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Conclusion  While the lack of change in non-fatigued limb 
force production is in agreement with some of the previous 
literature in this area, the lack of effect on postural meas-
ures directly contradicts earlier work. It is hypothesized 
that discrepancies in the duration and the intensity of the 
fatigue protocol may have accounted for this discrepancy.
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Abbreviations
AP	� Antero-posterior
CNS	� Central nervous system
CoP	� Center of pressure
EMG	� Electromyography
ES	� Effect size
GM	� Gastrocnemius medialis
Gmax	� Gluteus maximus
Gmed	� Gluteus medius
GRF	� Ground reaction force
Hz	� Hertz
ML	� Medio-lateral
MVIC	� Maximal voluntary isometric contraction
PL	� Peroneus longus
RMS	� Root mean square
SD	� Standard deviation
TA	� Tibialis anterior
VL	� Vastus lateralis
VM	� Vastus medialis

Introduction

Balance can be affected by Parkinson disease (Schoneburg 
et al. 2013), multiple sclerosis (Dibble et al. 2013), injuries 

Abstract 
Purpose  Fatigue in one limb can decrease force produc-
tion in the homologous muscle as well as other muscles 
of the non-fatigued limb affecting balance. The objective 
of the study was to examine the effect of unilateral knee 
extensor fatigue on the non-fatigued limb’s standing bal-
ance, muscle force and activation.
Method  Sixteen healthy male subjects performed pre-
fatigue balance trials, warm-up exercises, maximum vol-
untary isometric contractions, a knee extensors fatigue pro-
tocol, and post-fatigue balance trials. The fatigue protocol 
consisted of sets of 15 consecutive isometric contractions 
of 16 s each with 4 s recovery between repetitions, which 
were performed at 30 % peak force for the dominant knee 
extensor muscles. Additional sets of contractions continued 
until a 50  % decrease in MVIC knee extensor force was 
observed. Pre- and post-fatigue balance assessment con-
sisted of transition from double to single leg standing and 
also single leg standing trials, which were performed bilat-
erally and in randomized order.
Result  The peak force and F100 were significantly 
decreased by 44.8 % (ES = 2.54) and 39.9 % (ES = 0.59), 
respectively, for the fatigued limb post-fatigue. There were 
no significant changes in the non-fatigued limb’s muscle 
force, activation, muscle onset timing or postural stability 
parameters.

Communicated by Fausto Baldissera.

 *	 David G. Behm 
	 dbehm@mun.ca

1	 School of Human Kinetics and Recreation,  
Memorial University of Newfoundland, St. John’s,  
NL A1C 5S7, Canada

http://crossmark.crossref.org/dialog/?doi=10.1007/s00421-015-3198-5&domain=pdf


2178	 Eur J Appl Physiol (2015) 115:2177–2187

1 3

(Hertel 2000), aging (Vellas et  al. 1997) and during mus-
cle fatigue (Kanekar et al. 2008; Bellew and Fenter 2006). 
Muscular fatigue, which has been defined as “any exercise-
induced reduction in the ability to exert muscle force or 
power, regardless of whether or not the task is sustained” 
(Bigland-Ritchie and Woods (1984), page 691) is one of 
the many factors that can impair balance (Yaggie and Arm-
strong 2004). Muscle fatigue is also believed to affect joint 
position sense by increasing the threshold of muscle fir-
ing rate and by disrupting the afferent feedback, thereby 
impairing proprioceptive and kinesthetic feedback (Mac-
efield et al. 1990; Gribble and Hertel 2004).

Muscle fatigue can be further characterized as peripheral 
or central. Peripheral fatigue occurs due to changes occur-
ring distal to the peripheral nerve. On the other hand, cen-
tral fatigue has been defined as an exercise-induced attenu-
ation in the ability of the central nervous system (CNS) to 
drive muscle maximally or as a decline in voluntary muscle 
activation (Taylor et  al. 2006). The effects of fatigue can 
either be localized or global (Rattey et  al. 2006). Some 
research has shown that local fatigue occurring in one limb 
can result in decreased force production in the homologous 
muscle (Martin and Rattey 2007; Halperin et  al. 2014a; 
Kawamoto et al. 2014) as well as in heteronymous muscles 
(Takahashi et al. 2011; Kennedy et al. 2013; Halperin et al. 
2014b) of a non-fatigued limb. This crossover or non-local 
fatigue effect has been identified for upper (Humphry et al. 
2004; Halperin et  al. 2014a, b) and lower limbs (Rattey 
et al. 2006; Martin and Rattey 2007; McLean and Samor-
ezov 2009; Paillard et  al. 2010; Halperin et  al. 2014a, b). 
Despite this evidence of crossover fatigue, controversy 
about its existence remains with many studies being unable 
to confirm its occurrence (Zijdewind et al. 1998; Grabiner 
and Owings 1999; Todd et al. 2003; Regueme et al. 2007; 
Strang et al. 2009; Place et al. 2004; Ross et al. 2007, 2010; 
Elmer et al. 2013; Halperin et al. 2014a, b). Hence there is 
a conflict in the literature that needs further exploration.

Aside from the crossover effect of fatigue on muscle 
force, fatigue has also shown to negatively influence bal-
ance. There is only one study that has examined such 
effects of unilateral fatigue (Paillard et  al. 2010). Paillard 
et al. (2010) demonstrated crossover fatigue effects on bal-
ance reporting increased sway area of center of pressure 
(CoP), although no decrease in the non-fatigued quadri-
ceps femoris maximum voluntary isometric contractions 
(MVIC) was noted.

