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Abstract

Non-local muscle fatigue (NLMF) refers to a transient decline in
the functioning of a non-exercised muscle following the fatigue
of a different muscle group. Most studies examining NLMF
conducted post-tests immediately after the fatiguing protocols,
leaving the duration of these effects uncertain. The aim of this
study was to investigate the duration of NLMF (1-, 3-, and 5-
minutes). In this randomized crossover study, 17 recreationally
trained participants (four females) were tested for the acute
effects of unilateral knee extensor (KE) muscle fatigue on the
contralateral homologous muscle strength, and activation. Each
of the four sessions included testing at either 1-, 3-, or S-minutes
post-test, as well as a control condition for non-dominant KE peak
force, instantaneous strength (force produced within the first 100-
ms), and vastus lateralis and biceps femoris electromyography
(EMG). The dominant KE fatigue intervention protocol involved
two sets of 100-seconds maximal voluntary isometric
contractions (MVIC) separated by 1-minute of rest. Non-
dominant KE MVIC forces showed moderate and small
magnitude reductions at 1-min (p < 0.0001, d = 0.72) and 3-min
(p = 0.005, d = 0.30) post-test respectively. The KE MVIC
instantaneous strength revealed large magnitude, significant
reductions between 1-min (p = 0.021, d = 1.33), and 3-min (p =
0.041, d = 1.13) compared with the control. In addition, EMG
data revealed large magnitude increases with the 1-minute versus
control condition (p = 0.03, d = 1.10). In summary, impairments
of the non-exercised leg were apparent up to 3-minutes post-
exercise with no significant deficits at 5-minutes. Recovery
duration plays a crucial role in the manifestation of NLMF.

Key words: Crossover fatigue, contralateral muscles, homolo-
gous muscles, isometric, recovery.

Introduction

Crossover fatigue (effects on homologous contralateral
muscles) and non-local muscle fatigue (NLMF: effects on
homologous or heterologous contralateral muscles) occur
when unilateral fatigue of a muscle group induces a perfor-
mance reduction (e.g., force, power, or endurance) in non-
exercised contralateral muscle groups (Halperin et al.
2015, Behm et al. 2021). The first narrative review inves-
tigating NLMF reported contralateral force deficits in 32 of
58 (55%) measures with more frequent impairments occur-
ring with unilateral lower limb fatigue interventions (76%
of measures) than with the upper limbs (Halperin et al.
2015). The review also noted that there was a higher

occurrence of force impairments with repetitive (fatiguing)
contractions (Halperin et al. 2015). Four years later, Miller
et al. (2019) conducted a meta-analysis involving only six
heterologous NLMF studies reporting trivial to small mag-
nitude deficits (from pre-fatigue) in maximal voluntary
force and spinal and supraspinal excitability. They specifi-
cally indicated that the minor impairments were analyzed
from measures taken immediately post-exercise. A more
recent meta-analysis (Behm et al. 2021) of 52 studies (ho-
mologous and heterologous muscles) reported that strength
and power measures showed overall trivial impairments
while endurance/fatigue outcomes revealed moderate mag-
nitude deficits. However, between-study heterogeneity was
high with a spectrum of trivial (13), small (21), medium
(8), and large (11) effect size magnitude impairments as
well seven measures reporting contralateral improvements.
Hence, while the diversity and inconsistency of findings in
the three reviews resulted in overall trivial to small strength
and power deficits, there is evidence from a number of in-
dividual original research studies of small or greater mag-
nitudes of NLMF.

Potential mechanisms underlying NLMF have been
attributed to increased cognitive demand influencing motor
overflow affecting subsequent attentional and focus capac-
ities to activate non-local non-exercised muscles (Addamo
et al. 2007; Halperin et al. 2015), increased effort sensation
adversely affecting subsequent exercise motivation or ef-
fort perception (Steele 2020), circulating metabolites (bio-
chemical) or fatigue of stabilizer muscles (biomechanical)
(Halperin et al. 2015).

