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Ankle muscle activity is important in regulating postural control as well as more complex movement
tasks. Fatigue of these muscles clearly influences postural stability; however, the mechanisms responsi-
ble for this change have not been well characterized. In this study the fatigue produced in the plantar (PF)
and dorsiflexors (DF) during intermittent, isometric contractions was examined and the recovery process
was monitored for ten minutes post-fatigue. Fifteen healthy participants alternated between isometric PF
and DF contractions until the torque was reduced to >50% of the pre-fatigue maximal voluntary contrac-
tion level in both directions. Peripheral fatigue was identified by measuring the change in the twitch tor-
que and M-wave amplitude pre and post-fatigue. Central fatigue was determined by comparing the level
of voluntary activation in the PF and DF between pre and post-fatigue. The fatigue protocol decreased the
torque production in PF and DF to similar levels; however, the characteristics and recovery of the fatigue
were different for the two muscle groups. This study demonstrates that although the torque produced by
two antagonist muscles can be reduced to the same level, the mechanisms responsible for this change
may not be similar and therefore may not impact motor tasks in the same way.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Neuromuscular fatigue is defined as the decline in maximal tor-
que or power output that a muscle can produce following sus-
tained activity (Enoka and Duchateau, 2008). However, the
process of fatigue is gradual and includes important physiological
changes that occur before and during the mechanical failure. In
fact, fatigue-related processes can take effect with the onset of
any muscle contraction whether or not the functional goal is im-
pacted (Hoffman et al., 2009). While the deleterious effects of neu-
romuscular fatigue have been demonstrated in simple torque
production (Merton, 1954; Kawakami et al., 2000) and joint stabil-
ity (Rozzi et al., 1999; McLean et al., 2007), fatigue also impacts
complex motor tasks such as running (Christina et al., 2001), jump-
ing (Chappell et al., 2005) and cutting (McLean et al., 2007). Inter-
estingly, the central nervous system (CNS) is often able to
compensate for the effect of neuromuscular fatigue on motor tasks.
For example, in a fatigued condition the center of pressure (COP)
displacement is modified to ensure postural stability (Gribble
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and Hertel, 2004; Wilson et al., 2006; Davidson et al., 2009; Bisson
et al., 2010). In order to understand the CNS’s compensatory strat-
egies it is important to first identify and quantify the fatigue being
produced by specific activities.

Neuromuscular fatigue occurs at multiple locations from the
motor cortex (Taylor et al., 2006) and spinal cord (Butler et al.,
2003) to individual muscle fibers (Cresswell and Loscher, 2000;
Enoka and Duchateau, 2008). The location of fatigue, divided into
central and peripheral levels, dictates the influence it will have
on motor tasks. Peripheral fatigue reduces the muscles’ ability to
produce torque by impairing the system at and distal to the neuro-
muscular junction (Enoka and Stuart, 1992). Specific mechanisms
of peripheral fatigue include the reduction of the action potential
propagation across the neuromuscular junction (NMJ) and along
the muscle fiber (Sieck and Prakash, 1995), as well as changes in
the excitation–contraction coupling mechanisms within the mus-
cle fibers (Bigland-Ritchie and Woods, 1984; Nordlund et al.,
2004). Central fatigue, on the other hand, occurs proximal to the
NMJ and progressively impairs the CNS’s capacity to fully activate
a muscle (Gandevia et al., 1996). This impairment may be due to
physiologic and/or cognitive factors. The central governor model
suggests that central fatigue prevents peripheral injury (Noakes
et al., 2005); however, metabolically induced impairment in the
central processor may also be involved in changes in central drive
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(Davis et al., 2003) and may impact the efficiency with which mo-
tor tasks are performed (Meeusen et al., 2006).

Central and peripheral factors impact the neuromuscular sys-
tem differently. While some studies have quantified both the cen-
tral and peripheral fatigue induced by a sustained exercise
performed with the ankle plantar (PF) (Kawakami et al., 2000) or
dorsiflexors (DF) (Kent-Braun, 1999), the contribution of central
and peripheral fatigue has not been examined when the PF and
DF are fatigued simultaneously. The recovery in both central and
peripheral fatigue characteristics that occurs between the end of
the fatigue protocol and the start of a subsequent motor task have
not been quantified for the ankle muscles. Since components of fa-
tigue, especially those associated with central fatigue, begin to re-
cover rapidly after a fatiguing exercise, it is important to quantify
these changes before examining the impact of neuromuscular fati-
gue on subsequent motor tasks.

