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Introduction

Muscle fatigue is an acute neuromuscular state commonly 
experienced in daily lives as well as in sport activities. It is 
defined as an increase in the perceived effort necessary to 
exert a desired force followed by an eventual inability to pro-
duce this force (Enoka and Stuart 1992). It is well established 
that most of the fatigue-related processes occur peripherally, 
within the exercising muscles (Allen et al. 2008), due to an 
accumulation of metabolites in the interstitium that disrupt 
the functioning of the contractile proteins (Sinoway et  al. 
1993) and impair the neuromuscular propagation (Fuglevand 
et al. 1993). Fatigue-related changes can also arise from cen-
tral modifications resulting in a progressive decline in the 
voluntary activation of muscles (Gandevia 2001; Gandevia 
et al. 1996; Taylor et al. 1996). It is suggested that these two 
components of fatigue are closely linked by feedback mech-
anisms originating from exercising muscles (Bigland-Ritchie 
et al. 1986; Garland 1991; Amann et al. 2009). Indeed, the 
increased discharge rates of the small diameter afferents 
(groups III and IV) associated with the accumulation of mus-
cular by-products during fatiguing contractions exert inhibi-
tory influences on motor brain structures (Taylor et al. 2000; 
Taylor and Gandevia 2008). As a result, when fatigued, a 
modulation of the link between the efferent central command 
and the muscular peripheral result can be observed. In other 
words, the same motor command generated with and with-
out fatigue will result in different mechanical outputs (Taka-
hashi et al. 2006).

While muscular fatigue has been widely consid-
ered in the literature to be detrimental to human motor 
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performances, numerous authors, however, have  empha-
sized the neuromuscular system capacity to adapt success-
fully to this internal perturbation in a neurophysiological 
(e.g., Enoka and Stuart 1992) as well as  in a behavioral 
view (e.g., Forestier and Nougier 1998). Indeed,  biome-
chanical analyses have shown that subjects, when submitted 
to muscular fatigue, employed compensatory neuromuscu-
lar strategies in order to maintain their initial movement 
performances during goal-directed movements (Côté et al. 
2002; Forestier and Nougier 1998; Huffenus et  al. 2006; 
Schmid et al. 2006; Missenard et al. 2009). Moreover, and 
because these compensatory strategies depended on the 
spatial localization of muscular fatigue (Huffenus et  al. 
2006), it was suggested that fatigue should be considered 
as a contextual signal which is integrated in a feedforward 
manner by the Central Nervous System (CNS) in order to 
predict the fatigue-related mechanical effects. However, 
these assumptions have to be carefully considered since 
the experimental task used in Huffenus and collaborators’ 
study (2006) (throwing motion) did not allow assessing 
parameters likely to illustrate any aspects of the predictive 
control.

Studies actually dealing with feedforward aspects of 
motor control commonly used movement–posture coordi-
nation tasks requiring the generation of Anticipatory Pos-
tural Adjustments (APAs). APAs are predictive processes of 
control mostly revealed by an increase in postural muscle 
activity prior to the onset of a focal movement. These aim 
to compensate for the mechanical forces and the associated 
destabilizing effects generated by the voluntary movement 
generation (Massion 1992). APAs have been frequently 
studied using an arm-raising task and have been shown to 
be specific to the mechanical effects of the upcoming self-
generated movement. APA magnitudes and latencies are, 
for example, specific to arm movement direction (Aruin 
and Latash 1995a), to biomechanical (Aruin 2006; Li and 
Aruin 2007; Horak and Nashner 1986) and temporal con-
straints (Benvenuti et  al. 1997; De Wolf et  al. 1998; Sli-
jper et al. 2002), to task characteristics (Bonnetblanc et al. 
2004) and to peak arm acceleration (Mochizuki et al. 2004; 
Lee et  al. 1987; Bouisset et  al. 2000). The efficiency of 
APAs implies that, in condition of voluntary movement, 
the CNS is able to predict the kinematic consequences of 
the focal motor commands (Desmurget and Grafton 2000), 
thanks to an internal model of the body dynamics (Ahmed 
and Wolpert 2009; Miall and Wolpert 1996; Wolpert and 
Kawato 1998; Kawato 1999).

As underlined by Ahmed and Wolpert (2009), APA stud-
ies generally do not investigate APA adaptation time course 
since subjects are classically submitted to familiarization 
trials that are not included in the analyses. Moreover, APA 
efficiency in relation to movement characteristics during 
participants’ first exposure to the task is not assessed. Yet, 

during everyday life activities, subjects do not always have 
the opportunity to become accustomed to the execution of 
a particular movement. An efficient motor control needs 
to be applied regardless of the intended movement and the 
corresponding environmental constraints, for example, in 
the case of muscular fatigue.