Although Paillard et  al. (2010) provided initial insight 
into the effects of unilateral fatigue on contralateral limb 
balance, it remains unknown whether the balance changes 
in the non-fatigued limb were due to alterations in quadri-
ceps femoris function or whether the effects of the fatigue 
were more global, affecting the activation patterns and 
force production of many other lower limb muscles. Also, 

it is not clear how fatigue in a non-postural muscle such 
as the quadriceps femoris (Masani et  al. 2013) could 
have such a profound effect on non-fatigue limb balance. 
Based on these questions, the main objective of the current 
study was to examine the effect of unilateral knee exten-
sor fatigue on non-fatigued limb’s standing balance, mus-
cle force and activation. From the results obtained by Pail-
lard et al. (2010), it was hypothesized that knee extensors 
fatigue would result in reduced balance while standing on 
the non-fatigued limb and would also affect muscle force 
and activation patterns in lower limb muscles.

Methodology

Participants

Sixteen healthy male subjects with a mean age of 
24.9  ±  5  years, height 183  ±  7.7  cm and weight 
86.4 ± 10 kg were recruited for the study. Only individu-
als who engaged in lower body resistance exercise for at 
least 2 days/week for a minimum of 20 min were recruited. 
Additionally, participants who had no history of balance 
disorders over the past 2 years, or neurological or muscu-
loskeletal impairment, injury or medical conditions that 
might affect their postural stability were eligible to par-
ticipate. This information was determined from the Physi-
cal Activity and Medical Questionnaire. The study was 
approved by the Interdisciplinary Committee on Ethics in 
Human Research (#20131842-HK).

Experimental design

Procedure

Participants came to the laboratory for a single testing ses-
sion. They were asked to complete the consent form and 
two questionnaires (Physical Activity Readiness Question-
naire and Physical Activity and Medical Questionnaire) to 
determine if they were able to take part in this study. Then 
the dominant leg of the participants was determined by ask-
ing them which leg they would use to kick a ball. In this 
study, 15 out of 16 participants were right leg dominant.

Electromyography (EMG)

Participants were then fitted with bipolar surface electro-
myography (EMG) electrodes on their non-dominant leg. 
These electrodes were used to record muscle activity from 
eight lower limb muscles: tibialis anterior (TA), peroneus 
longus (PL), gastrocnemius medialis (GM), biceps femoris, 
vastus lateralis (VL), vastus medialis (VM), gluteus maxi-
mus (Gmax) and gluteus medius (Gmed). Before electrode 
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placement, skin surfaces were shaved, abraded using sand 
paper and cleaned with alcohol to decrease the resistance 
offered by dead surface skin and tissue oils. Disposable 
Ag/AgCl disc electrode (3 cm in diameter) pairs (Kendall 
Medi-trace 100 series, Chikopee, MA) were placed on the 
muscle with an inter-electrode distance of 2 cm. Electrodes 
were placed according to the recommendation of Criswell 
(2011). As Criswell did not describe electrode placement 
for PL, these electrodes were placed over the muscle belly 
at the sight of the strongest signal intensity (4  cm lateral 
to the shin of the tibia and approximately one-third to one-
fourth proximally the distance between the knee and the 
ankle). Tape was applied over the electrodes to minimize 
any movement of the electrodes during the contractions. 
The ground electrode was secured at the distal one-third 
of the iliac crest on the dominant side. A Biopac Systems 
MEC 100 amplifier (Santa Barbara, CA), with an input 
impedance of 2 m MΩ and common mode rejection ratio 
of >110  dB minimum (50/60  Hz) was used to collect all 
EMG. The signals were sampled at a rate of 2000  Hz 
and then digitized using a 12-bit analog-digital converter 
(BIOPAC MP 150).

The experimental protocol consisted of pre-fatigue bal-
ance trials, warm-up exercises, MVIC, fatigue protocol, 
and post-fatigue MVIC and balance trials (see protocol out-
line in Fig. 1). Prior to beginning this protocol, participants 
performed familiarization trials to become acquainted with 

the two-legged and single leg standing trials that would be 
used in the study. The stance width during natural two-leg-
ged standing was determined and was marked with surgi-
cal tape for reference. This stance was used as the starting 
point for all subsequent balance trials performed.

Balance tests

Pre- and post-fatigue balance assessment consisted of tran-
sition from double to single leg standing and also single leg 
standing trials. All balance trials were performed pre- and 
post-fatigue on both right and left sides using a randomized 
selection order (both legs to single left leg × 2, both legs to 
single right leg × 2, single left leg standing × 2, single right 
leg standing × 2). During all balance tests, subjects stood 
on a force platform (AMTI, Watertown, MA, USA) which 
was connected to a six channel amplifier and an analog-to-
digital converter. The force plate recorded ground reaction 
forces (GRF) and moment of force along X, Y and Z axis. 
The signals were sampled at a rate of 2000  Hz and syn-
chronized with the EMG signals. The initial stance posi-
tion was the same for both the pre- and post-fatigue bal-
ance test: barefooted and weight evenly distributed across 
both feet. Participants were asked to stand in such a way 
that a single foot was placed on the force plate. Also, they 
were instructed to stand naturally and try to maintain their 
balance. As stated above, two types of balance trials were 
performed: single leg standing and a transition from dou-
ble to single leg standing. For the single leg standing bal-
ance trials, the participants were asked to stand on a single 
leg and once they were balanced they were asked to close 
their eyes. Once their eyes were closed, they were asked 
to maintain their single leg stance for a period of 30  s. 
Data collection for these trials did not begin until the per-
son was stable with their eyes closed. Similar to previously 
published procedures from this laboratory (Penney et  al. 
2014), subjects were also asked to place their little finger 
on the side of their non-supporting limb, on the edge of a 
chair placed immediately adjacent to the force plate. They 
were instructed to use the chair for minimal support. This 
procedure was done to ensure participants could maintain 
the full 30  s stance required for this condition. The posi-
tion of the chair was marked with tape for reference and 
remained in the same position for all balance testing dur-
ing that session. The participants were asked to stand such 
that the knee of the non-stance leg was flexed at an angle 
of about 45°. During trials where participants transitioned 
from double to single leg stance, participants were asked to 
maintain an initial 3 s of double leg stance and then shift as 
quickly as possible to single leg stance. Once they achieved 
a single leg stance, they were asked to maintain their bal-
ance for 5 s. For these double to single transition trials, they 
were asked to keep their eyes open and rest both hands on 

