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Abstract

Purpose The purpose of the present study was to examine
the effects of unilateral fatigue of the knee extensors at dif-
ferent movement velocities on neuromuscular performance
in the fatigued and non-fatigued leg.

Methods Unilateral fatigue of the knee extensors was
induced in 11 healthy young men (23.7+3.8 years) at
slower (60°/s; FAT60) and faster movement velocities
(240°/s; FAT240) using an isokinetic dynamometer. A rest-
ing control (CON) condition was included. The fatigue pro-
tocols consisted of five sets of 15 maximal concentric knee
extensions using the dominant leg. Before and after fatigue,
peak isokinetic torque (PIT) and time to PIT (TTP) of the
knee extensors as well as electromyographic (EMG) activ-
ity of vastus medialis, vastus lateralis, and biceps femoris
muscles were assessed at 60 and 240°/s movement veloci-
ties in the fatigued and non-fatigued leg.

Results In the fatigued leg, significantly greater PIT
decrements were observed following FAT60 and FAT240
(11-19%) compared to CON (3—4%, p=.002, d=2.3).
Further, EMG activity increased in vastus lateralis and
biceps femoris muscle following FAT240 only (8-28%,
0.018<p<.024, d=1.8). In the non-fatigued leg, shorter
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TTP values were found after the FAT60 protocol (11-15%,
p=.023, d=2.4). No significant changes were found for
EMG data in the non-fatigued leg.

Conclusion The present study revealed that both slower
and faster velocity fatiguing contractions failed to show
any evidence of cross-over fatigue on PIT. However, uni-
lateral knee extensor fatigue protocols conducted at slower
movement velocities (i.e., 60°/s) appear to modulate torque
production on the non-fatigued side (evident in shorter TTP
values).

Keywords Electromyography - Cross-over fatigue -
Isokinetic - Movement velocity - Motor function - Central
activation

Abbreviations

ANOVA Analysis of variance

BF m. biceps femoris

CON Control condition

EMG Electromyographic

FAT60  Fatigue protocol at angular velocities of 60°/s

FAT240 Fatigue protocol at angular velocities of 240°/s
NME Neuromuscular efficiency

PIT Peak isokinetic torque

TTP Time to peak isokinetic torque

VL m. vastus lateralis

VM m. vastus medialis

Introduction

Many training and rehabilitation programs include exer-
cises that require prolonged or repetitive unilateral muscle
actions (e.g., single leg squats, one arm biceps curls). Thus,
unilateral resistance training has been recommended as it
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incorporates greater core or trunk muscle activation (Behm
et al. 2005) and overcomes voluntary force deficits evident
during bilateral contraction (Van Dieen et al. 2003). An
additional benefit is that training one side of the body has
been shown to enhance muscle strength of the contralat-
eral homologous muscles, a phenomenon which is known
as cross-education (Hortobagyi et al. 1997; Carroll et al.
2006). In fact, a meta-analysis by Munn et al. (2004) indi-
cated that unilateral resistance training produces moderate
improvements (7.8%) in contralateral strength in healthy,
young individuals. However, there is evidence that unilat-
eral fatiguing contractions would lead to a transient modu-
lation of neural activation patterns and motor performance
in the non-fatigued, contralateral homologous (Todd et al.
2003; Kawamoto et al. 2014) and heterologous (Kennedy
et al. 2013; Sidhu et al. 2014; Sambaher et al. 2016) muscle
groups.

For instance, Kawamoto et al. (2014) assessed the
effect of four sets of unilateral dynamic knee extensions
at 40 or 70% of maximal isometric voluntary contractions
and showed moderate-to-large decrements in force out-
put (4-7%) of the non-fatigued contralateral homologous
muscles. Indeed, unilateral contraction can modulate the
responsiveness of corticomotor pathways innervating the
non-exercised limbs (Aboodarda et al. 2015, 2016). How-
ever, contrary to the concept of non-local muscle fatigue,
several lines of evidence indicate that dynamic fatiguing
contractions show only minimal effects on contralateral
muscle force output (Grabiner and Owings 1999; Regueme
et al. 2007; Berger et al. 2010; Amann et al. 2013). Accord-
ingly, Halperin et al. (2015) suggested that the cross-over
fatigue effects appear to be dependent on several factors
such as the affected muscle group, fatigue protocol or the
testing protocol for the non-fatigued muscle groups. For
instance, greater cross-over fatigue effects were observed in
fatigue protocols using higher compared to lower intensi-
ties or isometric compared to dynamic muscle actions (Hal-
perin et al. 2015).