Some studies have focused on the link between mus-
cle fatigue and APAs by inducing muscular fatigue at the 
level of postural muscles (Morris and Allison 2006; Vuill-
erme et al. 2002; Strang and Berg 2007; Strang et al. 2009; 
Kennedy et  al. 2012). Results revealed that fatigue was 
associated with earlier APA onsets. It was suggested that 
this APA modulation represents an adaptive strategy offer-
ing more time to the fatigued muscles in order to reach 
the critical force level necessary to ensure postural stabil-
ity (Strang et  al. 2009; Kennedy et al. 2012). These stud-
ies, however, give limited information about the prediction 
capacity of the CNS as regards the mechanical effects of 
muscular fatigue for several reasons. First, in these studies, 
the fatigue level of the postural muscles could be integrated 
and evaluated dynamically before the first movement was 
executed (e.g., when subjects walked until the experimen-
tal recording area and stood upright once the fatigue proto-
col was achieved). Second, post-fatigue APA features were 
generally computed on the basis of mean performances 
and not on individual trial performances (including the first 
trial). Finally, because muscular fatigue was induced at 
the level of postural muscles, the mechanical effects of the 
focal movement were similar over the pre- and post-fatigue 
conditions. For this reason, the disturbance magnitude was 
already known and learned by the subjects when they per-
formed the first trial post-fatigue. It has been shown that 
movement kinematics and its associated mechanical effects 
decrease after muscular fatigue (Corcos et al. 2002; Enoka 
and Stuart 1992; Jaric et  al. 1997). Therefore, to clearly 
address the issue of whether the CNS can predict unexpe-
rienced fatigue-related mechanical changes in a feedfor-
ward fashion, muscular fatigue should not be induced at 
the level of postural muscles but at the level of the focal 
musculature. To our knowledge, only one study focused 
on the effects of focal muscle fatigue (anterior deltoids, 
AD) on APA features during an arm-raising task (Kanekar 
et al. 2008). Results revealed that focal muscle fatigue was 
only associated with minor APA changes. Because those 
changes were similar to what is observed when fatigue is 
induced at the level of postural muscles (i.e., earlier APA 
onsets), the authors concluded that the CNS uses a com-
mon feedforward strategy irrespective of the fatigue locali-
zation. However, although the participants of that study 
were asked in both conditions (control and fatigue) to raise 
their arm as fast as possible, movement kinematics post-
fatigue was not significantly affected. Therefore, it is dif-
ficult to consider that the prime mover was fatigued since it 
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is well known and well referenced in the literature ( Corcos 
et  al. 2002, Jaric et  al. 1997) that muscle fatigue leads to 
decreases in movement  kinematic parameters. Therefore, 
contrarily to Kanekar and collaborators’ study, we assumed 
that significant and specific APA modulations should be 
observed when focal muscular fatigue actually occurs, i.e., 
when movement kinematic parameters decrease.

The aim of the present study was to investigate, through 
APA analysis, how the CNS predictively deals with an 
unexperienced focal muscle fatigue state. For this pur-
pose, APA characteristics were recorded during arm-
raising movements performed at maximal velocity before 
and after a focal muscle fatigue procedure. We hypoth-
esized that focal muscle fatigue would lead to slower arm 
movements and that the system would adapt by exhibiting 
smaller APAs during the first trial post-fatigue, suggesting 
that internal models of the body dynamics embody fatigue-
related information in prediction processes.

Methods

Participants

This study included 18 voluntary healthy young adults 
(14 men and 4 women, age 21.3  ±  0.5  years; height 
1.74  ±  0.02  m; weight 70.14  ±  2.3  kg) from the physi-
cal education department of the Savoie University (UFR-
CISM—STAPS). All participants were naive about the goal 
of the study. The study was approved by the local research 
ethic committee, and the subjects’ informed consent was 
obtained in conformity with the Declaration of Helsinki 
(1964) for the experimentation on humans.

Instrumentation

Electromyographic data were collected by a Datalog unit 
(model MWX8, Biometrics Ltd, UK). Muscle activity was 
monitored (1,000 H z) using surface preamplified elec-
trodes (type SX230-1000, Biometrics Ltd, UK). After the 
skin was shaved and cleaned with alcohol solution, surface 
electrodes were placed longitudinally over the bellies of the 
following muscles according to the SENIAM recommenda-
tions (Hermens et al. 1999) on the right side of the body: 
rectus femoris (RF), biceps femoris (BF) and erectus spi-
nae (ES). These muscles have been evaluated because they 
have been shown, in pilot tests, to exhibit APAs during the 
arm-raising task. One electrode was also placed over the 
prime focal muscle of the arm-raising task, i.e., the AD. A 
common ground electrode was placed over the right wrist. 
The measured EMG was band-pass filtered (15–450 H z) 
close to the recording site. The amplifier had an input 
impedance of 1015 and a common mode of rejection rate of 

110 dB. The electrodes were only removed at the comple-
tion of each experimental session.

Ground reaction forces were measured with a force 
platform (Equi+, PF01 model, Aix-les-Bains, France). 
A wired precision potentiometer was fixed on the rotary 
hold mechanism of a cable. This cable was fixed to a hand-
held spreader to collect the kinematic variables of the 
focal movement (1,000 H z). These data have been sam-
pled (1,000 H z) and synchronized (PCIM-DAS16 card, 
measurement computing, A/D conversion 16 bits) with 
the DColl software (GRAME, Laval University, Québec, 
Canada). Maximal Voluntary isometric Force (MVF) was 
recorded for the AD using a force transducer (FUTEK, 
Model LSB300, USA) to assess the level of maximal force 
loss following the fatiguing procedures.