The aim of this study was to characterize the fatigue and recov-
ery of muscles involved in postural control (i.e., ankle plantar and
dorsiflexor muscles) induced by an alternating flexor/extensor iso-
metric exercise and a 10 min post-fatigue recovery period. We
hypothesized that the reduction in torque generating capacity
would be caused by both central and peripheral fatigue and that
the balance between these two types of fatigue would be different
between PF and DF muscles.
2. Methods

2.1. Participants

Fourteen healthy subjects (5 women and 9 men; ranged from
19 to 40 years; height 177.1 ± 7.9 cm; weight 68.4 ± 10.6 kg) with-
out any neurological disorders or motor problems volunteered for
this study. Participants were informed about the nature of the
experimentation before giving written consent to the experimental
procedure. This study was approved by a local ethics committee
and conducted according to the Helsinki declaration (last modified
2004).

2.2. Experimental setup

Participants were seated with their legs fully extended and their
trunk reclined 30� from vertical. Participants were strapped to the
seat across the chest, waist, thighs and legs to prevent movement.
They were asked to place their arms across their chest during the
contractions. Each foot was strapped into a separate custom de-
signed metal force pedal at 10� plantar flexion to ensure efficient
muscle contraction of the PF and the DF (Fukunaga et al., 1996;
Simoneau et al., 2007). Each pedal was instrumented with a force
transducer (91 kg capacity; Intertechnology Inc., Don Mills, Ontar-
io, Canada). Torque signals were amplified (Calex, Concord, CA,
USA) and then digitized (low-pass filter of 200 Hz) at a sampling
rate of 4 kHz (Bagnoli 16, Delsys Inc., Boston, USA). Throughout
the experiment, the PF and DF torque signals were displayed on
a monitor placed in front of the subjects. The torque and EMG sig-
nals were sampled synchronously.

2.3. EMG recording

Bipolar surface electromyographic (EMG) signals were recorded
with dry-surface electrodes (DE-2.1, Delsys� Inc., Boston, MA, USA;
1 cm inter-electrode distance) placed on the medial (MG) and lat-
eral gastrocnemius (LG), the soleus (SOL), the tibialis anterior (TA),
the rectus femoris (RF) and the long head of biceps femoris (BF)
muscles of the dominant leg. The EMG from the BF and the RF mus-
cles were assessed to quantify any change in the contribution of
the thigh muscles during the fatigue process. The electrodes were
placed longitudinally with respect to the underlying muscle fiber
arrangement, distal to the motor point in accordance with SENIAM
recommendations (Hermens et al., 2000). A reference electrode
was placed on the medial malleolus. Prior to electrode placement,
the skin surface was cleaned with alcohol and shaved in order to
minimize impedance. EMG signals were amplified (�1000) and
digitized (bandwidth of 6–400 Hz) at a sampling rate of 4 kHz
(Bagnoli 16, Delsys Inc., Boston, USA).

2.4. Electrical stimulation

Twitch contractions of the PF and the DF muscles were elicited
by alternating electrical stimulation of the tibial nerve, located in
the popliteal fossa, and the deep fibular peroneal nerve, located
1–2 cm below the lateral condyle of the femur. One cathode was
placed slightly distal to the patella and was used for both anodes.
A conductive probe was used to find the specific nerve locations
that provided the largest mechanical muscular response. When
this location was found, 2 � 2 cm surface electrodes (Compex,
Annecy-le-vieux, France) were fixed over the tibial (Scaglioni and
Martin, 2009) and common peroneal nerves (Burridge and McLe-
llan, 2000). A constant current stimulator (Digitimer DS7A, Digiti-
mer Ltd., Letchworth Garden City, UK) delivered single electrical
pulses (pulse duration = 200 ls) through these electrodes. To find
the appropriate intensity the stimulation began low and was incre-
mentally increased (incremental step = 5 mA, from 400 V) until
there was no further increase in torque production by the stimu-
lated muscle group (mean maximum current for PF = 102 ± 31 mA,
DF = 37 ± 12 mA).