Fatigue protocol 

MVICs: Bilateral 
knee extensors 
(MVIC POST I) 

Post-fatigue balance 
trials 

MVICs: Non-
fatigued knee flexors 
and extensors (MVIC 

POST II)

MVICs: Bilateral knee 
extensors and non-
fatigued hamstrings 

(MVIC PRE)

Pre-fatigue balance 
trials 

Fig. 1   The general outline of the protocol involved in the study



2180	 Eur J Appl Physiol (2015) 115:2177–2187

1 3

their hips. The trials where participants touched their foot 
to the floor or otherwise lost their balance were discarded 
and another trial was conducted. Force plate and EMG data 
were recorded throughout all balance tests.

Maximum voluntary isometric contractions (MVIC)

Following completion of the pre-fatigue balance test, par-
ticipants were asked to perform a 5-min warm-up on a 
cycle ergometer (1 kilo pound resistance at 70 revolutions 
per minute). Next, the MVICs for all eight muscles on the 
non-dominant side and knee extensors on the dominant side 
(MVIC PRE) were performed. For all MVICs, participants 
were asked to contract maximally against the resistance 
provided. For TA, participants were in a supine position 
with their arms across the chest and were asked to perform 
a maximum dorsiflexion contraction against the research-
er’s resistance. While in the same position, participants 
were asked to produce maximal ankle eversion against 
researcher’s resistance to elicit an MVIC from PL. For the 
GM, subjects were asked to stand with a single limb stance 
on the non-dominant leg. Participants were then asked to 
perform a heel raise while using a chair to maintain bal-
ance. The researcher provided resistance to this motion 
by applying a downward force on the participant’s shoul-
ders. For the MVIC of Gmax, participants lay prone and 
produced maximum hip extension against the resistance of 
the researcher while keeping their knee in flexion. For the 
Gmed, participants were in a side lying position and were 
asked to produce an MVIC of their hip abductors against 
the resistance of the researcher. Muscle activation data 
recorded from these MVICs was used to normalize EMG 
collected during balance trials.

In addition to the MVICs described above, MVICs were 
also performed for knee extension (quadriceps) and flex-
ion (hamstrings). As force production in these muscles was 
used to assess the extent of fatigue in both dominant and 
non-dominant limbs, both muscle force and EMG were 
recorded during these trials. For the knee flexors, only 
data from the non-dominant limb were collected, since the 
biceps femoris was not directly targeted with the domi-
nant side knee extensor fatiguing protocol. Participants 
stood facing a bench with the non-dominant knee slightly 
bent and their foot touching the ground. Their ankle was 
inserted into a padded strap, which was then attached to a 
Wheatstone bridge load cell (LCCA 500 pounds; sensitiv-
ity = 3 mV/V, OEI, Canada) through a high-tension wire. 
They were asked to flex their knee as hard as possible 
against the strap for a period of 4 s. Knee extension MVICs 
were performed for both the dominant and non-dominant 
leg. Participants sat on a bench with their hips and knees 
flexed at 90° and their chest, hips and upper legs restrained 
with straps. The participants were then asked to perform 

an isometric knee extension as hard as possible against 
the strap attached to a load cell for 4  s (while placing 
their arms across their chest). All the MVICs were rand-
omized into two trials, each lasting 4 s and performed with 
a 2-min rest between each trial. Verbal encouragement was 
provided throughout the collection of MVICs. MVC reli-
ability measures from this laboratory have been previously 
reported at r = 0.99 (Button and Behm 2008).