A subgroup analysis of the Behm et al. (2021) meta-
analysis suggested that NLMF effects were not moderated
by the time of post-fatigue intervention measures. How-
ever, most studies measure NLMF immediately or soon
(<3 minutes post-intervention) after the unilateral fatigue
intervention. Thus, a more systematic evaluation of the
time course of NLMF effects is timely and needed.

Whilst NLMF mitigating factors such as muscle
specificity, type of NLMF protocol, contraction intensity,
and sex differences have been examined, there is little re-
search on the duration of NLMF effects after a contralateral
muscle fatiguing intervention. Hence, the objective of the
present study was to examine the duration of NLMF effects
by testing at 1-, 3, and 5-min post-unilateral fatigue inter-
vention to investigate the duration of possible effects.
Based on the limited published duration data (e.g., Arora et
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al. 2015, Prieske et al. 2017), it was hypothesized that con-
tralateral deficits would be evident at 3- but not 5-minutes.

Methods

Participants

An "a priori" statistical power analysis was performed us-
ing the G*Power 3.1.9.2 software package, based on force
measures from relevant studies (Behm et al. 2016;
Chaouachi et al. 2017). The analysis aimed to achieve an
alpha level of 0.05, effect size of 0.5 (moderate magni-
tudes), and a statistical power of 0.8 using the F-test family.
The results of the analysis suggested that having between
8 to 13 participants would be sufficient to attain adequate
statistical power in the study. Hence, 17 recreationally
trained participants (participated in non-structured physical
activities 1-3 times per week) were recruited to not fall be-
low the estimated sample size due to drop out. Among
them, four were females with an average height of 159.1 +
2.9 cm, body mass of 62.7 £ 7 kg, and age of 26.6 + 9.8
years. The remaining participants were male with a height
of 177.4 cm + 2.4, body mass of 81.5 + 9.9 kg, and age of
30.5 + 5.5 years. Fourteen (14) participants were identified
as right-leg dominant, while three participants were identi-
fied as left-leg dominant based on their preference and ac-
curacy in kicking a soccer ball.

Before the testing session, each participant com-
pleted several preliminary procedures. They filled out the
Physical Activity Readiness Questionnaire Plus (PAR-Q+
2020) to assess their readiness for physical activity. They
also read and signed an informed consent form as well. Ex-
clusion criteria for the study included a history of quadri-
ceps muscle or knee joint injury, as well as any neurologi-
cal conditions. Participants were instructed to abstain from
engaging in intense physical activity and refrain from con-
suming alcohol, caffeine, or nicotine for the 24 hours lead-
ing up to their scheduled lab visit. The research protocol
for this study was approved by the Health Research Ethics

Authority of the Memorial University of Newfoundland
under the protocol number #20210760-HK.

Experimental design

To examine the acute effects of unilateral, dominant, knee
extensors muscle fatigue on the strength, activation, and
endurance of the contralateral homologous muscle, a ran-
domized crossover study design was implemented (Figure
1). Prior to the study, participants underwent a familiariza-
tion session to become acquainted with the testing proce-
dures and equipment. The study consisted of five separate
sessions (one familiarization session and 4 experimental
testing sessions), each separated by a minimum of 48
hours, including a control condition. The experimental
conditions were presented in a random order and involved
testing at pre-test as well as one, three, and five-minutes
post-test, as well as a control condition where participants
rested for 260 s before performing a post-test at one minute
following the control period of inactivity. Measurements of
discrete (single repetition) MVIC peak force output, in-
stantaneous strength (force produced in the first 100 ms of
MVIC: F100), and electromyographic (EMG) activity of
the vastus lateralis and biceps femoris were collected for
the non-dominant knee extensors (quadriceps) and flexors
(hamstrings) respectively.