2.5. Procedures

The ankle fatigue protocol consisted of four parts: warm-up,
pre-fatigue, fatigue and recovery (Fig. 1). In the warm-up session
the participant became familiar with the alternating PF and DF
contractions on the force pedals. The participants completed five
sets of six repetitions of continuous alternating isometric contrac-
tions at 10%, 25%, 50%, 75% and 100% of their perceived maximal
effort. The participant was afforded a 1 min rest between each
set and a 5 min recovery before the pre-fatigue testing period.

2.5.1. Pre-fatigue
Two isometric maximal voluntary contractions (MVCpre-bi) in PF

and DF were executed with both legs and the largest MVC in each
direction was used to determine the level of contraction for the fa-
tigue protocol. The non-dominant leg was then removed from the
pedal set-up and two additional MVCs were performed in PF and
DF using only the dominant leg (MVCpre-dom). A single pulse of elec-
trical stimulation was delivered during and another immediately
after each MVCpre-dom.

2.5.2. Fatigue
The fatigue protocol was performed with both feet. Due to the

physiological differences in the PF and DF muscles (Belanger
et al., 1983), pilot work was done to determine the intensity and
duration of contractions that provided simultaneous fatigue of
both muscle groups to <50% of the pre-fatigue MVC level when
the contractions were performed with both legs (MVCpre-bi). In
accordance with the fatigue protocol developed, participants alter-
nated between a maximal isometric contraction in PF for six sec-
onds and sub-maximal isometric DF contraction (70% MVCpre-bi)
for two seconds. The fatigue protocol was stopped when both mus-
cles were reduced to <50% MVCpre-bi for three consecutive contrac-
tions. A mark was placed on the monitor at 70% DF MVCpre-bi to
provide a visual target for the participants to attain. A mark was



Fig. 1. Schematic representation of the experimental protocol. The protocol was divided into four sections. (1) Two pre-fatigue MVCs performed bilaterally (MVCpre-bi) in PF
and DF (represented by the black rectangles). (2) Two pre-fatigue PF and DF MVCs performed on the dominant foot (MVCpre-dom) with a supra-maximal percutaneous
stimulation superimposed on each contraction (represented by an arrow) and delivered immediately after the contraction when the muscle was at rest (triangle following the
arrow). (3) The bilateral fatigue protocol (represented by the grey rectangles) alternated 6 s in plantar-flexion and 2 s in dorsi-flexion and continued until the participant’s
torque production was reduced to <50% of the MVCpre-bi for at least three consecutive contractions in both plantar and dorsiflexion. (4) The recovery period consisted of
dominant foot MVCs (with supra-maximal stimulations delivered during and immediately after each contraction) performed every 30 s for the first 2 min and at 5, 7 and
10 min post-fatigue.
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also placed on the screen to indicated 50% MVCpre-bi in PF and DF so
that the investigator would know when to stop the fatigue proto-
col. The participants were not aware of the 50% MVCpre-bi mark
or the stopping criteria, and were encouraged to try and maintain
maximal PF contractions and 70% DF MVCpre-bi contractions
throughout the fatigue protocol.

2.5.3. Recovery
Immediately after the fatigue protocol, the non-dominant foot

was removed from the pedal and the participant performed a PF
MVC followed by a DF MVC. Single stimulations were delivered
during and immediately after (t = 0) the contractions similar to
the pre-fatigue test. These measures were repeated for both mus-
cle groups at 0.5, 1, 1.5, 2, 5, 7 and 10 min post-fatigue.

2.6. Data analysis

The PF and DF MVC peak torque, twitch torque (TT), voluntary
activation (VA) and the GM, GL, SOL and TA muscles M-wave
peak-to-peak amplitudes were measured before the fatigue proto-
col and throughout the recovery period (at 0, 0.5, 1, 1.5, 2, 5, 7 and
10 min) (Spike2 v5.06, Cambridge Electronic Design, UK). The VA
level was estimated by Eq. (1) (Allen et al., 1995):

VA ¼ ½1� ðextra torque=control twitch torqueÞ� ð1Þ
2.7. Statistical analysis

Since PF and DF MVC torques were normally distributed, values
are reported as mean ± SD and one-way repeated measures analy-
ses of variance (ANOVAs) were used to assess the effect of fatigue.
Paired t-tests were used as post-hoc comparisons to determine
how long the effect of fatigue remained. Due to the large number
of comparisons made, the family wise alpha level for the Bonferroni
correction was set at 0.01. A paired t-test was performed between
each time point for both PF and DF MVC torque to test whether
the recovery had a similar timeline in the two muscle groups. A
paired t-test was also performed between the TT to MVC ratio pres-
ent in PF and DF pre and immediately post-fatigue (time 0).