Fatigue protocol

Following completion of the MVIC trials, the fatigue pro-
tocol was performed. Participants remained in the position 
used for the knee extension MVIC with the same padded 
strap and load cell affixed to their dominant leg. Partici-
pants were then asked to perform an isometric knee exten-
sion contraction at 30  % of peak MVIC force. To ensure 
force was maintained at the desired magnitude, subjects 
were provided with visual feedback of the generated force 
during their fatiguing tasks, based on a previously pub-
lished fatigue protocol from this laboratory (Behm and 
St-Pierre 1997). The fatigue protocol consisted of 15 con-
secutive 16  s isometric knee extension contractions. Each 
contraction was followed by a 4  s recovery. Following 
the 15 contractions, an MVIC (MVIC POST I) was per-
formed to assess the fatiguing effects. If force production 
had dropped by at least 50 % of MVIC, then fatigue was 
considered to have occurred and the isometric contractions 
were stopped. If fatigue had not occurred, then another 
set of 15 repetitions was repeated until a 50  % reduction 
in force was observed. If volitional fatigue occurred dur-
ing the 15 contractions (i.e., participants could not maintain 
the 30 % MVIC force required), then participants’ contrac-
tions were stopped. A knee extension MVIC (MVIC POST 
I) was then performed on the non-fatigued contralateral 
side to record any potential crossover effect of the fatiguing 
contractions on the dominant side. Two strain gauges were 
attached, so separate knee extension MVICs were per-
formed for both the dominant and non-dominant leg with-
out the need for moving and adjusting the strain gauges. 
Since the two strain gauges were already attached to each 
leg, this MVIC POST I was performed almost immediately 
(approximately. 10  s) after the completion of the fatigue 
trials.

Similar to procedures previously published (Behm et al. 
2004; Kibele and Behm 2009), participants immediately 
did the post-fatigue balance trials, which were performed 
similar to the pre-fatigue balance trials. Following these 
balance trials, another series of non-fatigued contralateral 
limb knee extension (MVIC POST II) and flexion MVICs 
(MVIC POST II) were performed. These were performed 
approximately 10  min from the end of the fatiguing 
protocol.
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Data analysis

Force

Force data from the load cell was assessed to determine 
the effect of fatigue on both the fatigued and contralateral 
non-fatigued leg. This analysis was performed by calculat-
ing peak force (N) and F100 (N) (MacDonald et al. 2014) 
during the knee extension MVIC trials. F100 was the force 
developed in the first 100 ms of MVIC and was calculated 
for the time period where the first deflection of the base-
line activity of force (visual inspection) was observed to 
the period of initial 100 ms of force developed. The MVIC 
with the highest peak force was used to assess both the 
effects of fatigue on force production and for the calcula-
tion of F100.

Ground reaction force (GRF) data

All GRF data were processed using custom-designed soft-
ware (MATLAB 2013a; Visual Basic 6.0). Initial process-
ing was done to determine CoP location in both the anterio-
posterior (AP) and medio-lateral (ML) directions. This was 
done using a formula provided by Robertson et al. (2004). 
For the single leg standing trials, a variety of sway param-
eters were determined to help quantify the effect of fatigue 
on postural stability. Details of the sway parameters can be 
found in Table  1. Briefly, CoP velocity and length in the 
ML and AP directions were determined as were the total 
CoP length and mean sway velocity over the duration of the 
30 s trial. In addition, CoP range (AP and ML) and stand-
ard deviation (SD) were determined as was the total sway 
area. All measures were determined as per Bigelow (2008) 

with the exception of total sway area, which was calculated 
based on Duarte and Zatsiorsky (2002).

Data collection for the 30 s balance trial was started once 
the individual became stable in the one-legged stance. This 
was judged in two ways: (1) the participant was instructed 
to close their eyes once they felt stable; (2) the researcher 
also watched the participant to determine when there was 
no longer any excessive movement occurring on one leg. At 
this time, the researcher used a hand signal to tell the assis-
tant to begin the data.

For trials where participants were asked to move from 
double to single leg standing, GRF data were used to deter-
mine when participants began to transition from double to 
single support. Motion onset was determined as per Sims 
and Brauer (2000). The start of motion was considered as 
the point of time when the vertical forces underneath the 
stepping leg dropped below the mean force—3 SD for 
more than 0.05  s (Sims and Brauer 2000). Mean and SD 
were determined over a 2  s period during the double leg 
stance portion of the trial (Fig.  2). This movement start 
time was considered time zero and was used as a reference 
point for all muscle onset times determined during this task 
as described below.

Electromyography

All EMG data were analyzed using custom-designed soft-
ware written in Visual Basic 6.0. Prior to analysis, all EMG 
data were high pass filtered at 20 Hz to eliminate motion 
artifacts produced because of cable movement (De Luca 
et al. 2010). Following this filtering, all raw EMG signals 
were first normalized using data collected during the MVIC 
trials. A 50 ms moving window was used to determine root 

Table 1   Sway parameters used during single leg standing. m is meters and all other abbreviations are defined in the table

Sway parameter Formula Units

Medial lateral range covered by CoP (rangeML)
∣

∣

(

CopML

)

max − (CoPML)min

∣

∣, where (CoPML)max and (CoPML)min represents the 
maximum and minimum values attained by medial lateral CoP during single leg 
standing

m

Anterior posterior range covered by CoP (rangeAP)
∣

∣(CoPAP)max − (CoPAP)min

∣

∣, where (CoPAP)max and (CoPAP)min represents the 
maximum and minimum values attained by anterior posterior CoP during single leg 
standing

m

Mean velocity (Vm)
∑

N−1
n=1

√
{(CoPML)n+1−(CoPML)n}z+{(CoPAP)n+1−(CoPAP)n}z

T
, where T is the total time  

period of the trial and n is the data point of interest

m/s

Average medial lateral velocity [Vm(ML)]
∑

N−1
n=1 {(CoPML)n+1−(CoPML)n}

T

m/s

Average anterior posterior velocity [Vm(ML)]
∑

N−1
n=1 {(CoPAP)n+1−(CoPAP)n}

T

m/s

Total distance travelled by CoP (L)
√

{

(CoPML)n+1 − (CoPML)n
}2 +

{

(CoPAP)n+1 − (CoPAP)n
}2 m

Medial lateral CoP distance (lengthML) (CoPML)n+1 − (CoPML)n m

Anterior posterior CoP distance (lengthAP) (CoPAP)n+1 − (CoPAP)n m

Root mean square of CoP (RMS)
√

1
T

∑

T

i=1 (CoPi)
2, where i = 1, 2, 3, 4,….N and N is the total number of data points m
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mean square (RMS) of MVIC EMG for each muscle. The 
peak RMS for each muscle was determined and used to 
normalize all EMG data collected during the study. This 
amplitude-normalized EMG was used for all calculations 
of EMG amplitude and onset timing described below (Bur-
den et al. 2003).