Protocol

Electromyography (EMG)

At the beginning of each testing session, surface electro-
myography (EMG) electrodes were applied to the vastus
lateralis (VL) and biceps femoris (BF) muscles of both
legs. For electrode placement, self-adhesive Ag/AgCl elec-
trodes (MeditraceTM 130 ECG conductive adhesive elec-
trodes) were utilized based on established protocols from
previous studies (Hermens et al., 2000; Kawamoto et al.,
2014; Paddock and Behm, 2009). The electrodes for the
VL were positioned at 66% of the distance between the an-
terior superior iliac spine and the lateral side of the patella.

‘Warm-up

Pre-test
Three, 5-second unilateral knee extensors and flexors
MVICs with non-dominant limb
2 minutes between contractions

Fatigue Intervention

2 x 100-s Unilateral Dominant Knee
Extensors MVIC
with 1minute rest between contractions

Control Intervention

320-s rest
(260-s rest to match fatigue
intervention and 60-s to the 1-min
post-test time)

Post-tests

i 1-minute post-intervention

il 3-minutes post-intervention
iii. S-minutes post-intervention

Single post-test MVIC with every session / condition
Non-dominant knee extension and flexion 5-s MVIC
Measures: Knee extensors and flexors peak force,
and instantaneous strength (F100) and vastus lateralis and biceps femoris EMG

Figure 1. Experimental design. EMG: electromyography, MVIC: maximal voluntary isometric contraction.
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The mid-point between the gluteal fold and popliteal space
was used for the BF. The electrodes were spaced 2 cm apart
(center to center) and aligned parallel to the direction of the
muscle fibers. To ensure minimal skin resistance, the area
was prepared by shaving, lightly abrasing with sandpaper,
and cleansing with an isopropyl alcohol swab. Addition-
ally, a ground electrode was positioned on the lateral fem-
oral epicondyle.

To ensure an adequate signal-to-noise ratio, an in-
ter-electrode impedance of <5 kQ was obtained prior to
testing. The EMG signal acquisition system (Biopac Sys-
tem Inc., DA 100: analog—digital converter MP150WSW;
Holliston, Massachusetts) recorded all signals at a sam-
pling rate of 2000 Hz. All EMG signals were filtered with
a Blackman — 61 dB band-pass filter between 10 and 500
Hz, amplified (bi-polar differential amplifier, input imped-
ance = 2 MQ, common mode rejection ratio >110 dB min
(50/60 Hz), gain x 1000, noise >5 uV), and analog-to-dig-
itally converted (12 bit) for storage and analysis on a per-
sonal computer. A commercially designed software pro-
gram (AcqKnowledge 111, Biopac Systems Inc.) was used
for the establishment of signal parameters and for data
analysis.

An integral of the EMG (IEMGQG) signal was used
over the peak MVIC force (0.5-s prior to and after the peak
force). IEMG values were determined using a window
width of 100-ms. Once IEMG was calculated the mean am-
plitude value was selected. As EMG measures typically
have lower reliability values and greater test to re-test var-
iability than MVIC force, these EMG values were then nor-
malized to the highest pre-test value and reported as a per-
centage.

Pre-test single MVIC force measures

Following a general warm-up of lower body cycling on a
Monark cycle ergometer for 5-minutes at a cadence of 70
rpm (70 Watts), the participants proceeded to perform a
pre-test involving MVICs for knee flexion and extension.
The order of muscle testing was randomized. Participants
sat and were strapped for stabilization on a padded chair
with their arms across their chests, hips at 90°, and the knee
at 90° and 110° for knee extension and flexion MVICs re-
spectively (Figure 2). For each muscle, two MVICs con-
sisting of knee flexion or extension were performed, each

lasting 5-seconds, with a 2-minute rest period between
MVICs. Participants were instructed to exert maximum ef-
fort and contract the target muscles as forcefully and
quickly as possible throughout the 5-second duration. The
MVIC with the highest peak force was selected for further
analysis. In cases where the second MVIC exceeded the
first by 10% or more, an additional MVIC was performed.
To minimize upper body involvement, a five-point harness
was secured around the waist and shoulders of the partici-
pants, and they were instructed to cross their arms over
their chest. An ankle cuff was placed on the participant's
ankle, which was connected to strain gauges (Omega En-
gineering Inc., LCCA 250, Don Mills, Ontario) via a non-
extensible chain. The strain gauges and chains were at-
tached either to the chair (for VL MVICs) or to the wall
(for BF MVICs). The chair was positioned at a distance
from the wall that ensured the chain remained taut without
any slack. A specific warm-up protocol was conducted for
the MVICs, which involved three 5-second contractions at
approximately 50% of the MVIC intensity, followed by
two 5-second contractions at approximately 75% intensity.

