25 Nevertheless, no study
has compared the echo intensity responses that
occur after eccentric and concentric exercises, and
it is unclear whether this method is sufficiently sen-
sitive to detect the different magnitudes of muscle
damage that are generally observed between these
2 types of exercise.

The main objective of this investigation was to
compare the evolution of muscle force and the dif-
ferent sEMG parameters that are used traditionally
to assess muscle fatigue (Dimitrov fatigue index,
mean frequency, root mean square) and muscle
conduction velocity during a fatiguing exercise
consisting of a series of eccentric or concentric
actions. In addition, lactate and echo intensity lev-
els were determined before and after the fatiguing
exercises to quantify acidosis resulting from the
exercise and muscle damage. In addition, based
on the effects of eccentric exercise on muscle dam-
age assessed by the echo intensity responses
recorded in the days after exercise,24,26,27 we
compared the observed echo intensity values as a
model for determining muscle damage induced
after 48 hours. We hypothesized that muscle dam-
age produced by eccentric fatiguing exercise could
be measured in terms of echo intensity values, and
its effects on the transmission of action potentials
along muscle fibers (measured as the muscle con-
duction velocity) may be comparable to the effects
of hydrogen accumulation resulting from concen-
tric exercise.

METHODS

Subjects. Sixteen healthy and physically active vol-
unteers (6 men and 10 women; age: 21.5 6 6.9
years; weight: 60.5 6 10.1 kg; height: 160.5 6 7.7
cm; percent fat mass: 19.6 6 5.7%) participated in
the study. The subjects were asked to avoid strenu-
ous exercise for 2 days before the experimental
sessions. The experiment was conducted in accord-
ance with the Declaration of Helsinki and was
approved by the local ethics committee. All partici-
pants were informed about the possible risks of
the experiment, and they provided written
informed consent before participation.

Experimental Protocol. The study consisted of 2
sessions separated by at least 1 week to ensure

recovery from the previous strenuous fatiguing ses-
sion. In 1 session, the subjects performed concen-
tric maximal contractions (CON), whereas, in the
other session, they performed eccentric maximal
contractions (ECC). The order of the sessions was
randomized.

In each session, the subjects were seated on iso-
kinetic chair, and the right leg was attached to the
isokinetic arm (Humac Norm; CSMi Solutions,
Stoughton, Massachusetts) such that the rotation
axis of the knee was aligned with the rotation axis
of the isokinetic arm. Each subject’s trunk was
fixed to the isokinetic chair using a belt.

Each session consisted of 2 maximal voluntary
contractions (MVCs) performed at the beginning
of the protocol at a knee angle of 60� (full exten-
sion 5 0�), followed by 4 sets of 20 maximal con-
tractions (CON or ECC, depending the session) of
the flexors and extensors of the knee (from knee
angles of 0–90�) at 60�/s separated by 2 min of
rest. An MVC contraction was performed both
immediately after the fatiguing protocol (Post0)
and 5 min later (Post5) to evaluate the loss of
force and force recovery after the strenuous exer-
cise (Fig. 1).

Measurement of Maximal Muscle Strength and Rate of

Force Development. The isokinetic torque exerted
by the knee flexors and extensors was measured
continuously, and the data were exported to the
EMG amplifier and analyzed offline using MAT-
LAB software (R2012; The MathWorks, Inc.,
Natick, Massachusetts). The maximum torque out-
put values associated with the dynamic contrac-
tions were obtained from the concentric and
eccentric actions of the knee extensors. The maxi-
mum isometric values of the MVCs were also
determined.

FIGURE 1. Experimental protocol: 4 sets of 20 maximal eccen-

tric or concentric contractions separated by 2 minutes of rest

were performed. Before and after each, several isometric con-

tractions were performed (2 before, immediately after, and 5

minutes after). Lactate concentration values were obtained at

the beginning of the protocol and 3 and 5 minutes afterward.