Experimental procedure

Participants were instructed about the protocol and famil-
iarized with the experimental task by achieving six arm-
raising movements at maximal velocity. At the beginning 
of this familiarization session, subjects were asked to place 
their feet on the force platform in a position of their choice. 
This position was then marked for the subjects to replace 
in at the beginning of each set. Note that participants were 
barefoot during the entire experiments. They were asked 
to stand straight on the force platform in a neutral (neither 
backward nor forward) and comfortable stance. Subjects 
had to raise their arm as fast as possible while holding a 
spreader in a self-paced manner within the 5  s following 
the presentation of an auditory signal. Additional weights 
specifically adapted to the weight of each participant were 
fixed to the spreader in order to increase the magnitude of 
APAs (Aruin and Latash 1995a; Bouisset et  al. 2000). It 
was 0.5  kg for subjects whose weight was 55  kg or less, 
1 kg for subjects weighting 56–70 kg and 1.5 kg for sub-
jects weighting 70  kg or more. Subjects were instructed 
to stop their arm-raising movement at the level of a target 
placed at eye level. They had to maintain this position until 
instructed to relax, about 3  s after the completion of the 
movement.

After the instructions and the familiarization session, 
participants were equipped with the surface EMG elec-
trodes and then performed three Maximal Voluntary iso-
metric Contractions (MVC) for each instrumented muscle 
according to the SENIAM recommendations (Hermens 
et al. 1999). This aimed (1) to express the EMG signals in a 
relative expression whatever subjects specificity (age, sex, 
muscle typology, etc.) and (2) to  compute the pre-fatigue 
frequency parameters of the AD EMG signal (Median Fre-
quency, MF).

As illustrated in Fig. 1, the experimental protocol con-
tained two experimental sessions, a control and a fatigue 



2934	 Exp Brain Res (2014) 232:2931–2943

1 3

session, both formed by two blocks of three sets each. Each 
set was made up of 6 trials (see explanations in Fig.  1). 
Subjects were randomly assigned in two groups. One group 
(n = 9) initially performed the control session to complete 
the fatigue session 2 weeks later and inversely for the other 
group (n = 9). The control session had two main goals. It 
was carried out (1) to evaluate whether, across trials, APAs 
decreased due to training or habituation effects and (2) to 
check that any APA adaptation during the first trial post-
fatigue was only due to muscle fatigue and not to 20 min 
(the time necessary to achieve the fatigue protocol) without 
performing the arm movement.

Fatigue protocol

Participants placed themselves on their back on a mas-
sage table. They held a spreader fixed to the force trans-
ducer by an inextensible cable. The length of the cable was 
set in order to fix the trunk–arm angle at 45°. After a light 
warm-up involving antepulsion/retropulsion motions, sub-
jects were asked to complete three MVF tests in the supine 
position to set the workload level for the fatigue procedure. 
Muscular fatigue was induced by achieving intermittent 
isometric contractions (20  s of workload–10  s of rest) at 
70 % of MVF. Fatigue protocol was completed once par-
ticipants reached an optimal fatigue level defined as the 
point when they could no longer maintain a force level of 
70 % of MVF during ten consecutive seconds. Afterward, 
subjects performed a final MVF in order to calculate the 
loss of force and to record the frequency parameters of 
the right AD (MF) post-fatigue. They then immediately 

performed the 6 trials of the post-fatigue set. This proce-
dure was then repeated between each set to keep a constant 
level of fatigue as the sets proceeded (Fig. 1). At the end 
of each fatiguing procedure, participants were asked not 
to move their arms. This was done in order to prevent the 
level of muscle fatigue from being integrated in a dynamic 
manner. For this purpose, they were systematically assisted 
by an experimenter to transfer from the supine to the stand-
ing position.

Data reduction and parameters analyzed

The different recorded signals, computation windows and 
marked points of focal movement parameters, feedforward 
postural activity and postural variables are summarized in 
Fig.  2. Position signal from the precision potentiometer 
was low-pass filtered with a second-order Butterworth fil-
ter and a cutoff frequency of 10 H z. Velocity and accel-
eration of the arm movement were calculated using finite 
difference technique. Velocity (Vpeak) and acceleration 
peaks (Accpeak) were automatically determined (Analyse, 
GRAME, Québec). The first visible rise of the accelera-
tion signal (T0) was marked and used as a reference point to 
synchronize all the different signals.

Postural and focal muscle EMGs were full-wave-recti-
fied, smoothed with a weighted average moving window 
algorithm (25 samples) and expressed in relative expres-
sion of the MVC values. The feedforward activity of the 
postural muscles was computed by integrating the EMG 
signals in an interval ranging from 100  ms before T0 to 
50 ms after T0 (APAiEMG). The start point of this interval 
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Fig. 1   Organization of the experimental procedure. a In the control 
session, participants performed two blocks of three sets in a normal 
muscular state. After the first block, participants were engaged in a 
seated rest period of 20 min (corresponding to the time necessary to 
perform the fatiguing procedure). b In the fatigue session, subjects 