Unilateral fatigue intervention

Following the 5-second duration MVIC pre-tests, partici-
pants either underwent a fatigue protocol or a Control rest
period lasting 320 seconds (Control: 260 seconds to match
the intervention duration and an additional minute till the
1-minute post-intervention test). The fatigue protocol used
in this study has been demonstrated to induce NLMF in the
contralateral knee extensors in previous research (Doix et
al. 2013; Halperin et al. 2014c; 2014d). Using the same setup
as the pre-MVIC testing, the dominant leg performed contin-
uous knee extension MVICs for two sets, each lasting 100
seconds, with a 1-minute rest period between sets.
Throughout the fatigue protocol, participants were in-
structed to keep the contralateral leg relaxed during leg
contractions, and the EMG activity of the contralateral leg
was monitored to ensure it remained below 5% of the
MVIC EMG level. Data for both legs were recorded during
the fatigue protocol for later analysis. A fatigue index was
calculated by dividing the mean values of the last two
MVICs by the mean values of the first two MVICs for both
force and EMG measurements, providing an endurance
outcome measure.

Figure 2. a) Knee extension (photo on left) and b) knee flexion (photo on right) maximal voluntary iso-

metric contraction (MVIC) positions.
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Post-test single MVIC force measures

For the post-tests, a single 5-second MVIC was performed
after the fatigue protocol based on the specific condition
(1-minute, 3-minute, S-minute, or control). The sequence
of MVICs started with dominant leg knee extension, fol-
lowed by non-dominant leg knee extension, and finally
non-dominant leg knee flexion. Each MVIC was executed
for a duration of 5-seconds, and the transition between
MVICs was rapid (i.e., less than 30-seconds). Peak force
and instantaneous strength (F100) were measured for each
knee flexion and extension MVIC of both legs during the
pre- and post-tests. Instantaneous strength is considered as
a strong proxy measure for rate of force development. F100
performance is important for sport and functional activities
of daily living. It is highly influenced by the rate of motor
unit discharge (Maffiuletti et al. 2016).

Statistical analysis

The statistical analyses were conducted using SPSS soft-
ware (Version 27). Intraclass correlation coefficients (ICC)
were calculated to assess the reliability of MVIC force, VL,
and BF EMG measurements in the non-dominant limb.
Normality tests (Kolmogorov-Smirnov) and tests for the
assumption of sphericity were performed for all dependent
variables. If the assumptions of normality and sphericity
were met, ANOVA tests were used to analyze the effects
of the unilateral fatiguing protocol on the contralateral limb
MVIC. The factors included in the two-way repeated
measures ANOVA were time (2 levels: pre- and post-test)
and "post-testing condition" (Control, 1 min, 3 min, and 5
min). These analyses were conducted for both MVIC force
and EMG measurements in the non-exercised leg. If signif-
icant main effects were observed, post-hoc tests with Bon-
ferroni correction were conducted to compare different
conditions and time points. The partial eta® effect sizes
(pn?) for main effects and interactions were calculated (Co-
hen 1988) and reported (small = 0.01, medium = 0.06, large
= 0.14). The threshold for statistical

significance was set at p < 0.05. To assess the magnitude
of the observed post-hoc effects, Cohen's d effect sizes
were calculated, following Cohen's guidelines (1988). Ef-
fect sizes less than 0.2 were considered trivial, effect sizes
between 0.2 and less than 0.5 were classified as small, ef-
fect sizes between 0.5 and less than 0.8 were considered
medium, and effect sizes of 0.8 or greater were considered
large. The reported data are presented as means =+ standard
deviation (SD). To address whether the four female partic-
ipants had differentially influenced the analysis, subse-
quent ANOVAs were conducted with just the male partic-
ipants for knee extensors and flexors MVIC as well as in-
stantaneous strength.