Surface electromyography (amplitude, mean frequency, the

Dimitrov fatigue index, and muscle conduction velocity) was

recorded from the vastus lateralis muscle.
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The rate of force development (RFD) deter-
mines the force that can be generated in the early
phase of muscle contraction, that is, explosive mus-
cle force. This parameter is obtained from the
slope of the force–time curve (Dforce/Dtime) of
the isometric contractions over time intervals. In
this study, the RFD50 and RFD100 values, obtained
in time intervals of 0–50 and 0–100 ms relative to the
onset of contraction, respectively, were calculated.

Electromyography. Surface electromyography
(sEMG) data were recorded throughout the exper-
imental protocol from the vastus lateralis using a
semi-disposable linear array of 8 electrodes, with a
5-mm interelectrode distance in a single differen-
tial configuration. Prior to electrode placement,
the skin was shaved and cleaned with alcohol, and
the innervation zone was located using a linear
array of 16 electrodes with a 5-mm interelectrode
distance. The array of 8 electrodes was then placed
between the innervation zone and the distal ten-
don of the vastus lateralis, parallel to the muscle
fibers.

To assure the same placement of electrodes on
the muscle between sessions, the position of the
electrodes was marked on the skin using a perma-
nent marker. In addition, in both sessions, the
innervation zone of the vastus lateralis was located
to confirm and ensure a similar position of the
electrodes between sessions.

sEMG signals were recorded using a 128-
channel surface EMG amplifier (EMG-USB2; OT
Bioelettronica, Torino, Italy) (3-dB bandwidth, 10–
500 HZ) and sampled at a rate of 2048 samples per
second per channel.

sEMG signals were analyzed using MATLAB soft-
ware. The following parameters were obtained from
the sEMG signals for evaluation of muscle fatigue,
which included the root-mean-square (RMS) value,
mean frequency, and the Dimitrov spectral parame-
ter (FInsm5).28 The mean of each parameter across
the sEMG channels of the array was obtained.

The RMS and mean frequency were calculated
in this study, because these parameters are tradition-
ally used to evaluate muscle fatigue. In addition, the
Dimitrov fatigue index was determined, because it
appeared to be more sensitive to changes in the
sEMG power spectrum than the mean or median
frequencies. This parameter represents the ratio
between different moment orders (21 and 5) and
emphasizes the increases in the low and ultralow fre-
quencies of the sEMG spectrum due to increased
negative afterpotentials as well as the decreases in
high frequencies due to increments in duration of
intracellular action potentials and decrements in
action potential propagation velocity. In addition, it
accurately tracked the changes in muscle power loss

during the fatiguing leg-press exercise than the
other traditional sEMG parameters (median fre-
quency or RMS).3

The last sEMG parameter studied was the veloc-
ity obtained via the multidip approach29 using chan-
nels 3–6 of the electrode array. The parameters/
factors employed to calculate the conduction veloc-
ity were the same as those described previously.29

Blood Lactate. Capillary blood samples were
obtained from the fingertip before the exercise
and 3 min (Post3) and 5 min (Post5) post-exercise
for the determination of lactate concentrations
(Fig. 1).

After cleaning and puncturing the fingertip,
the first blood sample was cleaned, and the second
sample was immediately analyzed with a lactate
meter (Lactate Pro; Arkay, Inc., Kyoto, Japan).

Echo Intensity. For the purpose of assessing mus-
cle damage induced by the CON and ECC proto-
cols, muscle echo intensity was measured before
and 48 hours after the fatigue protocols. Images
were obtained using B-mode ultrasonography
(MyLab50Xvision; Esaote, Genoa, Italy), and the
procedures for echo intensity assessment were
adopted from previous studies.24,25,30 During
image acquisition, the subjects remained supine
with the tested leg relaxed (neutral position). The
vastus lateralis measurement was performed mid-
way between the lateral condyle of the femur and
the greater trochanter,31 and the linear 10.0-MHZ