performed the first block in a normal muscular state. Participants 
were then submitted to the fatiguing procedure and achieved the 
second block in a fatigued muscular state. Note that fatigue recalls 
were performed after the sets 1 and 2 of the block 2 to ensure that the 
fatigue level kept stable over the entire block
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has been selected because postural muscle activity occur-
ring more than 100 ms before T0 is supposed to be unre-
lated to the focal movement (Strang and Berg 2007). The 
end point (i.e., 50  ms after T0) was chosen based on the 
fact that no feedback mechanisms can be observed prior 
to this time (Aruin and Latash 1995a, b). The activation 
onset of the postural muscles relative to T0 (TAPA) was 
automatically determined as the point when muscle activ-
ity exceeded twice the baseline level of the ongoing muscle 
activity (Analyse, GRAME, Québec). The focal command 
magnitude (FocaliEMG) was calculated as the integral value 
of the AD signal in an interval ranging from the activation 
onset of the EMG signal (determined with the same auto-
matic procedure than for TAPA) to the point corresponding 
to Vpeak. This integral window was chosen in order to quan-
tify the neural drives responsible for movement accelera-
tion (Corcos et al. 2002). Finally, we computed an index of 
neuromuscular efficiency (NME) expressed as follows:

NME = Accpeak/FocaliEMG

Lower NME values indicate a lesser neuromuscular 
capacity to generate movement acceleration.

Postural effect of the feedforward control was deter-
mined by computing the mean anterior–posterior veloc-
ity of the center of pressure in an interval ranging from 
−50  ms before T0 to 50  ms after T0 (CPv). This tempo-
ral interval was selected to take into account the electro-
mechanical delay of postural muscle activity. Based on 
Ahmed and Wolpert’s study (2009), the CP velocity peak 
(CPv−peak) was recorded in order to quantify the reactive 
control during the trials. According to these authors, higher 
CPv−peak values indicate increased reactive postural correc-
tions and inefficient feedforward control. Finally, in order 
to quantify the feedforward postural control efficiency, we 
computed an index (FCE) expressed as follows:

This enables determination of relationship between the 
reactive postural control—which indirectly reflects the 
efficiency of APAs—to the magnitude of the mechanical 

FCE = CPv−peak/Accpeak

Fig. 2   Summary of the differ-
ent recorded signals, computa-
tion windows and marked points 
of focal movement parameters 
(top), feedforward postural 
activity (middle) and postural 
variables (bottom). The scaling 
of the signals illustrated with 
dotted lines is presented on the 
right
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disturbance. Indexes referring to the ability to manage the 
self-generated perturbation by relating focal to postural 
parameters have already been employed in the literature 
(see Bouisset and Do 2008).

Statistical analyses

Before the statistical tests, all the data were checked for 
normality by mean of the Shapiro–Wilk test. Kinematic, 
postural and electromyographic parameters were submit-
ted to two Sessions (control session vs. fatigue session) × 2 
Blocks (Block 1 vs. Block 2) ANOVAs with repeated 
measures. Post hoc analyses (planned comparisons) were 
performed whenever necessary. Paired t tests were used to 
compare pre- and post-fatigue values of MF and MVF in 
order to control the muscular fatigue level. To investigate 
a potential adaptation to the fatigue-related mechanical 
changes during the first trial post-fatigue (Post-F1), paired 
t tests were also used to compare Post-F1 parameters to 
mean parameters of Block 1 and Block 2 in the fatigue ses-
sion. Similar analyses were conducted over the control ses-
sion for the first trial of Block 2 (Post-C1) to ensure that 
any changes during Post-F1 were only due to fatigue and 
not to 20 min without practicing the movement. Presented 
values are mean ± SEM. For all analyses, statistical level 
of significance was fixed at p < .05.

Results

Muscle fatigue indicators

MVF values were 213 ± 11 N before the fatiguing proce-
dures and 151 ±  10, 150 ±  10 and 147 ±  11  N follow-
ing the first procedure, the first recall and the second recall, 
respectively. All post-fatigue values differed significantly 
from pre-fatigue values (p < .001 for all analyses). MF val-
ues were 72 ± 3 Hz prior to the fatiguing procedures and 
51 ± 2, 53 ± 2 and 53 ± 2 Hz following the first proce-
dure, the first recall and the second recall, respectively. All 
post-fatigue values were significantly lower compared to 
pre-fatigue values (p < .001 for all analyses).

Focal movement parameters

Results of the two-way ANOVAs (Sessions x Blocks) for the 
related-focal movement parameters are presented in Table 1. 
Analyses of Accpeak revealed a significant Sessions × Blocks 
interaction effect (p  <  .001). Planned comparisons showed 
that Accpeak was not different over the two blocks of the 
control session (p = .22), whereas it decreased significantly 
(p < .001) by 27 % during the Block 2 of the fatigue session. 
Analyses of FocaliEMG demonstrated a significant interaction 

between Sessions and Blocks (p  <  .001). Post hoc tests 
yielded a significant decrease in post-fatigue as compared to 
Block 1 (−11.8 %, p < .001), while values were unchanged 
over the two blocks of the control session (p =  .13). NME 
scores exhibited significant Sessions x Blocks interaction 
effects (p < .01) with similar values during the two blocks of 
the control session (p =  .89) and significantly lower values 
post-fatigue during the fatigue session (p < .001).