In terms of muscle action type, it has to be noted that
the majority of the studies on dynamic fatiguing muscle
actions have assessed force output in the rested muscles
using isometric contractions. However, it can be argued
that isometric contractions are not pertinent to examine
neuromuscular fatigue associated with dynamic move-
ments involved in daily life activities as well as train-
ing programs. Therefore, further research is required to
investigate the effect of unilateral dynamic fatiguing con-
tractions on contralateral muscle performance evaluated
during different movement velocities. In fact, the spe-
cific movement velocity during dynamic muscle actions
may influence cross-over motor responses, given that this
variable is known to affect force/torque output (Thor-
stensson et al. 1976; Babault et al. 2002), neural drive
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(Babault et al. 2002; Morel et al. 2015), and metabolic
stress (Douris 1993; Morel et al. 2015). For instance,
Babault et al. (2002) found that voluntary activation (as
determined by twitch interpolation technique) was sig-
nificantly lower in the knee extensors during maximal
concentric knee extensions at angular velocities of 60°/s
compared to 120°/s. Moreover, Morel et al. (2015) exam-
ined the effects of movement velocity during unilateral
concentric fatiguing knee extensions on neuromuscular
performance measures. The authors reported that force
decrements and accumulated metabolites within the mus-
cle were significantly larger following a fatigue protocol
of the knee extensors when performed at 240°/s com-
pared to 30°/s, whereas decrements in voluntary activa-
tion of knee extensor muscles were significantly greater
following fatiguing knee extensions at 30°/s (Morel
et al. 2015). Of note, alterations in the neural drive to
the muscles have been suggested to account for some of
the observed cross-over modulation in motor task per-
formance (Todd et al. 2003; Halperin et al. 2015). Con-
sequently, it could be speculated that the neural stress
associated with slower versus faster movement velocities
may have larger impact upon the cross-over responses in
torque production. On the other hand, research on train-
ing programs using different movement velocities during
exercises has demonstrated that the greatest adaptations
occur at or near the velocities trained (Behm and Sale
1993). According to the principle of training specificity
(Behm and Sale 1993), it is of interest whether perfor-
mance changes in the fatigued and non-fatigued muscle
groups are more pronounced if the velocity during test-
ing complies with the velocity during fatiguing dynamic
muscle actions. To the best of our knowledge, there is
no study available that examined the effects of differ-
ent movement velocities during fatiguing muscle actions
(e.g., knee extensions) on dynamic muscle performance
of the fatigued and non-fatigued (homologous) muscle
groups.

Thus, the purpose of the present study was to exam-
ine the effects of unilateral fatigue of the knee extensors
induced at different movement velocities (e.g., 60, 240°/s)
on neuromuscular performance (i.e., peak isokinetic torque,
time to peak isokinetic torque, muscle activity, and neu-
romuscular efficiency) of the ipsilateral fatigued and con-
tralateral non-fatigued homologous muscles measured at
different velocities (e.g., 60, 240°/s). Based on the afore-
mentioned literature (Behm and Sale 1993; Babault et al.
2002; Morel et al. 2015), we hypothesized that (1) torque
production of the exercised knee extensors would be
impaired following unilateral muscle fatigue particularly
when using faster movement velocities, whereas torque
output of the non-exercised knee extensors would be lower
following unilateral muscle fatigue particularly when using
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slower movement velocities, and (2) specific effects of the
fatigue protocols are more pronounced in the fatigued and
non-fatigued leg if the movement velocity during the test
complies with the velocity used during the fatigue protocol.

Methods
Participants

Eleven healthy young men (age: 23.7+3.8 years, height:
182.1+6.0 cm, body mass: 78.0+10.2 kg, body fat:
13.3+3.8%) volunteered to participate in the study. With
reference to the study of Morel and colleagues (2015), an
a priori power analysis with an assumed Type I error of
0.05 and a Type II error rate of 0.20 (80% statistical power)
revealed that this number of participants would be suffi-
cient for finding a statistically significant condition X time
interaction in the fatigued leg. All subjects were classified
as physically active (physical activity: 11.8 +£5.5 h/week)
according to the Freiburg questionnaire for everyday and
sports-related activities (Frey et al. 1999). None had any
history of musculoskeletal, neurological, or orthopedic
disorder that might have affected their ability to execute
the experimental protocol. Written informed consent was
obtained before the start of the study. Local ethical permis-
sion was given (approval number: 34/2014), and all experi-
ments were conducted according to the latest version of the
Declaration of Helsinki.

Experimental procedure

A single-group, randomized cross-over design was used
to examine the acute effects of unilateral fatiguing knee
extensions on the neuromuscular performance of the con-
tralateral homologous muscle. Participants were required
to attend the lab on three different occasions separated by
at least 48 h. The three testing sessions included unilateral
fatiguing knee extensions at slower angular velocities (i.e.,
60°/s), higher angular velocities (i.e., 240°/s), and a con-
trol condition (i.e., no intervention) in a randomized order.
Fatigue protocols were performed with the dominant leg
as determined by the lateral preference inventory (Coren
1993). Each testing session started with locating the sur-
face electrodes followed by a standardized warm-up pro-
tocol. Before and immediately after the fatigue protocol,
torque and electromyographic (EMG) data were assessed
for both the fatigued and non-fatigued leg. For testing
and fatigue protocols, a motorized isokinetic dynamom-
eter (Isomed2000, D&R Ferstl GmbH, Hemau, Germany)
was used. Acceleration and deceleration of the dynamom-
eter’s lever arm were kept constant for each participant and
condition throughout the entire experimental conditions

(maximal acceleration/ deceleration: 8500°/s?). To get
accustomed to the isokinetic device and the procedures, one
familiarization session was conducted on a separate occa-
sion before the start of the study. During familiarization
session, subjects’ body height was assessed using a wall-
mounted scale. In addition, body mass and body composi-
tion (i.e., skeletal muscle mass and body fat) were regis-
tered by means of a bioimpedance analysis system (InBody
720, BioSpace, Seoul, Korea).