Results

Non-dominant Kknee extensors (quadriceps) MVIC
force

For non-dominant knee extensors MVIC force significant
interactions between condition and time (Fi6s = 9.17, p <
0.0001, pn?>= 0.30) and a significant main effect for times
(Fi64 = 8.36, p = 0.005, pn>= 0.12) were evident. Com-
pared to the pre-test, knee extensors MVIC forces showed
a moderate magnitude decrease of 15.8% (p <0.0001, d =
0.72) at 1-min post-test, and a small magnitude 8.5% (p =
0.005, d = 0.30) decrement at 3-min. The 5-min group
showed a trivial magnitude, non-significant (p =0.076,d =
0.15) pre- to post-test increase of 8.9% (Figure 3).

The analysis of knee extension MVIC instantaneous
strength revealed a significant main effect among the ex-
perimental conditions, (F3 4= 5.43, p = 0.006, pn?= 0.25).
Significantly, large magnitude, greater decreases were spe-
cifically observed between the 1-minute (p = 0.021, d =
1.33), as well as between the 3-minute conditions (p =
0.041, d = 1.13) and the control conditions (Figure 4).
However, no significant differences were detected among
the other conditions (p > 0.05).

Non-dominant Quadriceps MVIC Force
800 -
700 . * ‘ -
| — |
~500 '
&
(V]
8 400
it
300
200
100
0
Control 1-min 3-min 5-min
W Pre-test @ Post-test
Pre-MVIC Post-MVIC Percent difference (%)
Control force (N) 543.47 £ 135.54 519.82 £ 146.85 435(p=0.13)
1-min force (N) 504.03+£111.10 424.31 £108.21 -15.81 (p < 0.0001)
3-min force (N) 542.31 £ 155.38 495.97 + 150.82 -8.54 (p=10.005)
5-min force (N) 52483+ 1179 571.97+£133.32 +8.98 (p = 0.076)

Figure 3. Non-dominant quadriceps maximum voluntary isometric contraction (MVIC) force. N: Newtons
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Non-dominant knee extensors Instantaneous Strength (peak force exerted
within first 100ms MVIC)
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= Control 1-min 3-min 5-min
Conditions
The difference between Pre- and Post-test Std. Deviation
Control force (N) -24.45 26.16
1-min force (N) -74.44 45.96
3-min force (N) -54.08 25.83
5-min force (N) -26.36 50.14

Figure 4. Non-dominant knee extensor (quadriceps) MVIC force during the first 100 ms MVIC (instantaneous strength:
F100). * indicate significant differences of p = 0.021 and p = 0.041 for 1-min and 3-min versus control respectively. N: Newtons.
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Control 1-min

Non-dominant Quadriceps EMG

3-min 5-min
Conditions

Normalized EMG Condition % difference between Pre- and Post-tests Std. Deviation

Control force 95.72 14.95
1-min force 114.72 19.13
3-min force 106.24 16.93
5-min force 103.41 11.04

Figure 5. Non-dominant quadriceps (vastus lateralis) normalized integral of the EMG (electromyography) signal.

* indicates significance of p = 0.03.

Non-dominant quadriceps (vastus lateralis) EMG

The analysis of the normalized IEMG data with the MVIC
between pre- and post-tests for the vastus lateralis muscle
yielded significant main effect differences among the ex-
perimental conditions, (F314=5.13, p=0.013, pn>=0.52).
Post hoc analysis revealed that large magnitude increases
were specifically observed between the 1-minute and con-
trol conditions (p = 0.03, d = 1.10) (Figure 5). However, no
significant differences were found among the other condi-
tions (p > 0.05).