During the single leg standing trials, EMG amplitude 
was quantified by calculating RMS EMG (Behm et  al. 
2001) for all muscles over the full 30 s duration of the trial. 
In addition, RMS EMG was determined for hamstrings, VL 
and VM, during the non-fatigued limb knee extensor and 
hamstring MVIC trials. The RMS EMG was calculated 
over a 1 s period starting 0.5 s before and ending 0.5 s fol-
lowing the peak force attained during the MVIC trial. For 
trials where peak force occurred at the end (i.e., no 0.5  s 
window existed after the peak was reached), RMS EMG 
was calculated using the 1 s prior to the time when the peak 
force occurred. RMS EMG activity was also analyzed dur-
ing the 100 ms period of the F100.

Muscle activation timing EMG collected during the 
double to single leg trials was used primarily to assess the 
effects of the fatiguing contractions on muscle onset tim-
ing. Muscle onset was determined based on the protocol 
established by Hodges and Bui (1996). In accordance with 
these authors, all data were first full-wave rectified and 
low pass filtered at 50 Hz. The mean and SD of the EMG 
during the double leg stance portion of the trial was first 
determined over a 2 s period. This 2 s period was consid-
ered to represent quiet stance and therefore minimal mus-
cle activity was observed. Muscle onset was determined to 
have occurred once the level of muscle activity exceeded 
the mean +1 SD for at least 100 ms. As per Hodges and 

Bui (1996), muscle activity was determined using a 
100 ms moving average of the full-wave rectified and fil-
tered signal (Fig. 3). All onset times were expressed with 
respect to the onset of motion as described above. Due to 
the potential for errors in the estimation of muscle onset 
times by the automated computer process, all onset times 
were subsequently checked manually to ensure their accu-
racy. The individual doing the manual checking was blind 
to the trial condition to prevent any bias in assigning an 
onset time to each muscle.

Statistical analysis

Based on prior studies (Halperin et  al. 2014a, b; Paillard 
et  al. 2010), a priori statistical power analysis was con-
ducted which determined that approximately 16 subjects 
would provide an alpha of p < 0.01 with a power of 0.8. The 
data were examined to assess differences in force, EMG, 
muscle onsets and sway parameters prior to and following 
the fatigue protocol. Separate repeated measures ANOVAs 
were used for the contralateral non-exercised MVIC and 
F100 force and EMG (pre-, post-MVIC I, post-MVIC II). 
If significant differences were detected, an adjusted Bon-
ferroni post hoc test was used. Paired t tests were used for 
the fatigued limb (pre- vs. post-MVIC I). Significant dif-
ferences were detected at p < 0.05. To infer the magnitude 
of the outcomes, effect sizes (ES) were calculated (Cohen 
1990). The following formula was used to calculate the 
ES as per Cohen (1969): Pre–post ES = post mean − pre 
mean/pre standard deviation. Cohen (1969) considered an 
ES of less than 0.2 as trivial, 0.2–0.41 as small, 0.41–0.70 
as moderate and greater than 0.70 as large. As some of the 

Fig. 2   The vertical force during the double to single stance tri-
als. Black horizontal and dotted horizontal line represent the 
mean − 3 SD of the vertical force during double limb standing por-
tion of the trial. a Start of the motion as determined by the vertical 
force was less than the (mean −  3  SD), b point at which the force 
becomes minimum and c point at which the transition from double to 
single limb stance was considered complete

Fig. 3   The EMG onset for TA during the transition from double 
to single limb stance on the non-dominant limb. Horizontal dot-
ted line represents the mean +  1  SD of the double limb stance TA 
muscle activation. EMG depicted was first full-wave rectified and 
high pass filtered. A 100 ms moving window was then use to calcu-
late a moving average of the rectified and filtered EMG signal. Mus-
cle onset was determined to have occurred once EMG exceeded the 
mean + 1 SD (see text for more details) and has been represented as 
a vertical dotted line
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data were not normally distributed, a Wilcoxon signed rank 
test was also performed.

Results

Force

Significant changes pre- and post-fatigue were detected 
for the fatigued side peak force (p  <  0.0001 and F100 
(p = 0.04) (Fig. 4a). The peak force and F100 were signifi-
cantly decreased by 44.8 % (ES = 2.54, large) and 39.9 % 
(ES = 0.59, moderate), respectively, for the fatigued limb 
post-fatigue protocol (MVIC POST I). There were no sig-
nificant changes in peak force and F100 for the knee exten-
sors on the contralateral non-fatigued limb (Fig. 4b) when 
pre- and post-MVIC I and II extensor forces were com-
pared. Non-dominant limb F100 forces represented 26.54, 
29.38 and 28.56 % of peak MVC force at pre-test, MVIC 
post I and post-II, respectively. The dominant limb F100 
forces represented 19.59 and 21.31 % at pre-test and MVIC 
post I, respectively.