Fatigue protocols

The fatigue protocols used in this study consisted of 5 sets
of 15 maximal unilateral concentric knee extensions on the
isokinetic dynamometer either at angular velocities of 60°/s
(FAT60) or 240°/s (FAT240). After individual adjustment
of the dynamometer, the participants were seated with the
hip angle adjusted at 90° and straps attached to the isoki-
netic device to firmly fix the upper body and the hip. The
shank of the dominant leg was attached to the lever arm
of the dynamometer to control for knee extension velocity
and to record the torque applied by the knee extensors. The
range of motion at the knee joint was 0-90° with 0° angle
corresponding to full knee extension. Knee flexions were
performed passively by having an assistant moving the leg
back to the initial position. Further, the participants were
instructed to relax their leg muscles during knee flexions.
A brief rest of 15 s was allowed between each set. During
the control condition (CON), the participants rested on the
dynamometer for 7 min.

Measurement of maximal isokinetic knee extension

For all testing sessions, the same isokinetic device and
positioning were used as during the fatigue protocols. Prior
to pre-tests, participants performed the general and a spe-
cific warm-up including 5 min of cycling with 60-70 revo-
lutions/min on an ergometer (100 W) followed by two sets
of 10 submaximal unilateral concentric knee extensions
(one set at 60°/s and one set at 240°/s) at approximately
50% of peak torque with each leg. During pre-tests, two tri-
als of maximal unilateral concentric knee extensions were
conducted each at 60 and 240°/s with the non-fatigued fol-
lowed by the fatigued leg. The order of test velocity was
randomized. A third trial was performed if the difference
between the first two trials was >5%. During post-tests, one
maximal unilateral concentric knee extension at 60°/s and
one at 240°/s in a randomized order were executed with the
fatigued as well as non-fatigued leg. In accordance with the
fatigue protocol, the range of motion at the knee joint was
defined between 0-90°. Due to methodological reasons, the
post-tests for the fatigued leg were organized immediately
(i.e., 10 s) following set four of the fatigue protocol. By
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monitoring the extent of fatigue of the exercised leg after
set four, we minimized the time for recovery between com-
pletion of the fatiguing knee extensions and the contralat-
eral non-fatigued leg post-tests. Given that the dynamom-
eter was moved from the fatigued to the non-fatigued
limb following set five, post-tests for the non-fatigued leg
were conducted 30 s, 3 and 5 min following set five of the
fatigue protocol. A 30-s rest was provided between test
trials of one leg. All torque signals were individually cor-
rected for the effect of gravity on the lower leg and finally
sampled by the isokinetic device at a frequency of 200 Hz.
For later analysis, peak isokinetic torque (PIT), knee joint
angle at PIT (on the following referred to as PIT angle),
and time to PIT (TTP) were determined. PIT was defined as
the maximal value of the torque time curve, whereas TTP
was calculated as the time needed to reach PIT from onset
of torque. Onset of torque was defined as the time point at
which torque development exceeded 2.5% of PIT (Prieske
et al. 2014).

Measurement of leg muscle activity

During maximal isokinetic torque measurements, EMG
activity of the vastus medialis (VM), vastus lateralis (VL),
and biceps femoris (BF) muscles of the fatigued and non-
fatigued leg were assessed using circular bipolar surface
electrodes (Ambu®, type Blue Sensor P-00-S/50, Ag/AgCl,
13.2 mm, center-to-center distance 25 mm, Ballerup, Den-
mark). Electrodes were positioned on the muscle bellies
according to the European recommendations for surface
electromyography (Hermens et al. 1999). Inter-electrode
impedance was kept below 5 kQ by shaving, slightly rough-
ening, degreasing, and disinfecting the skin. The location
of the electrodes was marked with permanent ink for iden-
tical position on the three occasions. The EMG signals
were amplified, transmitted telemetrically (TeleMyo 2400
G2, Noraxon®, Scottsdale, AZ, USA), and finally stored
at a sampling frequency of 1,500 Hz. Synchronization of
EMG, torque, and angle data was achieved by analog-to-
digital conversion of the torque signal (TeleMyo 2400R
Analog Output Receiver, Noraxon®, Scottsdale, AZ,
USA). For later offline analysis, raw signals were digitally
band-pass filtered (10-750 Hz) followed by a moving-root-
mean-square filter with a time constant of 50 ms (Prieske
et al. 2014) running the MyoResearch XP Master edition
software (version 1.08.17, Noraxon®, Scottsdale, AZ,
USA). In the present study, EMG was defined as the mean
amplitude voltage identified for time intervals ranging from
onset to offset of torque. EMG data were normalized to the
respective pre-test EMG value in the time interval 50 ms
before and after PIT at 240°/s. Additionally, neuromuscu-
lar efficiency (NME) was calculated as the ratio of PIT to
EMG for VM and VL (Kawamoto et al. 2014). A decrease
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in NME for instance indicates altered muscle contractile
function. In other words, higher EMG activity is needed
to produce similar force/torque output (Bigland-Ritchie
1981).