Non-parametric Friedman tests were used to assess the effect of
fatigue on the VA, TT and M-wave, since they were not normally
distributed. Wilcoxon rank sum tests were used in follow up anal-
ysis of significant main effect to determine how long the effects
were present. The level of significance was set at 0.05 and where
appropriate corrected for multiple comparisons.

A Pearson correlation was performed between the MVC torque
and the TT and VA in PF and in DF to determine whether there was
a relationship between the reduction of the MVC and TT or VA.
3. Results

The average duration of the fatigue protocol for all participants
was 487 ± 263 s (ranged from 253 s to 860 s).
3.1. Pre- and post-fatigue maximal voluntary contraction

At the end of the fatigue protocol the PF and DF MVC torque
produced with both legs was significantly decreased to
44.8 ± 9.6% and 36.7 ± 14.2% of the MVCpre-bi respectively (Fig. 2).
No significant difference was found between the DF and PF volun-
tary torque measured at the end of the fatiguing exercise
(t = 100%). The MVC torque produced with the dominant leg re-
turned to 68.0 ± 5.9% of the MVCpre-dom in PF and 68.2 ± 5.3% of
the MVCpre-dom in DF by the beginning of the recovery period
(i.e., 0 min). Post-hoc analysis indicated that PF MVC torque re-
turned to the pre-fatigue level at 7 min of recovery, while the DF
MVC torque recovered by 0.5 min.
3.2. Twitch torque (TT)

The PF TT did not change significantly with fatigue (91.7 ± 25%
of pre-fatigue at 0 min recovery); however the DF TT decreased sig-
nificantly post-fatigue (50.5 ± 20.0% of pre-fatigue at 0 min recov-
ery) and remained significantly lower than the pre-fatigue value
throughout the 10 min recovery period (p = 0.0001) (Fig. 3). The
PF TT to MVC ratio was not affected by the fatigue protocol
(p = 0.118). The DF TT to MVC ratio decreased from 14% pre-fatigue
to 4% post-fatigue (p = 0.003).
3.3. Voluntary activation (VA) and M-wave

Pre-fatigue VA values were 98.6 ± 2.5% in PF and 90.6 ± 5.6% in
DF (Fig. 4). At the beginning of the recovery period (i.e., 0 min),
the PF VA was significantly decreased (p = 0.001) to 71.0 ± 6.2%
and remained significantly lower throughout the first minute of
recovery and at 2 min post-fatigue. There was no significant effect
of fatigue on the DF VA (Fig. 4). There was also no effect of fatigue
on the MG, LG, SOL or TA muscles M-wave amplitudes.
3.4. Correlation between MVC and fatigue parameters

There was a significant correlation between the PF MVC and the
PF VA pre and post-fatigue (r = 0.827, p = 0.003) but not the PF MVC
and the PF TT. There was also no significant correlation between
the DF MVC and the DF VA or the DF TT.



Fig. 3. Twitch torque (mean ± SD; expressed as a percent of pre-fatigue values) in response to neuromuscular stimulation delivered while the plantarflexor (PF) and
dorsiflexor (DF) muscles were at rest before (Pre-) and after the fatigue protocol (10 min recovery period). (⁄indicates a significant difference from pre-fatigue values p < 0.05).

Fig. 2. Maximal voluntary contraction (mean ± SD; expressed as a percent of pre-fatigue values) performed for plantarflexor (PF) and dorsiflexor (DF) muscles before (Pre-),
during (0, 25, 75 and 100%) and after the fatigue protocol (10 min recovery period). (⁄indicates significant difference from pre-fatigue values p < 0.01).
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4. Discussion

The aim of this study was to gain insight into the type and level
of neuromuscular fatigue created by a bi-directional ankle fatigue
protocol with the intention that the protocol may be used to reli-
ably examine the effect of ankle fatigue on postural control and
other motor tasks. Our findings indicate that while PF and DF tor-
que production capacity may be reduced to approximately the
same level, the mechanisms responsible for this decrease may be
quite different between these two muscle groups. Our results sug-
gest that central fatigue played an important role in the decreased
PF torque production capacity, while peripheral fatigue appeared
more important in DF. Voluntary torque production capacity re-
turned to pre-fatigue levels by 7 min in PF and 1 min in DF (Fig. 2).