In order to investigate the fatigue-related changes of 
the focal movement parameters during the first trial post-
fatigue, the first trials of the second blocks (Post-C1 and 
Post-F1) were compared to Block 1 and Block 2 means. 
Results of the t tests are presented in Fig. 3. For the con-
trol session, Post-C1 Accpeak was not different from Block 
1 mean (t = .93, p = .36) while it was significantly lower 
than Block 2 mean (t  =  3.25, p  <  .01). Post-C1 Focali-
EMG was not statistically different from both Block 1 and 
Block 2 means (p > .05 for both analyses). Finally, Post-C1 
NME scores was not different from Block 1 mean (t = 1.5, 
p  =  .15), while it was significantly lower than Block 2 
mean (t = 2.81, p < .05).

During the fatigue session, Post-F1 Accpeak was sig-
nificantly affected by the fatiguing procedure (−27  %, 
t = 11.17, p <  .001) but remained unchanged as compared 
to Block 2 mean (t =  0.02, p =  .98). T tests revealed that 
Post-F1 FocaliEMG was not substantially affected by the 
fatiguing procedure as compared to Block 1 mean (−6.7 %, 
t = 1.83, p = .09) while it was significantly greater in com-
parison with Block 2 mean (t = 2.46, p < .05). Post-F1 NME 
scores were significantly lower as compared to both Block 1 
(t = 5.16, p < .001) and Block 2 means (t = 2.47, p < .05).

Postural muscles feedforward activity

Complete results of the ANOVAs and post hoc tests are 
summarized in Table  1. APAiEMG analyses revealed sig-
nificant interactions between Sessions and Blocks for all 
the assessed muscles. In all cases, APAiEMG remained 
unchanged over the two blocks of the control session, while 
values were significantly lower during the post-fatigue 
block of the fatigue session (−41.6 % for the RF, −11.2 % 
for the BF and −19.5 % for the ES). Similarly, TAPA pre-
sented significant Sessions × Blocks interaction effects for 
all the evaluated muscles. Values did not differ significantly 
between the two blocks of the control session regardless of 
muscles. On the other hand, burst onsets were significantly 
delayed for all muscles during the fatigue session.

In order to quantify a potential adaptation to the mechan-
ical effects of focal muscle fatigue immediately after the 
fatiguing procedure, paired t tests were used to compare 
feedforward activity of postural muscles during Post-C1 
and Post-F1 to Block 1 and Block 2 means within each ses-
sion. Results are illustrated in Fig.  4a, b. For the control 
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session, statistical analyses revealed that Post-C1 APAiEMG 
were not different from Block 1 means for all the assessed 
muscles. Post-C1 APAiEMG were not different from Block 2 
means for the BF and ES muscles while it was statistically 
lower for the RF (t =  2.6, p  <  .05). Post-C1 TAPA values 
of the BF and RF were not statistically different from both 
Block 1 and Block 2 means. TAPA of the ES was signifi-
cantly earlier during Post-C1 as compared to Block 1 mean 
(t = 3.87, p <  .01) but was not statistically different from 
Block 2 mean (t = 1.9, p = .07).

For the fatigue session, APAiEMG of the RF and ES dur-
ing Post-F1 were significantly lower compared to Block 
1 means (−50  %, t  =  3.14, p  <  .01 for the RF, −17  %, 
t = 2.9, p < .05 for the ES). In contrast, Post-F1 APAiEMG 
of the BF was not statistically different from Block 1 mean 
(−3.6 %). On the other hand, all Post-F1 APAiEMG were not 
statistically different from Block 2 means. Post-F1 TAPA 

values of the BF were not statistically different from both 
Block 1 and Block 2 means. TAPA of the RF and ES were 
significantly later during Post-F1 as compared to Block 1 
means (t = 3.53, p < .01 for the RF, t = 2.34, p < .05 for 
the ES). Block 2 versus Post-F1 analyses for the RF and ES 
muscles did not reveal any significant differences.

Postural parameters and feedforward control efficiency

Results of the two-way ANOVAs (Sessions × Blocks) for 
the postural and feedforward control efficiency related-
parameters are presented in Table 1. Statistical analyses did 
not reveal any effect for CPv and FCE. However, analyses 
of CPv−peak revealed a significant interaction between Ses-
sions and Blocks (p < .001). Planned comparisons showed 
that values remained unchanged over the 2 blocks of the 
control session (p =  .54) while they decreased drastically 

Table 1   Results of the two-way ANOVAs (Sessions × Blocks) and the post hoc tests for all the parameters assessed

Values are mean ± SEM

* p < .05; ** p < .01; *** p < .001

Variables Session Block 1 Block 2 F values Post hoc (planned 
comparisons)