Statistical analyses

Data are presented as group mean values and standard devi-
ations. After normal distribution was examined (i.e., Shap-
iro-Wilk Test), a 3 (condition: FAT60, FAT240, CON) x 2
(time: pre, post) X2 (test velocity: 60°/s, 240°/s) analysis
of variance (ANOVA) with repeated measures for condi-
tion, time, and test velocity was used to analyze absolute
torque and EMG parameters in the fatigued leg. In terms
of the non-fatigued leg, a 3 (condition: FAT60, FAT240,
CON) x4 (time: pre, post 30 s, post 3 min, post 5 min) X2
(test velocity: 60°/s, 240°/s) ANOVA with repeated meas-
ures for condition, time, and test velocity was conducted.
Homogeneity of variance was examined using the Mauchly
sphericity test for the repeated measures. The Greenhouse-
Geisser correction was applied for further analyses, if
homogeneity was violated. Post hoc tests with the Bonfer-
roni-adjusted o were conducted to identify the comparisons
that were statistically significant. The significance level
was set at p<.05. Additionally, the effect size was calcu-
lated by converting partial eta-squared to Cohens d (Cohen
1988) to indicate whether a statistically significant dif-
ference is a difference of practical concern. According to
Cohen (1988), the magnitude of effect size can be classi-
fied as small (0.2<d<0.5), medium (0.5<d<0.8), and
large (d>0.8). All analyses were performed using Statisti-
cal Package for Social Sciences (SPSS) version 23.0 (IBM
Corp., Armonk, NY, USA).

Results

Maximal isokinetic knee extension in the fatigued leg

Means and standard deviations of isokinetic performance
measures (i.e., PIT, PIT angle, TTP) in the fatigued leg
are presented in Table 1. Figure 1 shows representative
recordings of maximal unilateral knee extension torque
with the exercised leg before and after fatigue. Signifi-
cant main effects of (1) time (p<.036, 1.5<d<3.3), (2)
condition (p<.01, 1.5<d<2.0), and/or (3) test veloc-
ity (p<.001, 3.4<d<9.9) were found for PIT, PIT angle,
and TTP. Additionally, a significant condition X time
interaction occurred for PIT in the fatigued leg (p=.002,
d=2.3). PIT decreased significantly from pre- to post-tests
by 11-13% during FAT60 (p=.016, d=1.8) and by 19%
during FAT240 (p<.001, d=4.9), but only by 3—4% dur-
ing CON (p=.001, d=2.9), irrespective of test velocity
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Table 1 Peak isokinetic torque FAT60 FAT240 CON
(PIT), PIT angle and time to
PIT (TTP) at 60 and 240°/s Pre Post Pre Post Pre Post
before and after unilateral
concentric knee extensions of 60°/s
the fatigued leg PIT [Nm] 253.2(36.1) 219.3(56.5) 260.2 (35.8) 211.2(52.0) 258.0(43.1) 247.0 (46.4)
PIT angle [°]  68.4 (5.4) 66.0 (4.6) 66.8 (5.3) 62.5 (6.6) 67.4 (4.6) 66.1 (5.5)
TTP [ms] 325.0 (96.7) 346.4(103.4) 381.4(86.4) 438.6(118.9) 348.6(75.6) 371.4(79.5)
240°/s
PIT [Nm] 178.7(33.0) 160.0 (38.3) 181.5(37.4) 146.4(41.6) 182.1(35.3) 176.0(37.0)
PIT angle [°]  57.5 (4.0) 59.9 (2.9) 58.9 (3.3) 58.2 (4.2) 58.3(3.3) 58.2(3.8)
TTP [ms] 182.7(24.3) 1764 (25.0) 177.3(32.7) 186.8(29.2) 180.9(22.9) 178.2(25.1)
FAT60 fatiguing muscle actions at 60°/s, FAT240 fatiguing muscle actions at 240°/s, CON control
350 - Pre FAT60 FAT240 CON
300 4
250 4
2 200 4
S
& 150 4
100 -
0

500 ms

Fig. 1 Representative recordings of maximal unilateral concentric
knee extension torque with the exercised leg at 60°/s before (pre) and
after the fatigue protocols (FAT60fatiguing muscle actions at 60°/s,

condition X time
(p=0002 d=23)
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Fig. 2 Changes in a peak isokinetic torque (APIT) and b time to PIT
(ATTP) during maximal unilateral concentric knee extensions in the
fatigued leg at 60°/s and 240°/s following unilateral fatiguing knee
extensions. Data are presented as percentages relative to the respec-

(Fig. 2a). Moreover, baseline PIT values were not statisti-
cally different between conditions. However, post-test PIT
values following FAT60 and FAT240 were significantly

FAT240=fatiguing muscle actions at 240°/s, CON control). Note the
decrease in torque production particularly after the FAT240 protocol

b time X test velocity

(0=0024,d=17)
Q60°s

W 240°/s

ATTP (Yopre-test)

FAT60  FAT240 CON

tive pre-test values. FAT60 fatiguing muscle actions at 60°/s, FAT240
fatiguing muscle actions at 240°/s, CON control. Significantly differ-
ent for decrements in torque: *p <.05, **p <.01, ***p <.001

lower compared to post-test PIT values of CON condi-
tion (p<.008, 2.1<d<3.9). Additionally, post-test PIT
measures of FAT240 condition were significantly lower
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compared to FAT60 post-test values (p=.032, d=1.6).
Further, significant timeXtest velocity (0.011 <p<.024,
1.7<d<2.0) interactions were identified for PIT angle
and TTP in the fatigued leg. Post-hoc analyses showed sig-
nificantly increased TTP values (7-15%, p=.014, d=1.9)
and decreased PIT angles (i.e., more extended knee joints;
2-6%, p=.013, d=1.9) from pre to post in the 60°/s test
velocity condition, irrespective of condition (Fig. 2b).