probe was positioned perpendicular to the eval-
uated muscle. A water-based gel was used to pro-
mote acoustic contact without causing excessive
probe pressure on the skin during image acquisi-
tion. The ultrasound probe was placed on a marked
site on the muscle belly at a consistent angle (90�),
and pressure was applied to obtain a B-mode ultra-
sound image. To assure similar measurement char-
acteristics (in terms of angle and pressure) to
obtain comparable ultrasound images between ses-
sions, an experienced investigator conducted all
measurements. The echo intensity in the region of
interest was assessed using ImageJ software, version
1.37 (National Institutes of Health, Bethesda, Mary-
land). Echo intensity of the vastus lateralis in each
thigh was determined over a 2-cm2 region, based
on a gray-scale histogram (0 5 black, 256 5 white).
The same investigator performed all echo intensity
measurements. The coefficient of variation was
2.4%, and baseline test–retest reliability (intraclass
correlation coefficient) was 0.92.

Statistical Analysis. SPSS statistical software (SPSS,
Inc., Chicago, Illinois) was used to analyze the
data. The results are reported as the mean 6 stan-
dard error (mean 6 SE) of the sEMG variables and
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torque, and as the mean 6 standard deviation
(mean 6 SD) for the other variables. Normal distri-
bution parameters were checked using the Sha-
piro–Wilk test. Statistical comparisons between the
parameters recorded in the 2 sessions (CON and
ECC) were performed using paired Student t-tests.
Fatigue-related effects were assessed via 2-way analy-
sis of variance (ANOVA) with repeated measures
(type of protocol 3 repetition). When a significant
F-value was achieved, the least significant differ-
ence post-hoc procedure was employed to locate the
differences. The selected relative changes between
groups were compared by 1-way ANOVA. In addi-
tion, the reliability of measurements was calculated
based on intraclass correlation coefficient (ICC)
using single values. P< 0.05 was considered statisti-
cally significant.

RESULTS

Concentric and Eccentric Fatiguing Protocols. Isoki-
netic Torque. A significant repetition effect
(P< 0.001), protocol effect (P< 0.001), and
repetition-vs.-protocol interaction (P< 0.001) were
observed. The CON and ECC exercise protocols
both resulted in significant decreases in mean tor-
que, but the reduction of torque was significantly
greater after the CON protocol than the ECC pro-
tocol (Fig. 2). Compared with the mean torque
observed during the first 10 repetitions of the first
set, the CON protocol reduced the mean torque
in all of the torque intervals (i.e., in the second
half of the first set, the first and second halves of
the second set, the first and second halves of the
third set, and the first and second halves of the
fourth set; all P< 0.001). Compared with the mean
torque observed during the first 10 repetitions of
the first set, the ECC protocol resulted in decreases
of mean torque only in the second half of the repe-
titions in all the sets (first, second, third, and

fourth; P< 0.05), and recovery of mean torque was
observed during the first 10 repetitions of the sec-
ond, third, and fourth sets. As expected, the ECC
torque was always greater than the CON torque
(P< 0.001).

Muscle Conduction Velocity during Dynamic Con-
tractions. There was a significant repetition effect
on conduction velocity (CV; P< 0.05). Both the
CON and ECC exercise protocols resulted in
decreased CV, and no differences were detected
between the protocols. Compared with the values
observed during the last 10 repetitions of the first
set and the first 10 repetitions of the second set,
both the CON and ECC protocols resulted in
decreased CV in the second half of the last set
(P< 0.05) (Fig. 3a).

Root-Mean-Square Values during Dynamic Contrac-
tions. No changes in root-mean-square (RMS) val-
ues were observed after the CON or ECC exercise
protocols in any of the repetitions considered. As
expected, the RMS values observed during the
CON protocol were greater in all sets of the proto-
col (in the first and second halves of the sets)
(from P< 0.001 to 0.05) than during the ECC pro-
tocol (Fig. 3b).