4.1. Methodological considerations

The torque production capacity was reduced to <50% MVCpre-bi

in PF and DF by using an alternating ankle dorsi and plantar-flexion
protocol. Isometric contractions were used in this fatigue protocol



Fig. 4. Voluntary activation (mean ± SD; expressed as a percent of pre-fatigue values) for plantarflexor (PF) and dorsiflexor (DF) muscles before (Pre-) and after the fatigue
protocol (10 min recovery period). (⁄indicates a significant difference from pre-fatigue values p < 0.05).
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to simplify issues regarding the velocity, angular position and the
role of gravity in the contractions. Since the functional anatomy
(Belanger and McComas, 1981) and histological composition (John-
son et al., 1973) of the plantar and dorsiflexors are dissimilar, dif-
ferent levels of contraction duration and intensity were needed to
fatigue the muscle groups to the same level at approximately the
same time. Pilot testing determined that a 6 s maximal PF contrac-
tion alternated with a 2 s, 70% MVCpre-bi DF contraction success-
fully reduced the torque production capacity to 50% MVCpre-bi for
both muscle groups within a similar time frame. It is important
to note that the DFs fatigued so quickly that participants had diffi-
culty reaching 70% of their initial MVCpre-bi very early in the fatigue
protocol.

A single, supramaximal electrical stimulation pulse was deliv-
ered percutaneously over the nerve to characterize the central
(VA) and peripheral changes (TT and M-wave) that occurred during
and after the fatigue protocol. While the number of stimulations
best suited for twitch interpolation has been disputed, single pulse
stimulation is the least painful and has been shown to give a reli-
able measure of the participant’s level of maximal voluntary acti-
vation (Behm et al., 1996; Scaglioni and Martin, 2009; Taylor,
2009). Similarly, the location of stimulation is debatable. Although
Scaglioni and Martin (2009) found a similar level of voluntary acti-
vation with stimulations delivered over the nerve and the motor
point of the muscle, they recommended neural stimulation since
this technique allows reliable recruitment of the same motor pool
between measures. Finally, the location of PF neural stimulation is
well established in the literature (Belanger and McComas, 1981;
Nordlund et al., 2004); however, the location of TA neural stimula-
tion is less clear. The common peroneal nerve is not used to stim-
ulate the DF since it elicits activity in the peroneus muscles which
are involved in PF movements (Kent-Braun, 1999). In this study,
researchers stimulated the most distal and ventral location of the
fibular peroneal nerve in an attempt to stimulate the fibular pero-
neal nerve after the superficial nerve had branched off to the per-
oneus brevis and longus (Gosling et al., 1990). Careful attention
was paid to ensure that the stimulating electrodes remained fixed
to the same location on the skin throughout fatigue and recovery
periods.

4.2. Central and peripheral fatigue

Overall, the results are in agreement with previous work that
examined the impact of fatigue on PF and DF performance despite
the fact that their protocol fatigued the muscle groups indepen-
dently (Belanger et al., 1983). Similar to Belanger et al. (1983),
the present study found that central factors were highly involved
in the decreased PF torque production while peripheral factors
played a more important role in DF. In this study, central fatigue
was quantified by comparing the level of voluntary muscle activa-
tion that an individual was able to perform before and after exer-
cise. In the present study the PF VA was reduced from
98.6 ± 2.5% pre-fatigue to 71 ± 6.2% post-fatigue. The impact of fa-
tigue on the PF VA was similar to the impact of fatigue on the PF
MVC torque. In fact, there was a strong statistical correlation be-
tween the changes that occurred throughout the fatigue protocol
and recovery period in the PF MVC and the PF VA (r = 0.827,
p = 0.003), further supporting the hypothesis that central fatigue
was involved in the PF changes.