Muscle activity in the fatigued leg

Means and standard deviations of EMG measures in the
fatigued leg are presented in Table 2. A significant main
effect of time was found for NME in VL (p=.018, d=2.3).
In addition, the statistical analysis revealed significant
main effects of test velocity for all EMG (0.001 <p <.007,
3.3<d<4.3) and NME (p<.001, 5.3 <d<5.7) measures.
Significant condition X time interactions were observed for
EMG (i.e., VL, BF) (0.008<p<.046, 1.8<d<2.0) and

NME (p<.032, 1.9<d<3.0) of the fatigued leg. Subse-
quent post hoc tests indicated significantly increased muscle
activation levels of VL and BF (8-28%, 0.018 <p <.024,
d=1.8) as well as decreased NME measures of VM and
VL (17-29 %, p <.001, 4.1 <d <4.3) following the FAT240
protocol only (Fig. 3). Significant timeXtest velocity
interactions for NME of VM and VL in the fatigued leg
(0.002<p<.041, 1.9<d<3.6). Post hoc tests indicated
significant pre—post reductions in NME at a test velocity of
60°/s (4-24%, 0.002<p<.005, 2.4<d<2.9), irrespective
of the applied fatigue condition (Fig. 4).

Maximal isokinetic knee extension in the non-fatigued
leg

Means and standard deviations of isokinetic performance
measures (i.e., PIT, PIT angle, TTP) in the non-fatigued
leg are presented in Table 3. Significant main effects
of time (p<.001, d=1.8) and/or test velocity (p<.001,

Table 2 Electromyographic

e . Muscles assessed at FAT60 FAT240 CON

(EMG;) activity during different movement

concentric knee extensions at velocities Pre Post Pre Post Pre Post

60 and 240°/s before and after

unilateral concentric knee 60°/s

extensions of the fatigued leg VM [%] 580 (144) 562 (16.1) 543(102) 61.0(154) 612(97) 62.9 (8.4)
VL [%] 56.7 (21.8) 57.0(24.2) 59.9(7.8) 64.8(14.5) 59.9(11.9) 61.7(12.2)
BF [%] 66.6 (12.5) 64.3(15.8) 67.4(13.0) 86.0(23.8) 62.7(11.9) 63.9(14.2)

240°/s

VM [%] 71.9 (12.4) 67.4(23.6) 70.9(13.1) 72.3(21.3) 742(59) 75.1(18.2)
VL [%] 75.0 (19.3) 70.6 (26.3) 74.6 (16.0) 85.5(20.4) 75.5(8.5) 72.9(17.6)
BF [%] 75.7(12.6) 81.7(33.6) 76.0(13.2) 89.7(19.1) 75.2(6.8) 73.7(12.9)

Values represent normalized EMG activity

FAT60fatiguing muscle actions at 60°/s, FAT240fatiguing muscle actions at 240°/s, CONcontrol, VM m.
vastus medialis, VL m. vastus lateralis, BF m. biceps femoris

time

(o< .001, d=18)

I_\l_\. _ N
QO NONO ;MO
1

APIT (%pre-test)

)
NS
L

FAT60 FAT240
Post30 s

CON

Fig. 3 Changes in time to peak isokinetic torque (ATTP) during
maximal unilateral concentric knee extensions in the non-fatigued
leg at 60°/s and 240°/s 30 s, 3, and 5 min following unilateral fatigu-
ing knee extensions. Data are presented as percentages relative to the
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Post5 min

respective pre-test values. FAT60fatiguing muscle actions at 60°/s,
FAT240 fatiguing muscle actions at 240°/s, CON control. Signifi-
cantly different from pre-test, irrespective of test velocity: #p <.10,
*

p<.05
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condition x time

FAT60 FAT240
Post30 s

CON

Fig. 4 Changes in neuromuscular efficiency (NME) of a m. vastus
medialis and b m. vastus lateralis during maximal unilateral concen-
tric knee extensions in the fatigued leg at 60 and 240°/s following
unilateral fatiguing knee extensions. Data are presented as percent-

3.4<d<8.9) were found for PIT, PIT angle, and TTP.
In terms of time effects for PIT, post hoc tests revealed a
strong trend for a reduction 30 s after the fatigue proto-
col (p=.057). In addition, when compared to PIT pre-test
values, significant differences were found 3 min after the
fatigue protocol (p=.010) (Fig. 5). Additionally, a sig-
nificant condition X time interaction was observed for
TTP (p=.026, d=1.0). Post hoc tests showed a tendency
toward decreased TTP values 30 s after the fatigue protocol
(9-15%, p=.062, d=2.0) and significantly lower TTP val-
ues 5 min (11-15%, p=.023, d=2.4) following the FAT60
protocol when compared to pre-test (Fig. 3).

Muscle activity in the non-fatigued leg

Means and standard deviations of EMG measures in the
non-fatigued leg are presented in Table 4. Main effects of
test velocity were observed only for EMG and NME of VL
(0.008<p<.027,3.4<d<4.9). In VM and BF, no changes
in EMG were observed.

Discussion

The main goal of the present study was to examine the
effects of unilateral isokinetic fatiguing knee extensions at
60°/s and 240°/s movement velocities on isokinetic neu-
romuscular performance measures of the contralateral
homologous muscle quantified at 60 and 240°/s veloci-
ties. The main findings were that (1) maximal torque and
NME decreased whereas EMG (i.e., VL, BF) increased
in the fatigued knee extensors following unilateral exer-
cise-induced fatigue particularly when using faster move-
ment velocities, (2) maximal torque of the non-fatigued
knee extensors was not impaired following unilateral

ATTP (Yopre-test)
83
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CON | FAT60 FAT240 CON
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ages relative to the respective pre-test values. FAT60fatiguing muscle
actions at 60°/s, FAT240 fatiguing muscle actions at 240°/s, CON con-
trol. Significantly different from pre-test, irrespective of test velocity:
*#%p <.001

exercise-induced fatigue, (3) the TTP was reduced in the
non-fatigued contralateral leg after FAT60 only, and (4) the
changes in neuromuscular performance of the fatigued and
non-fatigued leg following fatiguing contractions at 60 and
240°/s were independent of the testing velocity (i.e., 60,
240°/s).