Dimitrov Fatigue Index during Dynamic Contrac-
tions. There were significant effects of repetition
(P< 0.001), protocol (P< 0.01), and repetition-vs.-
protocol interaction (P< 0.001) detected in the
Dimitrov fatigue index values. Only the CON exer-
cise protocol resulted in an increase in the Dimi-
trov fatigue index, with no difference being
detected during the ECC protocol. Compared with
the first 10 repetitions (first half) of the first set,
the CON protocol resulted in an increased Dimi-
trov fatigue index in the second half of the first set
(P< 0.01), the second half of the second set
(P< 0.001), the first and second halves of the third
set (P< 0.01), and the first (P< 0.05) and second
(P< 0.05) halves of the fourth set. Excluding the
first 10 repetitions of the first set, the Dimitrov
fatigue index values during the CON protocol
were greater than those observed during the ECC
protocol (P< 0.01–0.05) (Fig. 3c).

Mean Frequency Values during Dynamic Contrac-
tions. There were significant effects of repetition
(P< 0.001), protocol (P< 0.05), and the repetition-
vs.-protocol interaction (P< 0.001) observed in the
mean frequency values. Only the CON exercise pro-
tocol resulted in decreased mean frequency values,
with no difference being detected during the ECC
protocol. Compared with the first 10 repetitions
(first half) of the first set, the CON protocol
resulted in reduced mean frequency values in the
second half of the first set (P< 0.001), the first
(P< 0.05) and second (P< 0.001) halves of the sec-
ond set, the first (P< 0.05) and second (P< 0.001)

FIGURE 2. Isokinetic torque in the concentric (CON) and

eccentric (ECC) exercises. *Significant difference with respect

to the 10 repetitions of the first set (P<0.05). †Significant differ-

ence between protocols (P<0.05).
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halves of the third set, and the first and second
halves of the fourth set (P< 0.01) (Fig. 3d).

Pre- and Post-Isometric Contractions. Isometric
Torque. Both the CON and ECC exercise proto-
cols resulted in decreased isometric peak torque
immediately and 5 min after exercise (P< 0.01).
The torque reduction was significantly greater after
the CON than the ECC protocol immediately post-
exercise (P< 0.01), but no difference was observed
after 5 min. The isometric torque immediately
after the exercise protocol was significantly lower
after the CON than the ECC protocol (P 5 0.011)
(Table 1).

Rate of Force Development. There were signifi-
cant effects of repetition (P< 0.05) and the
repetition-vs.-protocol interaction (P< 0.05) on the
slope of the rate recorded in the first 50 ms of
the isometric contractions. The rate of force devel-
opment (RFD) in the first 50 ms decreased signifi-
cantly (P< 0.05) during both protocols
immediately post-exercise, but returned to previous
values after 5 min. However, the RFD in the first
50 ms was significantly lower after 5 min of the
exercise protocol in the ECC compared with the
CON protocol (P< 0.05) (Table 1).

There were significant effects of repetition
(P< 0.05) and contraction (P< 0.05) on the slope
of the rate obtained in the first 100 ms of the iso-
metric contractions. As above, the RFD recorded in
the first 100 ms decreased significantly (P< 0.05) in
both protocols immediately post-exercise but
returned to the previous values after 5 min. How-
ever, the RFD in the first 50 ms was significantly
lower both immediately and 5 min after the exercise
protocol in the ECC compared with the CON proto-
col (P< 0.05) (Table 1).

Muscle CV, RMS, and Dimitrov Fatigue Index dur-
ing Isometric Contractions. There were no changes
in the CV, RMS, or Dimitrov fatigue index values
measured during the isometric contractions after
either the CON or ECC exercise protocols in any
of the repetitions evaluated (Table 1).