Sessions Blocks Interaction

Focal movement parameters

Accpeak (m s−2) Control 57.4 ± 0.7 59.1 ± 0.8 9.99** 86.59*** 58.41*** ns

Fatigue 58.6 ± 0.7 43.1 ± 0.6 ***

FocaliEMG (% MVC) Control 69.2 ± 1 70.8 ± 1 2.43 12.02** 27.7*** ns

Fatigue 82.4 ± 1.2 72.7 ± 1.1 ***

NME (Accpeak/FocaliEMG) Control 0.88 ± 0.06 0.88 ± 0.07 9.59** 10.5** 9.67** ns

Fatigue 0.75 ± 0.05 0.62 ± 0.04 ***

APA parameters

RF (% MVC) Control 5.9 ± 0.4 7.2 ± 0.4 0.02 1.7 9.48** ns

Fatigue 8.9 ± 0.5 5.2 ± 0.4 **

BF (% MVC) Control 15.6 ± 0.5 16.3 ± 0.5 6.89* 1.06 10.76** ns

Fatigue 12.5 ± 0.3 11.1 ± 0.3 **

ES (% MVC) Control 53.2 ± 1.4 53.9 ± 1.3 1.25 19.2*** 17.6*** ns

Fatigue 54.9 ± 1.2 44.2 ± 1.1 ***

TAPA RF (ms) Control −37 ± 6 −39 ± 7 5.4* 10.46** 15.51** ns

Fatigue −45 ± 8 −4 ± 8 ***

TAPA BF (ms) Control −84 ± 4 −87 ± 2 8.69** 3.71 7.86* ns

Fatigue −80 ± 1 −69 ± 2 **

TAPA ES (ms) Control −74 ± 1 −75 ± 1 11.99** 8.88** 6.46* ns

Fatigue −67 ± 1 −56 ± 1 **

Postural and control efficiency parameters

CPv (mm s−1) Control −1.1 ± 0.6 −1.3 ± 0.7 0.01 1.08 1.08

Fatigue −1.9 ± 0.5 −0.3 ± 0.6

CPv-peak(mm.s−1) Control 630.3 ± 16.4 653.9 ± 16.1 3.73 6.62* 15.6** ns

Fatigue 703.4 ± 16.8 509.5 ± 15 ***

FCE Control 11 ± 0.3 11.2 ± 0.3 0.05 0.02 0.19

Fatigue 12.1 ± 0.3 11.9 ± 0.1
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during the second block of the fatigue session as compared 
to the first block (p < .001).

In order to identify a potential adaptation of the postural 
and feedforward control efficiency related-parameters  to the 
mechanical effects of focal muscle fatigue immediately follow-
ing the fatiguing procedure, paired t tests were used to com-
pare Post-C1 and Post-F1 values to Block 1 and Block 2 means 
within each session. The results of the paired t tests related to 
Post-C1 and Post-F1 trials are illustrated in Fig. 5. For the con-
trol session, t test did not reveal any differences whatever the 
postural parameter (CP, CPv and FCE). For the fatigue session, 
Post-F1-related analyses did not exhibit any differences for CPv 
and FCE. In contrast, Post-F1 values of CPv-peak were signifi-
cantly lower as compared to Block 1 mean (t = 3.02, p < .01) 
but were not different from Block 2 mean (t = .22, p = .83).

Discussion

The aim of the present study was to investigate, through 
APA analysis, how the CNS predictively deals with an 

unexperienced focal muscle fatigue state. From a global 
viewpoint, we hypothesized that focal muscle fatigue 
would lead to slower arm movements and that the system 
would adapt by exhibiting smaller APAs, like it is observed 
for movements with decreased acceleration peaks (Mochi-
zuki et al. 2004; Lee et al. 1987; Bouisset et al. 2000). Until 
now, only one study focused on the effects of focal muscle 
fatigue on APA features (Kanekar et al. 2008). In this study, 
focal muscle fatigue was associated with minor changes in 
APA characteristics. However, although participants of that 
study had to perform arm movements at maximal velocity 
pre- and post-fatigue, the fatigue procedure used did not 
result in significant changes in focal movement kinemat-
ics. Therefore, it can be suggested that focal muscle fatigue 
did not actually occur and that these results are accounted 
for by a lack of modifications in the self-generated postural 
disturbance magnitude. Consequently, in the present study, 
the level of focal muscle fatigue represented a key element 
that had to be adequately controlled to generate significant 
changes in movement kinematics. The muscular fatigue 
protocol led to drastic reductions in both fatigue parameters 

Fig. 3   Means and standard 
errors of the focal movement 
parameters (from the top to the 
bottom: Accpeak, FocaliEMG and 
NME) for Block 1 (left), Block 
2 (middle) as well as Post-C1 
and Post-F1 trials (right) during 
the control and the fatigue ses-
sion. T tests results: *p < .05, 
**p < .01, ***p < .001 A
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MVF and MF (~30 % for both parameters). These modifi-
cations were associated with significant decreases in move-
ment kinematics (Accpeak decreased by ~27 %). Although 
we cannot rule out that small arm movements during or fol-
lowing the first fatiguing procedure enabled participants to 
partially integrate the level of muscle fatigue, precautions 
were taken in order to prevent such a phenomenon. Indeed, 
subjects performed the fatigue protocol in a supine posi-
tion by the mean of isometric contractions. Therefore, the 
fatiguing procedure neither allowed the postural system to 
evaluate the level of focal fatigue, nor to actually experi-
ence it in a dynamic manner before the first movement 
post-fatigue.  Furthermore, an experimenter systematically 
helped participants to transfer from the supine to the stand-
ing posture in order to prevent dynamic arm movements 
before the first post-fatigue movement. Altogether, these 
conditions appeared to be optimal to investigate a potential 
adaptation to the fatigue-related mechanical changes during 
the first trial post-fatigue.