In the present study, the results of sigificnantly larger
PIT decrements in the fatigued leg following unilateral
knee extensions at 240°/s velocities indicated that fatigue
was induced in the exercised leg particularly when using
faster movement velocities. In fact, muscle fatigue can
be defined as any exercise-induced reduction in force and
power production of the neuromuscular system regardless
of whether or not the task can be sustained (Bigland-Ritchie
and Woods 1984). In support of our findings, several previ-
ous studies showed greater fatigue effects (i.e., lower force/
torque/power output) following repetitive dynamic multi-
joint (Bogdanis et al. 2007; Ide et al. 2011) and single-joint
(Mathiassen 1989; Douris 1993; Morel et al. 2015) move-
ments at faster compared to slower velocities. For instance,
Ide et al. (2011) reported that decrements in leg press one-
repetition maximum were significantly larger after leg press
and leg extension exercises (each 5X 12 repetitions) when
execution time for each repetition was 1.5 s compared to
6 s. Further, in a recent study of Morel and colleagues
(2015), it was demonstrated that unilateral fatiguing knee
extensions at 240°/s contributed to significantly lower
maximal isometric force levels when compared to fatiguing
knee extensions at 0 and 30°/s. Additionally, these authors
found that fatigue-induced metabolic stress (i.e., blood lac-
tate accumulation) and deficits in contractile function were
more pronounced at faster compared to slower movement
velocities during application of the fatigue protocol (Morel
et al. 2015). Similarly, the present study revealed that NME
of knee extensor muscles was significantly more affected
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Table 3 Peak isokinetic torque (PIT), PIT angle and time to PIT (TTP) at 60 and 240°/s before and after unilateral concentric knee extensions of the non-fatigued leg

@ Springer

CON

FAT240

FAT60

Post 3 min Post 5 min

Post 30 s

Pre

Post 3 min  Post 5 min

Post 30 s

Pre

Post 3 min Post 5 min

Post 30 s

Pre

60°/s

255.8 (41.8)

262.6 (38.1) 254.0(36.9) 262.2 (42.3) 258.6(48.9) 243.0(39.8) 255.3 (46.7)

254.8 (44.4) 256.8 (37.7) 2512(40.1) 2549 (34.7) 272.4 (46.5)
65.3 (8.2)

64.4 (8.0)

PIT [Nm]

65.7 (7.2) 65.7 (5.8) 65.6 (4.8)

66.0 (5.1)
394.6 (139.7) 360.0 (137.5) 3705 (156.5) 350.0 (109.5) 394.1 (128.3) 371.8 (98.1) 374.5(79.7) 385.5(91.4) 363.6(99.9) 384.1 (118.0) 388.2 (105.9) 380.0 (88.4)

65.0 (7.5) 65.8(6.2) 66.6(4.7) 66.4(5.6)

66.1 (7.3) 67.0 (6.2)

PIT angle [°]
TTP [ms]
240°/s

176.1 (25.4) 180.8 (27.3)

177 (28.4)
58.1(3.5)

186.4 (32.2) 184.1(27.9)

180.7 (30.6) 181.2 (30.4)

189.0(32.7) 178.8(29.8) 183.2(30.9) 1844 (31.7) 189.4(33.1)
59.1 (2.6) 57.9 (4.6)
181.8 (19.7)

57.9 (3.8)
205.0 (30.2)

PIT [Nm]

59.1 (3.3)
183.2 (28.4)

57.9 (4.1) 584 (4.2) 56.0(6.5) 589(2.5) 58.3(3.3)
182.7 (26.7) 180.0 (26.0) 189.5(25.6) 180.9 (20.0) 188.6 (32.6) 177.7 (21.3)

197.3 (44.6)

58.3 (3.8)
175.0 (16.7)

59.5(2.8)

174.5 (20.5)

PIT angle [°]
TTP [ms]

FAT60fatiguing muscle actions at 60°/s, FAT240fatiguing muscle actions at 240°/s, CON control

when using faster movement velocities during the fatigue
protocol. Of note, changes in NME are associated with
altered muscle contractile function (Bigland-Ritchie 1981).
With respect to the present findings, significantly lower
NME values (in VM and VL) indicated reduced torque
output at a given muscle activation level only following the
FAT240 protocol. This may imply that fatigue induced by
faster maximal concentric knee extensions was generated
more by changes within the muscle of the exercised limb
(e.g., propagation of action potential, excitation contraction
coupling, calcium kinetics, and greater ATP turnover at
higher contraction speed; for review see Stainsby and Bar-
clay 1976, and Enoka and Duchateau 2016) versus neural
based modulation.