Mean Frequency Values during Isometric Contrac-
tions. There were significant effects of repetition
(P< 0.001) and the repetition-vs.-protocol interac-
tion (P< 0.001) on the mean frequency values
obtained during the isometric contractions. Both
the CON and ECC exercise protocols resulted in
decreased mean frequency values immediately
post-exercise (P< 0.01), but the reduction was

FIGURE 3. sEMG parameters in the concentric (CON) and eccentric (ECC) exercises. (a) Conduction velocity; (b) RMS values; (c)

Dimitrov fatigue index (FInsm5); and (d) mean frequency (MNF). *Significant difference with respect to the first 10 repetitions of the

first set (P<0.05); ‡Significant difference with respect to the last 10 repetitions of the first set (P<0.05); †Significant difference

between protocols (P<0.05).
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significantly greater after the CON than the ECC
protocol. After 5 min, the mean frequency values
returned to basal levels in both the CON and ECC
protocols (Table 1).

Echo Intensity. Under basal conditions, no signifi-
cant differences in echo intensity were observed
between the exercised leg (99.2 6 31.2) and the
control leg (93.7 6 27.5). In the exercised leg,
there was a significant increase (P< 0.01) in the
echo intensity values recorded 48 hours after the
ECC protocol (113.9 6 22.1), which were greater
than those obtained 48 hours after the CON proto-
col (104.1 6 26.0). No significant change in the
echo intensity values was observed 48 hours after
the CON protocol. However, after the CON
(P< 0.01) and ECC (P< 0.001) protocols, the exer-
cised leg displayed significantly greater echo inten-
sity values than the control leg (CON: 88.7 6 22.1;
ECC: 84.2 6 22.4).

Blood Lactate Concentrations. There were signifi-
cant effects of repetition (P< 0.001) and the
repetition-vs.-protocol interaction (P< 0.001) on the
blood lactate concentration. Significant increases in
blood lactate concentrations were detected 3 and
5 min after both the CON (1.4 6 0.6 vs. 6.8 6 2.2 vs.
6.4 6 2.7 for pre-exercise vs. Post3 vs. Post5, respec-
tively) and the ECC protocols (1.3 6 0.5 vs. 4.4 6 2.3
vs. 3.4 6 1.7 for pre-exercise vs. Post3 vs. Post5,
respectively) (P< 0.001). However, the increases
were significantly greater after the CON protocol
than after the ECC protocol (430 6 226% vs.
283 6 238%, respectively) (P< 0.001) (Fig. 4).

DISCUSSION

A unique finding of this study was that the
CON and ECC fatigue protocols resulted in similar
marked changes in muscle CV recorded during
dynamic contractions and the RFD obtained at 50
ms and 100 ms. In contrast, the changes in the

other parameters (torque, lactate concentration,
and sEMG parameters, including amplitude, Dimi-
trov fatigue index, and mean frequency associated
with isometric or dynamic actions) were greater
immediately after the CON fatigue protocol. As
expected, the ECC protocol resulted in greater
muscle damage 48 h after exercise, but this effect
did not result in greater impairment of the exam-
ined neuromuscular parameters immediately after
exercise. These results suggest that the sarcolemma
damage produced by eccentric exercise and the
metabolic impact produced by the concentric fati-
guing exercise may cause comparable impairment
of action potential transmission along muscle
fibers, as measured based on the muscle CV. In
addition, the lower RFD values recorded 5 min
after the ECC fatigue protocol compared with the
CON protocol may also be related to an impair-
ment of explosive force production due to muscle
damage. However, the other parameters studied
(mean frequency, Dimitrov fatigue index, sEMG
amplitude, and torque) may have been more influ-
enced by accumulation of hydrogen ions and

Table 1. Torque and sEMG parameters [conduction velocity (CV), root mean squared amplitude (RMS), mean frequency (MNF) and Dimi-
trov fatigue index (FInsm5)], pre-exercise, immediately post-exercise (Post0), and 5 minutes post-exercise (Post5) values obtained from

the isometric contractions.