EMG

With both knee extensors and hamstrings MVICs on the 
contralateral non-fatigued side, fatigue had no effect on 
the magnitude of hamstrings, VL or VM EMG activa-
tion during peak MVIC force or F100 at post-MVIC I 
or II. Similarly, no significant changes were observed in  
EMG of these muscles during the pre- and post-fatigue 
single leg standing trials on the non-fatigued side (see 
Table 2).
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Fig. 4   a Knee extension peak force and F100 (mean ± SD) for the 
fatigued limb and b non-fatigued limb pre- (MVIC PRE) and post-
fatigue (MVIC POST I), respectively. *  represents statistical signifi-
cance of p < 0.05 for post-fatigued versus pre-fatigued leg conditions

Table 2   Normalized RMS EMG [mean (±SD)] of the non-fatigued 
limb during single limb standing pre- and post-fatigue

The number sign (#  ) denotes the variables, which were not normally 
distributed and were analyzed using Wilcoxon rank test. The test 
revealed no significant results

Muscle Pre-non-fatigued leg Post-non-fatigued leg

Tibialis anterior# 3.6 ± 0.89 3.42 ± 0.92

Peroneus longus 2.61 ± 0.85 2.91 ± 1.03

Gastrocnemius medialis# 2.01 ± 0.68 2.18 ± 1.99

Hamstrings# 3.07 ± 1.31 2.84 ± 1.82

Vastus lateralis 2.94 ± 1.22 2.86 ± 1.35

Vastus medialis# 4.17 ± 2.8 4.31 ± 2.65

Gluteus maximus# 2.26 ± 1.05 2.31 ± 1.42

Gluteus medius 1.71 ± 0.99 1.68 ± 0.89

Fig. 5   Muscle onset time estimated during the transition from dou-
ble to single limb standing on the non-fatigued side. All times are 
reported with respect to the start of motion with positive times indi-
cating that muscle onset occurred after the start of motion. See text 
for details on how motion start was determined. The muscle onsets 
for TA, PL, GM, hamstrings, Gmax and Gmed were not normally 
distributed and were analyzed using Wilcoxon rank test. The test 
revealed no significant results
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Double to single leg standing parameters

There were no significant changes with the pre- to post-
fatigue muscle onsets during the transition from double 
to single leg standing on the contralateral non-fatigued 
side (Fig. 5). Furthermore, prior to fatigue, it took partici-
pants 0.43 s to transition from double to single leg stance. 
This did not differ statistically from the 0.47 s post-fatigue 
(p = 0.4).

Stability during single leg standing

On the fatigued side, the fatigue protocol led to an increase 
in the total length covered by CoP, CoPAP, CoP veloc-
ity and the total sway area. CoP length increased by 
1.6  % (p  =  0.002), although the effect size (0.12) was 
trivial (Table 3). CoPAP length (Table 3) and CoP velocity 
(Table 3) demonstrated similar trivial effect sizes (0.14 and 
0.12, respectively) as they increased by 2.4 % (p = 0.007) 
and 1.6 % (p = 0.002) following the fatiguing contractions. 
Sway area demonstrated the largest increase at 27.9  % 
(p = 0.01, ES = 0.66, moderate, Table 3). The only signifi-
cant change observed on the contralateral non-fatigued side 
was the CoPML range which was 15.4 % greater (p = 0.04, 
ES = 0.38, small) post-fatigue than pre-fatigue (Table 3). 
All other postural sway measures values remained 
unchanged following the fatigue protocol (see Table 3).

Discussion

The most important findings of this study were the absence 
of any crossover fatigue effects. More specifically, the 
contralateral non-fatigued limb showed no significant 

reductions in muscle force, EMG or muscle onset timing 
and no disturbances in the postural stability parameters 
except for a small effect with one of the measures (CoPML 
range).

The aforementioned results contradict the study hypoth-
esis. The significant decrease in the peak force and F100 
with the fatigued limb indicated that the fatigue proto-
col did lead to unilateral fatigue. However, the unilateral 
fatigue did not produce crossover fatigue in the contralat-
eral non-fatigued limb. In the literature, crossover fatigue 
effects have been observed as a decrease in voluntary mus-
cle activation (Rattey et  al. 2006), force (Martin and Rat-
tey 2007) and an increase in postural sway (Paillard et al. 
2010) of the contralateral non-fatigued limb. The findings 
of the present study are similar to published studies that 
have found no evidence of crossover force deficits associ-
ated with unilateral fatigue (Zijdewind et  al. 1998; Gra-
biner and Owings 1999; Todd et al. 2003; Regueme et al. 
2007; Strang et al. 2009; Place et al. 2004; Ross et al. 2007, 
2010; Elmer et  al. 2013). The study by Zijdewind et  al. 
(1998) used a similar protocol with 30 % MVICs regularly 
interrupted with MVICs and brief rest periods in the right 
first dorsal interosseus muscle until failure and found no 
evidence of crossover force deficits.