From a general viewpoint, results revealed that the 
anticipated postural muscle activity scaled to the lower 

fatigue-related mechanical disturbance. Indeed, the smaller 
APA magnitudes and the later APA onset latencies clearly 
demonstrate the implementation of adaptive strategies aim-
ing to grade with the lower kinematics of the arm-raising 
movement (Mochizuki et al. 2004; Lee et al. 1987; Boui-
sset et  al. 2000). These changes were fully accounted for 
by focal muscle fatigue as checked out with the control 
session-related results. The most salient result of this study 
is that this scaling pattern was obvious during the very first 
trial post-fatigue (Post-F1). Indeed, despite a potential trial-
by-trial adaptation, the feedforward postural muscle com-
mands employed during Post-F1  remained similar over 
the entire post-fatigue  block. Moreover, the postural and 
control efficiency parameters revealed that these predictive 
neuromuscular strategies were immediately suited to the 
new movement context. Finally, these results were entirely 
attributable to focal muscle fatigue as confirmed by the 
Post-C1-related analyses.

It was suggested that posture and movement involve two 
distinct controllers, i.e., one acting on the postural and the 
other on the focal chain (for reviews, see Massion 1992; 
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of the RF, BF and ES muscles for Block 1 (left), Block 2 (middle) as 
well as Post-C1 and Post-F1 trials (right) during the control and the 
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and Post-F1 trials. T tests results: *p < .05, **p < .01, ***p < .001
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Massion et  al. 2004; Ahmed and Wolpert 2009; Kurtzer 
et  al. 2005; Benvenuti et  al. 1997; Cordo and Nashner 
1982). Within this scheme of control, the scaling of APAs 
to the kinematic properties of the focal movement implies 
that the CNS is able to predict the mechanical conse-
quences of the upcoming focal motor commands (Desmur-
get and Grafton 2000). However, it has been shown that 
muscular fatigue alters the normal relationship that usually 
exists between motor command magnitude and mechanical 
output. For instance, at identical levels of force generated 
with and without fatigue, the magnitude of the motor com-
mands, as signaled by active muscle EMG size, is greater 
post-fatigue (de Morree et al. 2012; Carson et al. 2002; Liu 
et  al. 2003). This represents the recruitment of additional 
motor units to compensate for the loss of muscular force. 
In the present study, because the movement performed 
was in both cases (pre- and post-fatigue) maximal, the link 
between the mechanical output and the magnitude of the 
focal motor commands (NME) was expressed by relating 
Accpeak to FocaliEMG. Results showed that the efficiency 
of the neural drives directed toward the focal muscles 

decreased post-fatigue, i.e., that a given magnitude of com-
mand resulted in lower acceleration peaks. Moreover, the 
size of the focal motor commands was not significantly 
affected by muscular fatigue during the first trial post-
fatigue despite drastic decreases in Accpeak.

The internal model theory (Kawato 1999) proposes that 
the CNS, given the state of the body (e.g., joint position 
and velocity) and in response to a corollary of the motor 
commands (i.e., an efference copy), can predict the con-
sequences of a movement thanks to an internal model of 
the motor apparatus (Wolpert and Ghahramani 2000). 
Although some spinal reflexes might notably participate 
in motor neuron firing rates, it has been assumed that 
the neural drives recorded peripherally reflect the cen-
trally generated motor commands (Gandevia 2001). As 
a result, FocaliEMG values represent the motor command 
magnitude as well as the efference copy integrated and 
processed in the internal model. If the CNS predicted the 
postural disturbance caused by the arm-raising movement 
on the sole basis of the efference copy, one could have 
expected higher APA magnitudes. Indeed, during the first 

Fig. 5   Means and standard 
errors of the postural and 
control efficiency parameters 
(from the top to the bottom: 
CPv, CPv-peak and FCE) for 
Block 1 (left), Block 2 (middle) 
as well as Post-C1 and Post-F1 
trials (right) during the control 
and the fatigue session. T tests 
results: *p < .05, **p < .01, 
***p < .001
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trial post-fatigue, focal command magnitude was lower by 
6.7  % while anticipated postural commands were lower 
by 17 % in the ES and 50 % in the RF muscles. The dis-
crepancy in activation magnitude across postural and 
focal commands suggests that some neural mechanisms 
operated a reweighting of the motor information con-
tained in the efference copy.