Parameter

Concentric Eccentric

Pre-exercise Post0 Post5 Pre-exercise Post0 Post5

Torque (Nm) 198.8 6 12.8 131.3 6 10.3*† 160.1 6 11.4* 186.7 6 12.0 148.5 6 12.2* 165.0 6 11.5*

RFD50 (Nm/s) 485.9 6 100.9 201.8 6 41.2* 530.5 6 71.9† 526.9 6 129.9 145.5 6 17.9* 272.4 6 48.1
RFD100 (Nm/s) 445.7 6 84.2 272.2 6 46.8* 421.3 6 54.5† 447.6 6 87.4 157.7 6 14.8* 241.6 6 41.8
CV (m/s) 2.3 6 0.1 2.1 6 0.1 2.2 6 0.1 2.1 6 0.1 2.2 6 0.1 2.1 6 0.1
RMS (mV) 144.2 6 15.5 134.6 6 14.3 127.9 6 12.5 128.0 6 15.1 116.2 6 13.4 110.0 6 12.5
MNF (Hz) 65.4 6 1.9 60.8 6 1.6*† 65.4 6 1.8 67.3 6 2.6 66.5 6 2.1* 70.6 6 2.4
FInsm5 (Hz26) (10213) 6.4 6 1.1 9.3 6 1.9 7.2 6 1.5 5.4 6 1.1 5.4 6 0.9 3.8 6 0.9

*Significant difference (P< 0.05) with respect to the pre-exercise values.
†Significant difference between protocols (P< 0.05).

FIGURE 4. Lactate concentrations (mmol/L) (mean 6 SD)

before and after 3 and 5 minutes of concentric (filled circles)

and eccentric (open circles) protocols (4 3 20 repetitions). *Sig-

nificant difference from pre-exercise values (P<0.001).
†Significant difference from eccentric protocol (P<0.001).
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therefore showed greater changes after the CON
protocol.

Although both the CON and ECC protocols
led to increased echo intensity values in the exer-
cised leg compared with the control leg, significant
increases in echo intensity were only observed at
48 h after ECC exercise. Other studies have also
shown higher echo intensity values in the days
after eccentric exercise.24,26,27 In addition, tradi-
tional resistance exercise, consisting of both con-
centric and eccentric actions, also results in
increased echo intensity.25 A unique finding of our
study is that the observed echo intensity response
was greater after the ECC protocol than after the
CON protocol, which suggests that evaluation of
echo intensity was an appropriate technique for
detecting differences in muscle damage induced
by the ECC and CON protocols. Furthermore,
resulting in even greater muscle damage, the ECC
protocol induced smaller decreases in peak
dynamic torque and mean frequency, smaller
increases in the Dimitrov fatigue index, and
decreased CV, similar to the CON protocol imme-
diately after exercise.

The CV decreased acutely during both the
CON and ECC protocols and was lower during the
last 10 repetitions of the last set (fourth) than in
the last 10 repetitions of the first set. Our results
are in contrast to findings by Piitulainen et al.,32

who observed decreased CV during isometric con-
tractions only 2 hours after the applied eccentric
protocol, whereas no changes were observed imme-
diately after either their concentric or eccentric
protocols. The discrepancies between these results
may be explained by the different conditions that
were used to assess CV. In the study by Piitulainen
et al.,32 this parameter was measured only during
isometric contraction, whereas in our study it was
assessed during both the dynamic and isometric
contractions. In agreement with the results of Pii-
tulainen et al.,32 no changes were observed in CV
during the isometric contractions performed
immediately after the concentric or eccentric
actions. However, the decreases observed by Piitu-
lainen et al.32 at 2 hours after eccentric exercise
may be related to a delayed influence of the result-
ant muscle damage on neural function that may
arise after a longer recovery period. Based on our
results, it can be suggested that, independent of
the contraction type (i.e., concentric or eccentric),
there is a decrease in CV induced by fatigue dur-
ing dynamic actions, which may not be observed
during isometric actions, and this result could be
related to the specificity of the muscle contraction.
From this perspective, it is possible that the
changes in CV due to fatigue or muscle damage
induced in the dynamic protocols are observed

more readily during dynamic than during isomet-
ric contractions.