However, the present findings are in opposition to sev-
eral studies that have reported crossover fatigue effects 
(Rattey et  al. 2006; Martin and Rattey; 2007; Halperin 
et  al. 2014a, b; Kawamoto et  al. 2014). Rattey’s et  al. 
(2006); Martin and Rattey (2007) and Halperin et  al. 
(2014a) used 100 s sustained MVICs of the dominant limb 
knee extensors to induce fatigue. While Rattey et al. (2006) 
found a decrease in voluntary activation (interpolated 
twitch technique) and EMG of the contralateral limb but a 
non-significant MVIC decrease, Martin and Rattey (2007) 

Table 3   The sway parameters (mean ± SD) calculated during the single limb standing on the fatigued and the non-fatigued limb pre- and post-
fatigue

* Significant difference (p < 0.05) for fatigued leg pre- versus post-fatigue

** Significant difference (p < 0.05) for non-fatigued leg pre- vs. post-fatigue
#   The variables which were not normally distributed and analyzed using Wilcoxon rank test. The test revealed no significant results

Pre-fatigued leg Post-fatigued leg Pre-non-fatigued leg Post-non-fatigued leg

Range#
(AP) (m) 0.05 ± 0.01 0.05 ± 0.02 0.05 ± 0.02 0.06 ± 0.02

Range(ML) (m) 0.02 ± 0.01 0.02 ± 0.01 0.02 ± 0.01 0.02 ± 0.01**

V# (m/s) 0.27 ± 0.04 0.27 ± 0.04* 0.27 ± 0.03 0.28 ± 0.03

Length# (m) 8.02 ± 1.11 8.15 ± 1.1* 8.2 ± 0.78 8.31 ± 0.92

Length#
(AP) (m) 5.35 ± 0.94 5.48 ± 0.99* 5.45 ± 0.73 5.58 ± 0.78

Length(ML) (m) 4.03 ± 0.56 4.1 ± 0.46 4.18 ± 0.55 4.17 ± 0.64

SD#
AP (m) 0.01 ± 0.002 0.01 ± 0.003 0.01 ± 0.002 0.01 ± 0.003

SDML (m) 0.004 ± 0.001 0.004 ± 0.002 0.004 ± 0.002 0.004 ± 0.001

Area (m2) 457.61 ± 193.79 585.25 ± 341.82* 505.34 ± 295.55 596.85 ± 335.73

RMS# (m) 4.13 × 10−5 ± 1.05 × 10−5 4.29 × l0−5 ± l.27 × l0−5 4.22 × l0−5 ± l.06 × l0−5 4.67 × l0−5 ± 1.32 × l0−5
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and Halperin et  al. (2014a) found significant reductions 
in both force and EMG activity in the contralateral limb. 
One possible reason for the lack of agreement between Rat-
tey et al.’s (2006) and Halperin et al.’s (2014a) works and 
the present research may be related to the intensity of the 
fatiguing contraction. In contrast to the aforementioned 
work (Rattey et  al. 2006; Martin and Rattey 2007; Halp-
erin et al. 2014a) that used maximal contractions, fatiguing 
contractions were maintained at 30 % MVIC in the present 
study. Crossover fatigue may depend upon the intensity at 
which the isometric contractions are maintained (Kennedy 
et al. 2013) and is also thought to depend on the occurrence 
of central fatigue (Enoka and Duchateau 2008). Kawa-
moto et  al. (2014) fatigued the non-dominant knee exten-
sors with heavier (70  % MVC) and lighter (40  % MVC) 
loads to task failure. Compared to the lighter intensity pro-
tocol, the higher intensity protocol induced greater force 
(7.1 vs. 4.4 %) and time to exhaustion (8 vs. 2 %) crosso-
ver fatigue in the non-exercised knee extensors. Bigland-
Ritchie et  al.’s (1986) work suggests that the contraction 
intensity used in the present study might not have been 
sufficient to create the central changes required for cross-
over effects. Specifically, Bigland-Ritchie et  al. (1986) 
used repeated voluntary submaximal contractions which 
were maintained at 30  % MVIC to identify neuromuscu-
lar fatigue. Their study reported decreases in force; how-
ever, central activation was preserved suggesting that sub-
maximal contractions, like those used in the present study, 
may not be sufficient to induce central activation changes. 
Similarly, Kennedy et al. (2013) concluded that the energy 
required to drive the muscle (forearm) maximally might 
lead to more severe central alterations as compared to the 
submaximal contractions. While the contraction intensity 
rationale concurs with the work of Bigland-Ritchie et  al. 
(1986), another research suggests that the relationship may 
not be as simple. For example, Place et al. (2009) reported 
that low intensity sustained contractions are often related 
to central alterations, whereas maximal contractions have 
been related to peripheral changes. Clearly, more work is 
necessary to delineate contraction intensities and durations 
related to central or global fatigue effects.

Furthermore, contralateral single MVICs may not be as 
sensitive to crossover fatigue as repeated fatiguing contrac-
tions. Halperin et al. (2014b) reported no crossover effects 
with a single MVIC, but force decrements were found in 
the last five MVICs of a 12 MVIC (5  s contraction/10  s 
recovery) repetition protocol. Amann et  al. (2013) tested 
the contralateral knee extensors with two different tests 
following a unilateral fatiguing protocol: an MVIC and a 
constant load knee extension to failure. While the MVIC 
was unaffected, time to exhaustion was ~50  % shorter 
compared to the control conditions. Additionally, after 
subjects performed a unilateral fatiguing protocol with the 

elbow flexors, the contralateral arm MVC remained unaf-
fected, but significant decrements were found in the time to 
exhaustion tests (Triscott et al. 2008).