Central fatigue seemed to be less involved in the decreased DF
torque since the DF VA measurement remained unchanged post-
fatigue. However, it is possible that the high level of peripheral fa-
tigue created in the dorsiflexors negatively impacted the VA calcu-
lation. The average ratio of the DF TT to the DF MVC significantly
decreased from 14% pre-fatigue to only 4% post-fatigue
(p = 0.003). This was not the case in PF where the ratio increased
slightly from 17% pre-fatigue to 22% post-fatigue (p > 0.05). Since
the VA calculation is partly based on the control TT, a substantial
decrease in this measure would cause an artificially high level of
VA. In other words, the large amount of peripheral fatigue may
have partially concealed the decrease in the participants’ ability
to maximally contract their dorsiflexors.

Nonetheless, it is clear that peripheral fatigue impacted the DF
more than the PF torque. As briefly mentioned above, twitch ten-
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sion was used to identify the presence of peripheral fatigue in both
muscle groups post-fatigue. TT identifies impairment of the excita-
tion–contraction coupling and muscle contractile mechanisms
(Merton, 1954). Similar to Belanger et al. (1983) the fatigue proto-
col impacted the DF TT (50.5 ± 20.0%) but not the PF TT. The resis-
tance of the PFs to peripheral fatigue may be due to the histological
composition of the predominantly slow twitch soleus muscle
(Johnson et al., 1973; Gollnick et al., 1974) and/or the PFs ability
to share the torque production between the GM, GL and the SOL.
DF torque, on the other hand, is primarily produced by the TA
which is normally responsible for rapid ankle contractions (Mosher
et al., 1972).

Peripheral fatigue can also occur at the neuromuscular junction
and/or in the transmission of the action potential to the muscle fi-
bers (Milner-Brown and Miller, 1986). This type of peripheral fati-
gue is measured by the compound muscle action potential
produced in response to neuromuscular stimulation (M-wave). In
this study the amplitude of the M-wave was unchanged in both
PF and DF. This finding can be explained by the fact that fatigue-in-
duced changes in M-wave amplitude are highly task specific and
occur most often during long, sub-maximal fatigue protocols
(Loscher et al., 1996) or in fatigue caused by electrical stimulation
(Galea, 2001). Studies that use short, maximal fatigue protocols
(Kawakami et al., 2000) similar to the present study typically do
not find post-fatigue changes in the amplitude of the M-wave. In
these studies it has been hypothesized that peripheral fatigue that
cannot be explained by changes in the M-wave may be caused dis-
tal to the neuromuscular junction in the excitation–contraction
coupling mechanism (Kent-Braun, 1999); however, other factors
such as metabolic accumulation and/or depletion of ATP are also
likely involved in this fatigue process (Kirkendall, 1990).
4.3. Recovery

Peripheral and central fatigue may not recover at the same rate;
therefore, in order to study the impact of neuromuscular fatigue on
subsequent motor tasks, it is important to examine the recovery
process for each muscle group. In the present study, the PF MVC
torque did not return to the pre-fatigue levels until after 5 min of
recovery. In contrast, as shown by others, the DF MVC torque
recovered more rapidly (Milner-Brown et al., 1986) despite the
persistent reduction in DF TT. The cause of the peripheral impair-
ment could be an alteration in the metabolically induced cross-
bridge formation (Miller et al., 1987). However, the lack of recovery
within the 10 min post-fatigue period suggests that it is more
likely associated with changes in excitation–contraction coupling
mechanisms which have been shown to take up to 60 min to re-
cover (Edwards et al., 1977).
5. Conclusion

Characterizing the neuromuscular changes that occur through-
out a fatigue and recovery period allows researchers to understand
the type of fatigue produced by exercise and to study the impact
that this fatigue will have on motor tasks performed after the
fatiguing exercise. In this study it was determined that although
a bi-directional alternating ankle fatigue protocol was successful
in simultaneously reducing the PF and DF voluntary torque pro-
duction to 50% MVCpre-bi, the central and peripheral contribution
to this decrease were different for each muscle group. Further-
more, the DF torque production recovered by 1 min while the PF
recovered 7 min post-fatigue. These differences could be explained
by muscle typology or muscle coordination. Indeed, since the PF is
composed of three synergist muscles the possibility of inter-mus-
cular compensation is higher than it is in the DFs, which are mainly
composed of the tibialis anterior. Further research is needed to elu-
cidate this point.
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