On the other hand, significant changes were
detected in the other sEMG parameters analyzed
(RMS, mean frequency, and Dimitrov fatigue
index) compared with the initial values (first 10
repetitions of the first set) associated with the con-
centric exercise, whereas no changes were detected
when the eccentric exercise was analyzed. The
results obtained from the CON fatigue protocol
(torque, sEMG amplitude, Dimitrov fatigue index,
mean frequency, and lactate levels) were similar to
those obtained in other studies performed by our
research group involving the concentric fatiguing
leg-press exercise.4,33 Under the CON protocol,
the amplitude of the sEMG signal increased due to
the additional recruitment of motor units and/or
changes in the shape of the intracellular action
potential as well as increases in negative afterpo-
tentials due to muscle fatigue.34 We detected
decreases in mean frequency during the last con-
tractions of each set. This result may be explained
as a result of the changes in shape of the motor
unit action potentials produced by changes in
CV.35 However, Bigland-Ritchie et al.36 and Broman
et al.37 suggested that there must be additional fac-
tors other than changes in CV that could affect the
power spectrum of the sEMG, as they did not
detect equal changes in CV and sEMG power spec-
trum. Our results are in agreement with this
assumption, because different behaviors of mean
frequency and CV were observed during the pro-
gression of concentric muscle fatigue. However, as
the action potentials detected on the skin surface
along muscle fibers are, in practice, not equal in
shape, estimation of the delay in propagation and
therefore CV is a difficult task.22 Thus, the differ-
ent behaviors of the mean frequency and the CV
recorded during fatiguing contractions may also be
related to inaccuracies in estimation of CV.

The final sEMG parameter studied, the Dimitrov
fatigue index, was found to increase during the con-
centric fatiguing exercise, which is in agreement with
other results obtained by our research group.4 This
parameter was observed to increase during muscle
fatigue, as it emphasizes increases in the low and
ultralow frequencies of the sEMG spectrum due to
increased negative afterpotentials, decreases in the
high frequencies due to increments in the duration
of intracellular action potentials, and decrements in
the action potential propagation velocity.28

However, fatigue-related evolution of the sEMG
parameters due to eccentric fatigue was different
from the evolution observed during concentric
fatigue. In contrast to the results obtained during
the concentric exercise, we did not detect significant
changes in the spectral parameters (mean frequency
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or Dimitrov fatigue index) during the eccentric fati-
guing exercise. This result is not novel, as other
investigators found that the power spectrum of the
sEMG signal does not change during eccentric con-
tractions.13 These opposing results (for concentric
vs. eccentric exercises) may be related to the greater
muscle metabolic impact induced by the CON
protocol, as suggested by the higher lactate values
obtained, which could have a stronger impact on
neuromuscular function and therefore induce
greater changes in sEMG parameters.20 A number
of other investigators have also found higher lactate
values after a CON protocol than after an ECC
protocol.19,38,39 It has been suggested that accumula-
tion of hydrogen ions as well as the inorganic phos-
phate concentration may interfere with calcium ion-
binding sites at the troponin level.40 These findings
may explain the reduced mechanical force output
and greater changes in EMG parameters detected
during the CON fatigue protocol compared with
the ECC protocol.

In summary, both the concentric and eccentric
fatigue protocols applied in this study resulted in
marked changes in neuromuscular parameters (iso-
metric and isokinetic torque, mean frequency, and
isokinetic Dimitrov fatigue index), but the magni-
tude of the changes was greater immediately after
the concentric protocol. On the other hand, the
muscle conduction velocity decreased to the same
extent during the concentric and eccentric proto-
cols. These neuromuscular changes occurred despite
the greater muscle damage induced by the eccentric
protocol, as observed in the echo intensity values
obtained 48 h after exercise. Our results suggest
that, immediately after exercise, the stronger meta-
bolic impact induced by the concentric protocol, as
assessed by lactate values, has a greater negative
influence on neuromuscular function than the local
muscle damage induced by the eccentric protocol.
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