Non-dominant Knee Flexors (Hamstrings) MVIC force

The analysis of the knee flexion MVIC force did not reveal
any significant interactions between the experimental con-
ditions and time (F1 4= 0.91, p=0.442, pn>=0.041) (Table
1). Furthermore, there were no significant differences in
the main effects across the various conditions (Fi64=0.13,
p=0.718, pn?= 0.002).

Non-dominant knee flexors (hamstrings) instantaneous
strength

MVIC non-dominant discrete knee flexors instantane-
ous strength analysis revealed significant main effect
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Table 1. Non-dominant knee flexors (hamstrings) maximal voluntary isometric contraction (MVIC) force.

Pre-MVIC Post-MVIC Percent difference (%)
Control force (N) 309.39 + 88.57 326.25+72.99 5.44
1-min force (N) 323.94 +81.2 308.21 + 50.88 -4.85
3-min force (N) 338.98 £90.77 346.73 £ 75.76 2.28
5-min force (N) 338.49 +101.43 340.05 £ 73.1 0.46
N: Newtons
Non-dominant knee flexors Instantaneous Strength (peak force within the first
100 ms MVIC
20
<
2 0
k F
% -20
3
E -40
-
5 -60
&
% -80
g -100
e —
é -120 ‘ [
/a Control 1-min 3-min 5-min
Conditions
Difference between Pre- and Post-test Std. Deviation
Control force (N) -8.03 40.66
1-min force (N) -11.87 19.37
3-min force (N) -53.34 52.71
5-min force (N) 10.63 51.85

Figure 6. Non-dominant knee flexors (hamstrings) maximal voluntary isometric contraction (MVIC) force
during the first 100ms MVIC (instantaneous strength: F100). * indicate significant differences of p= 0.045 and p = 0.046

between the 1- and 3-min recoveries and the 3- and 5-min recoveries respectively. N: Newtons.

differences among the experimental conditions, (F314 =
3.37, p = 0.049, pn>= 0.42). Post hoc analysis further re-
vealed large magnitude decreases observed between the 1-
minute and 3-minute conditions (p = 0.045, d = 1.04).
There was also a large magnitude difference between the
deficit at 3-minutes versus the recovery at S-minutes (p =
0.046, d = 1.22) (Figure 6). However, no significant differ-
ences were found among the other conditions (p > 0.05).

Non-dominant hamstrings (biceps femoris) IEMG

Pre- vs. post-tests biceps femoris MVIC IEMG analysis re-
vealed significant main effect differences among the exper-
imental conditions, (F3,14 = 16.86, p = 0.001, pn?>= 0.78).
Post hoc analysis further revealed large magnitude deficits
at 1-minute compared to the 3-minute (p=0.015,d=1.18),
and control conditions (p = 0.001, d = 2.14). A significant
large magnitude decrease was evident at 5-minutes com-
pared to the control condition (p =0.018,d=1.11) (Figure
7). However, no significant differences were found among
the other conditions (p > 0.05).

Mixed sex vs male only analysis

As to be expected, by removing four (female) participants
there were minor differences in the main effects and inter-
actions. However, when interpreting the general findings
and comparing a mixed population to a male only popula-
tion the overall findings were quite similar for knee exten-
sors and flexors MVIC force output as well as instantane-
ous strength. Hence, the addition of 4 females to the 13

male participants did not substantially change the analysis.
Discussion

A primary outcome of this study revealed significant im-
pairments in quadriceps NLMF-induced MVIC force and
instantaneous strength specifically at 1-minute and 3-mi-
nute recovery intervals, while vastus lateralis EMG expe-
rienced a significant increase at 1-min post-intervention.
The second prominent finding of this study indicated that
the hamstrings (knee flexion) MVIC force (no signifi-
cance), instantaneous strength (significant differences be-
tween 1-min < 3-min and 3-min < 5-min), and EMG (1-
min < 3-min) activity did not reveal a consistent or predict-
able pattern. These findings highlight the complex nature
of NLMF effects on the hamstrings, where the anticipated
changes in MVIC force and instantaneous strength perfor-
mance and EMG activity were not consistently observed
across post-test durations.