Notably, Morel et al. (2015) further reported that vol-
untary activation of the knee extensors was significantly
more reduced following the fatigue protocol when using
slower compared to higher movement velocities. Thus,
it was hypothesized that the neural stress associated with
slower movement velocities during dynamic unilateral
fatiguing knee extensions may particularly contribute to
enhanced cross-over responses in torque production of the
non-fatigued leg when compared to faster movement veloc-
ities. However, in the present study, no cross-over fatigue
effects were found in the contralateral non-exercised knee
extensors although maximal unilateral concentric knee
extensions led to significant performance decrements in
the exercised limb compared to control condition. Indeed,
this result is in agreement with previous findings, in which
dynamic unilateral fatigue protocols in the lower limbs
did not affect maximal force/torque output on contralat-
eral muscles (Grabiner and Owings 1999; Regueme et al.
2007; Berger et al. 2010; Amann et al. 2013). For instance,
in the study of Grabiner and Owings (1999), subjects per-
formed either concentric or eccentric unilateral fatiguing
knee extensions. Although fatigue was induced in the exer-
cised limb, no changes in torque production (i.e., concen-
tric mode) or even significantly increased torque output
(i.e., eccentric mode) were found in the non-exercised limb
following fatigue. However, in contrast to the studies men-
tioned above, Kawamoto et al. (2014) reported moderate-
to-large-sized decrements in force output (4—7 %) of the
non-fatigued contralateral homologous muscles following
dynamic unilateral knee extensions at 40 or 70 % of maxi-
mal isometric voluntary contractions. The reason for these
inconsistencies in the literature is unclear; however, diver-
gence of the results may be attributed to parameters such
as the recruited fatigue protocols, the testing protocols for
the non-fatigued muscle groups or affected muscle groups.
For instance, a recent systematic review on Cross-over or
non-local muscle fatigue showed that higher exercise inten-
sities (i.e., force/torque level) during unilateral fatiguing
muscle contractions tend to increase modulating effects
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condition X time
(p=0032,d=19)
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m240°/s
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Fig. 5 Changes in peak isokinetic torque (APIT) of maximal uni-
lateral concentric knee extensions in the non-fatigued leg at 60 and
240°/s 30 s, 3, and 5 min following unilateral fatiguing knee exten-
sions. Reductions are presented as percentage values relative to the

in non-exercised muscle groups (Halperin et al. 2015). In
this regard, it is well-established that maximal force output
increases progressively when decreasing movement veloc-
ity (i.e., Hill’s muscle model) (Hill 1938; Thorstensson
et al. 1976; Westing et al. 1991). Moreover, from a mecha-
nistic point of view, alterations in the neural drive to the
muscles appear to account for some of the observed cross-
over effects in the non-exercised muscles (Todd et al. 2003;
Halperin et al. 2015). Interestingly, Morel and colleagues
(2015) demonstrated that movement velocities of <30°/s
during unilateral fatiguing knee extensions induced signifi-
cant decrements in voluntary muscle activation (i.e., knee
extensors) whereas faster movement velocities (240°/s) did
not. In the present study, unilateral fatiguing knee exten-
sions were conducted at 60 and 240°/s. Thus, it could be
speculated that the movement velocities used during the
fatigue protocols of this study provided insufficient changes
in the neural drive to consistently induce cross-over fatigue
in the lower limbs. At last, the limited cross-over fatigue
effects in the present study may be attributed not only to
the fatigue protocol but also to the testing conditions used.
Repetitive/prolonged compared to single testing trials
demand more persistent neural input, which could augment
muscle activation patterns (e.g. inter-hemispheric and/or
corticospinal inhibition) demonstrating cross-over fatigue
effects more clearly (Behm 2004).

Although our data did not show any evidence of cross-
over fatigue (i.e., PIT levels in the non-fatigued leg were
not reduced), the pattern of maximal torque production was
modulated in the non-fatigued contralateral leg after slower
velocity unilateral fatiguing contractions (i.e., FAT60) and
demonstrated significantly lower values for TTP (Fig. 3).
The exact mechanism responsible for the alteration in con-
tralateral torque production is unclear. However, it could be
speculated that unilateral fatiguing knee extensions could

condition X time
(p <0.001,d=3.0)

o

o60°%/s
W240°/s

220 4

ANME VL (Ypre-test)
o
i

FAT60 FAT240 CON

respective pre-test values. FAT60 fatiguing muscle actions at 60°/s,
FAT240fatiguing muscle actions at 240°/s, CON control. Significantly
different from pre-test, irrespective of condition and test velocity:
#p<.10, ¥p < .01

have modulated central nervous circuitries which determine
neural control and motor programming of torque produc-
tion in the non-fatigued leg. This explanation is supported
by those studies which have demonstrated alterations of
the corticomotor responses recorded from neural pathways
which innervating non-exercised limb (Takahashi et al.
2011; Aboodarda et al. 2016). The alteration of neural con-
trol in non-exercised contralateral limb could be mediated
through transcallosal connection, which is the underlying
pathway for transfer of signals between homologous mus-
cles in the two hemispheres (Hortobagyi et al. 2003; Car-
son et al. 2004). However, it is unclear why the observed
change in TTP was more evident at 5 min post-intervention
without changes in PIT angle (the 30 s post-test showed a
trend toward significance p <.10). This result could be due
to inter-individual variability among subjects which is sup-
ported by the large standard deviation presented in Fig. 3.
Therefore, further research is required to determine the
effect of unilateral neuromuscular fatigue induced at differ-
ent movement velocities on motor programming and task
control of the contralateral limb.