While the efference copy is used to estimate the future 
state of the body, it can also be transformed into sensory 
information. Indeed, the processing of the efference copy 
in somatosensory areas of the brain (Christensen et  al. 
2007) has been shown to provide a sense of effort, i.e., 
the conscious awareness of the central motor commands 
sent to the muscles (McCloskey et  al. 1974). This cen-
tral motor command further gives rise to information on 
limb position (Gandevia et  al. 2006), on limb movement 
(Walsh et  al. 2010) and, in normal circumstances, on the 
force developed by a muscle or muscular group (Lafargue 
et  al. 2003). However, the force perceived through this 
central sense of effort has been shown to be altered as a 
result of fatiguing contractions (Carson et al. 2002). Using 
a force-matching paradigm, Carson and collaborators 
asked subjects to equalize the force level of their reference 
non-fatigued arm with their contralateral eccentrically-
exercised arm. Their results revealed that the level of force 
produced by the reference arm was always underestimated 
by the fatigued arm despite higher amounts of motor com-
mands (as signaled by higher amplitude of EMG activity 
and larger cortically evoked potentials). However, when 
the force level of each arm was expressed as a proportion 
of its current maximal force capacity, results demonstrated 
that the levels of force matched very closely. This study 
demonstrates that the relationship between the perceived 
and the actual motor command is altered in a way that ena-
bles the system to maintain identical proportional motor 
output with regard to the current force-generating capacity 
of muscles. The data obtained in the present study support 
such results but bring new insights about those processes. 
In Carson and collaborators’ study, the force level was reg-
ulated through online mechanisms of control. In the pre-
sent study, this regulation appeared in a predictive fashion 
and allowed the anticipated postural commands to “match” 
to the unexperienced acceleration-generating capacity of 
the focal muscles.

Although it is strongly suggested that posture and 
movement are organized independently, some authors pro-
posed that posture and movement could be controlled by 
a unique controller acting on both the focal and the pos-
tural chains (see Massion 1992). The main prediction of 
this theory is the existence of a close relationship between 
temporal and quantitative features of focal and postural 
commands (Aruin and Latash 1995b,). The differential 

changes in activation magnitude across the focal and pos-
tural muscles as well as the changes in APA onset latency 
observed post-fatigue clearly do not support such an 
hypothesis. The results of the present study are obviously 
more in favor of the independent mode of control hypothe-
sis and support the implementation of predictive centrally-
mediated strategies. Which mechanisms could be respon-
sible for such an adaptation? It could be posited that the 
changes in central afferent sensory inputs that accompany 
muscle fatigue, i.e., the increased discharge rate of group 
III and IV afferents, played a crucial role. Amann (2011) 
qualified these muscle afferents as «relating “news” to the 
CNS regarding the status of the muscle». Similar to pro-
prioceptive inputs that are combined with motor outflows 
to provide an accurate estimate of the body state (Wolpert 
et  al. 1995), muscular fatigue-related information might 
also play a role in the internal model prediction processes. 
In some circumstances, like transient exposures to micro-
gravity (Chabeauti et al. 2012; Papaxanthis et al. 2005) or 
to unexpected force fields (Shadmehr and Mussa-Ivaldi 
1994; Takahashi et  al. 2006), movements are required to 
recalibrate internal models and to remap the relationships 
between feedforward muscle activation and environment-
related constraints in a feedback-error-learning fashion. In 
other cases, some contextual signal, such as the size and 
the orientation of an object to grasp (Ingram et al. 2010), 
the size of a target to reach (Bonnetblanc et al. 2004), the 
Coriolis force generated by voluntary torso rotations dur-
ing pointing movements (Lackner and Dizio 1994; Cohn 
et al. 2000) and movement direction related to earth grav-
ity (Papaxanthis et  al. 2005), allows the selection of a 
context-suited controller in a predictive fashion (Wolpert 
and Kawato 1998). It has also been shown that the brain 
could exert a dynamic control to facilitate the relevant 
contextual sensory inputs during movement planification 
(Saradjian et  al. 2013). In this study, it appears that the 
changes in afferent inputs due to muscle fatigue enabled 
the internal models to be calibrated without any dynamic 
sensory experience of the muscular fatigue level. There-
fore, it can be suggested that fatigue-related information 
was integrated in internal models during the preparation 
of the movement and acted as a relevant contextual signal 
that enabled to update the relationships between the motor 
command magnitude and the actual acceleration-gener-
ating capacity of muscles. In other words, group III and 
IV afferents may have recalibrated internal models dur-
ing movement preparation in order to reweight the size of 
the efference copy in relation to the impaired status of the 
focal muscles. This led to accurate predictions with regard 
to the actual kinematic consequences of focal motor com-
mands and in fine to the selection of a context-suited pos-
tural controller.
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Conclusion and limitations

The main limitation of this study is the absence of a con-
trol condition in which subjects would have performed the 
focal movement in a normal muscular state at similar lev-
els of acceleration peaks than post-fatigue. Such analyses 
would have enabled to accurately distinguish the effects 
due to movement slowness from the effects due to muscle 
fatigue on APA characteristics. Moreover, our analyses do 
not allow ruling out whether the fatigue level was in part 
dynamically integrated prior to the first trial post-fatigue 
and whether internal models were updated during the 
fatiguing procedure despite the achievement of isometric 
contractions. Nevertheless, although context-suited APAs 
require previous knowledge of the upcoming perturba-
tion (Bouisset and Zattara 1981), the results of this study 
demonstrate that a particular movement practised without 
fatigue can be predictively controlled as efficiently while 
fatigued despite no previous actual experience of the mus-
cular fatigue state during dynamic movements. Indeed, 
despite alterations in the relation between focal motor com-
mand magnitude and arm movement kinematics, predictive 
processes supported by the central integration of the group 
III and IV afferents enabled subjects to immediately scale 
APA magnitude and timing to the new mechanical charac-
teristics of the focal movement.
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