A number of original research studies have reported
NLMF (Doix et al. 2013; Halperin et al. 2014a;
2014b; 2014c; 2014d; 2015; Hamilton and Behm 2017;
Kawamoto et al. 2014; Kennedy et al. 2013; Martin
and Rattey 2007), but there is scant research that examined
the duration of NLMF recovery. The findings of this
study indicate that the presence of NLMF with single
knee extensors MVICs can be demonstrated within
recovery times of 1- and 3-minutes, while no significant
NLMF was observed within a 5-minute recovery period.
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Non-dominant Hamstrings EMG
250 : > !
I—‘|
200
%; .
< 150
m
B
2100
|
50
0
Control 1-min 3-min 5-min
Conditions
Normalized EMG Difference percentage between 2
Condition Pre- and Post-test St Deviatian
Control force 120.63 27.34
1-min force 63.06 26.32
3-min force 137.85 85.15
5-min force 89.39 28.53

Figure 7. Non-dominant hamstrings (biceps femoris) normalized integral of the EMG (electromyography)
signal. * indicates significant differences ranging from p = 0.015 to p = 0.001.

These results suggest that the recovery duration plays a
crucial role in the manifestation of NLMF and highlights
the importance of considering the optimal recovery period
when assessing and interpreting NLMF phenomena. The
present study contributes to the growing body of literature
exploring the interplay between unilateral muscle fatigue
and its impact on contralateral muscle function, highlight-
ing the specificity of these effects within the quadriceps
muscles.

As mentioned, the hamstrings did not follow a pre-
dictable pattern. This present outcome might be attributed
to the principle of movement specificity (Behm and Sale
1993). The fatigue intervention utilized in this study in-
volved knee extensions, and it is plausible that different
joint movements or contractions of heterologous muscles
might not exhibit comparable neuromuscular responses.

The proposed experimental design for this study
aimed to optimize the elicitation of NLMF based on previ-
ous research by Halperin et al. (2015), who suggested that
NLMEF effects are primarily influenced by neural and psy-
chological factors. To account for this postulation, a high
intensity and high volume fatiguing exercise protocol (2
sets of 100 seconds MVIC with 1-min rest between sets)
was chosen, as such protocols have been shown to induce
NLMF effects (Doix et al. 2013; Halperin et al. 2015,
Hamilton and Behm 2017). These findings align with pre-
vious original research (Doix et al. 2013; Halperin et al.
2014b; 2015; Hamilton and Behm 2017; Farrow et al.
2020, Kawamoto et al. 2014; Kennedy et al. 2013; Martin
and Rattey 2007) providing supporting evidence for the in-
fluence of unilateral dominant quadriceps fatigue on con-
tralateral quadriceps MVIC force, instantaneous strength,
and EMG activity.

Despite the utilization of similar methodologies by
Anvar et al. (2022), which focused on plantar flexor mus-
cles, no significant impairment in NLMF MVIC force was

observed in that study. In line with recommendations from
Halperin et al. (2015) and other researchers (Alcaraz et al.
2008) to enhance the likelihood of NLMF, this study tar-
geted the knee extensors for fatigue induction and assess-
ment. The quadriceps muscles, which constitute a larger
muscle mass and possess a higher proportion of fast-twitch
fibers (Miller et al. 1993), exhibit an accelerated onset of
fatigue. compared to plantar flexion in a seated, flexed
knee position. In this position, the gastrocnemius is disad-
vantaged, resulting in greater reliance on the soleus mus-
cle, which is characterized by a greater predominance of
slow-twitch fibers (Campbell et al. 1979; Costill et al.
1976; Monster et al. 1978). Therefore, considering that
muscle inactivation may increase with fatigue (Behm
2004), the decrease in the central nervous system's capacity
to fully activate the muscle may not be as significant of a
concern with the lower threshold, more slow-twitch
(Henneman et al., 1965) predominant motor units of the
soleus muscle. Furthermore, in the present study, changes
in EMG activity did not correspond with the force and in-
stantaneous strength deficits. With neuromuscular fatigue,
a decrease in EMG activity is often found representing de-
recruitment of motor units, decreased firing frequency (rate
coding), or the prolongation of the muscle action potential
waves, among other effects (Behm 2004). This lack of as-
sociation (no significant change in knee flexor MVIC force
and instantaneous strength associated with decreased EMG
at 1-min or decreased knee extensor MVIC force and in-
stantaneous strength at 1- and 3-min with an increased
EMG activity at 1-min) would suggest that neural-related
factors did not play a role in the NLMF.