In terms of velocity specificity, the present study failed
to show that the fatigue effects in both legs were more
pronounced if the movement velocity during testing com-
plies with the velocity used during the fatigue protocol.
This result is partly in line with the findings of Rebai et al.
(2012) who investigated the effect of 5x 10 maximal uni-
lateral concentric knee extensions at angular velocity
of 120°/s on maximal torque output at different angular
velocities (i.e., 60, 120, and 180°/s). In their study, PIT and
muscle activation levels significantly decreased following
fatigue for each movement velocity during testing in the
exercised knee extensors. Interestingly, PIT decrements
were even significantly larger using the velocity of 60°/s
compared to 120 and 180°/s. It has to be noted that the
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Table 4 Electromyographic (EMG) activity during concentric knee extensions at 60 and 240°/s before and after unilateral concentric knee extensions of the non-fatigued leg
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FAT240 CON

FAT60

Muscles assessed at

different movement

velocities

Post 30 s Post 3 min  Post 5 min

Pre

Post 3 min  Post 5 min

Post 30 s

Pre

Post 3 min  Post 5 min

Post 30 s

Pre

60°/s

59.4 (14.4)
62.2 (25.7)
61.9 (26.7)

528 (13.1) 53.1(13.6) 61.7(2L5) 669(12.3) 62.0(11.5) 63.1(162) 62.4(11.4) 65.6(17.8) 61.1(13.2)
554(9.1)  56.1(8.4) 61.5 (19.8)

56.4 (12.3)

57.5 (16.6)
61.0 (11.3)
67.1 (24.3)

VM [%]

62.2(16.8) 57.0(15.6) 55.4(13.6) 63.2(23.5) 62.5(18.1)
70.3 (16.7) 63.1 (26.3)

77.2 (16.9)

59.7 (15.6)

58.6 (10.1)

VL [%]

60.3 (21.4)

61.0 (16.9)

67.2 (15.8)

747 (23.6) 742 (17.1) 746 (25.4)

77.9 (22.4)

BF [%]
240°/s

71.0 (20.6)

70.8 (23.1)
77.3 (25.5)
73.2 (18.3)

67.9 (25.6) 66.5(21.7) 75.7(15.8)

62.3 (21.7)
73.1 27.7)

68.9 (23.8)
64.4 (12.6)

79.5 (30.2)
70.5 (22.2)

59.1(19.0) 59.5(13.9) 61.0(169) 69.6(9.1)
64.7 (14.9)

71.4 (17.5)
90.0 (31.7)

68.3 (16.8)
78.0 (22.1)

VM [%]

77.3 (13.7)

84.9 (17.5)

72.1(14.3)
68.1 (15.7)

64.5 (17.4) 74.4 (12.8)
73.6 (9.1)

80.9 (25.5)

VL [%]
BF [%]

829 (31.8) 77.4(29.6) 71.0 (15.7) 71.2 (16.4)

90.9 (29.2)

81.2 (21.0)

Values represent normalized EMG activity

FAT60 fatiguing muscle actions at 60°/s, FAT240fatiguing muscle actions at 240°/s, CON control, VM m. vastus medialis, VL m. vastus lateralis, BF m. biceps femoris

evidence of velocity specificity has predominantly emerged
from resistance training studies (Behm and Sale 1993).
However, the present study and that of Rebai et al. (2012)
are cross-sectional studies investigating acute effects of
fatiguing muscle actions. Thus, it appears reasonable to
assume that the concept of velocity specificity becomes
less distinct for acute compared to long-term adaptations to
training stimuli.

The methodological considerations which are central
to this study are the following (1) participants were asked
to produce maximal force output during each trial (either
fatiguing contractions or testing trials at both movement
velocities 60 and 240°/s). An increase in EMG activity was
observed for the VL and BF after FAT240 (irrespective of
the test velocity). The exact mechanism for this finding is
unresolved. However, a potential explanation is that the
amplitude of the signal can change due to activation shift/
interval (muscle on or muscle off) and not necessarily as a
consequence of a different level of overall muscle activation
(Ivanenko et al. 2004). Another potential explanation is that
the warm-up protocol used in our study did not adequately
potentiate the central and peripheral mechanisms control-
ling the high intensity contractions. Therefore, participants
could adopt neural activation strategies to propagate more
central motor command following FAT240. (2) As previ-
ously described, post-intervention trials were performed
for the exercised leg after set four and for the non-exercised
leg after set five of the fatigue protocol (see "Methods" sec-
tion). The prolonged resting period between sets four and
five (approximately 45 s) may indeed have provided some
recovery effect.

Conclusion

In summary, the present study revealed that unilateral
fatiguing knee extensions did not produce any impairment
of maximal torque output in the contralateral homologous
muscles. However, slower movement velocities (i.e., 60°/s)
induced large-sized cross-over modulations in torque pro-
duction of the non-fatigued leg (i.e., reduced TTP) lasting
up to 5 min following the fatigue protocol. Further, torque
production changes following repetitive slow and fast mus-
cle actions in the fatigued and non-fatigued leg appear to be
independent of movement velocities between fatigue proto-
cols and testing procedures. This indicates that the concept
of velocity specificity is less distinct for acute adaptations
to training stimuli. Based on the present findings, it can
be postulated that unilateral fatiguing knee extensions at
slower movement velocities modulate the neural strategies
of torque production in the contralateral non-fatigued leg.
These neural changes appear to be responsible for shorter
TTP values in the non-fatigued leg. It is suggested that
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coaches and practitioners should particularly consider the
exercise order during (resistance) training programs when
using unilateral muscle actions or exercises at slower rather
than faster movement velocities.
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