To expand upon the work of Paillard et  al. (2010), the 
present study was designed to allow for a more detailed 
examination of contralateral non-fatigued limb muscle acti-
vation changes, in an effort to better understand the mecha-
nism underlying postural control changes. With the excep-
tion of a slight increase in the M/L range of the CoP in the 
non-fatigued limb, the present study failed to show crosso-
ver effects of fatigue on standing balance, contradicting 
the results of Paillard et al. (2010). Evidence of crossover 
fatigue was supported in the Paillard study (2010) by the 
increased CoP sway area, though there was no decrease in 
the non-fatigued quadriceps femoris MVIC force. The pre-
sent study found no effect of unilateral fatigue on almost all 
sway measures, force or muscle activation. These contra-
dictory findings between Paillard et al. (2010) and the pre-
sent study may be related to differences between the fatigue 
protocols. Contraction intensity differences between the 
protocols (10 vs. 30  % in the present study) might have 
been a factor. In the previous paragraph, it was suggested 
that higher intensity contraction were needed to produce 
crossover fatigue. Based on this, and the contraction used 
in the present study and the work of Paillard et al. (2010), 
it is surprising that Paillard et  al. (2010) found crossover 
effects. This suggests that there is likely some other mech-
anism, other than contraction intensity that needs to be 
explored. Examining the protocols used in this study and 
the Paillard et al. (2010), an additional factor that has to be 
considered is the duration of the fatiguing contractions. In 
the present study, 15 consecutive contractions of 16 s each 
were executed at 30 % peak force until a 50 % decrease in 
force occurred. Paillard et al. (2010) utilized 10 sets of 50 
repetitions at 10 % peak torque resulting in a longer dura-
tion of contractions. Specifically, it was estimated that Pail-
lard’s et al. (2010) protocol would have resulted in individ-
uals contracting for approximately 33 min at 10 % MVIC. 
In the present study, on average, individuals contracted for 
3.5  min at 30  % MVIC. It is possible that the difference 
in fatigue duration could be a factor that led to the contra-
dictory results. Behm and St-Pierre (1997) examined the 
effects of fatigue protocol duration on quadriceps femo-
ris muscle activation properties. They reported that longer 
duration protocols (~19 min at 25 % MVIC) differentially 
affected muscle activation properties when compared to 
shorter duration fatiguing contractions (~4  min of 50  % 
MVIC isometric contractions). Behm and St-Pierre (1997) 
suggested their results were indicative of greater central 
inhibitory (muscle inactivation) responses for the longer 
duration contractions. Rattey et al. (2006) have shown that 
such central responses can lead to reflex impulses at the 
medullar level, which can potentially affect contralateral 
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function. In addition, the prolonged Paillard protocol may 
have elicited greater muscular pain or discomfort, which 
can adversely affect muscular force through central mecha-
nisms that can affect both local and generalized (non-local) 
responses (Graven-Nielsen et al. 2002). Collectively these 
results suggest that it is possible that the more prolonged 
contractions in the Paillard et al. (2010) study had a greater 
capacity to alter contralateral muscle function, leading to 
the alterations in posture on the contralateral non-fatigued 
limb post-fatigue.

Although not measured in the present study, it is pos-
sible that there are both inhibitory and excitatory effects 
on the contralateral muscle. Unilateral motor activity has 
been proposed to activate excitatory paths interconnect-
ing the ipsilateral and contralateral primary motor cortex, 
referred to as motor irradiation (Zijdewind et  al. 1998). 
However, the theory of default bilateral interaction states 
that throughout the unilateral contractions, the activation 
of the non-targeted muscle group can be actively inhibited 
(Post et  al. 2008). In the present study, it is possible that 
these competing inhibitory and facilitating effects might 
have balanced contralateral responses resulting in no signif-
icant changes in the force and postural sway parameters on 
the non-fatigued limb. Clearly, further research is needed to 
determine the exact mechanisms underlying the crossover 
effects of fatigue.

As with all studies, there were certain limitations, which 
included the use of only male participants that contrib-
uted to group homogeneity, but may not have adequately 
represented female responses. Also, the placement of the 
finger on the chair during the single leg standing balance 
trials might have contributed to the lack of change in non-
fatigued limb balance. Work by Bolton et  al. (2011) has 
shown that even light finger pressure has the ability to alter 
postural sway. Despite these potential effects, fatigued 
leg standing balance was still negatively impacted by the 
fatiguing trials. It is possible, however, that deficits in non-
fatigued limb balance may have been masked by use of 
the chair. In other words, if the chair had not been used, 
contralateral effects of fatigue on balance may have been 
observed. Unfortunately during pilot testing, many partici-
pants could not complete the full 30 s single leg stance trial 
on the fatigued leg once they were fatigued. We therefore 
had to include the chair in the testing protocol to ensure 
that testing could be completed as outlined in methods.

Conclusion

No evidence of reductions in force, muscle activation, 
muscle co-ordination or disturbance in the postural stabil-
ity parameters was noted for the contralateral non-fatigued 
limb. However, significant changes were noted for the 

fatigued limb with MVIC, CoP sway area, total length cov-
ered by CoP, CoPAP length as well as the mean velocity 
covered by CoP. Posture can be dependent upon the extent 
and onset of muscle forces to compensate for disruptions 
to the center of gravity. It can be concluded that the lack 
of changes in non-fatigued force, F100 and stability param-
eters contributed to the lack of change in non-dominant 
postural sway parameters. A briefer fatigue duration than 
that in a previously published similar study (Paillard et al. 
2010) or the use of submaximal intensity contractions as 
compared to MVIC (Rattey et al. 2006; Martin and Rattey 
2007; Halperin et  al. 2014a) may have contributed to the 
lack of crossover fatigue effects.
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