Only a limited number of studies have examined
NLMF beyond a 1-minute recovery period, and very few
have reported significant effects. For instance, Prieske et
al. (2017) investigated unilateral fatigue at various
movement velocities using an isokinetic dynamometer,
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revealing decreased torque production in the non-exercised
knee extensors for up to 5 minutes following fatigue induc-
tion at slower movement velocities (60°s). However,
Arora reported the absence of NLMF when examining the
impact of low-intensity fatiguing unilateral knee extensor
exercise on force and activation in the contralateral non-
exercised leg within 1-10-minutes following the fatigue
protocol (consisting of 15 isometric knee extensions at
30% of peak MVIC force, each lasting 16 seconds with 4
seconds of recovery) (Arora et al. 2015). Sustained MVIC
forces can progressively decrease by 50% within 1-2
minutes (as observed in the 2 sets of 100 seconds in this
study), with initial rapid recovery influenced by rapid mus-
cle reperfusion (Carroll et al. 2017). Consistent with the
present research, the findings regarding MVIC force and
instantaneous strength demonstrate that the reduction in
post-test compared to pre-test is more pronounced in the 1-
minute recovery time condition, followed by the 3-minute
recovery time condition, while no significant differences
were observed with the S-minute recovery time condition.

The measurement of MVIC instantaneous strength
(F100: force produced in the first 100 ms) was included
since metrics related to rate of force development (RFD)
have important functional consequences for sport and ac-
tivities of daily living (Aagaard et al. 2002; Maffiuletti et
al. 2010, 2016). Since RFD is highly dependent on the abil-
ity to exert maximal voluntary activation (highly related to
the motor unit discharge rate) in the early phase of an ex-
plosive contraction (first 50-75 ms) (Maffiuletti et al.
2016), instantaneous strength is a good indicator of RFD
and neural responses. However, in this instance there was
not a strong association between neural (EMG) responses
and NLMF knee extensors MVIC force and instantaneous
strength deficits.

Since neural (EMG) or morphological factors do
not seem to play a role in NLMF in this study, two other
potential mechanisms may explain the findings of this
study. Firstly, it is plausible that various metabolites in-
cluding potassium, hydrogen, lactate, and heat shock pro-
teins are dispersed to non-exercised muscles through the
cardiovascular system during and after fatiguing protocols
(Halperin et al. 2015), potentially impairing their contrac-
tile capacity (Henneman et al. 1965). Secondly, it is possi-
ble that certain fatiguing protocols result in heightened ac-
tivation of stabilizer muscles, which in turn impairs their
ability to stabilize the non-exercised muscle groups
(Halperin et al. 2015; Baker and Davies 2009)
contributing to muscle force reductions.

Fatigue interventions of longer duration have also
been demonstrated to impact the psychological aspect, spe-
cifically resulting in a mental energy deficit when experi-
encing discomfort. This can lead to mental fatigue, which
is characterized by reduced focus and concentration, sub-
sequently affecting neuromuscular activation in both fa-
tigued and non-exercised muscles (Halperin et al. 2015).
Steele (2020) emphasizes the “perception of effort” which
is defined as the individual’s perception of the required ef-
fort to accomplish a specific task or set of tasks, determined
by comparing the current task demands to the perceived
capacity to meet those demands, without exceeding the
perceived current capacity. Applying Steele’s definition to

our study, where a severe fatigue protocol was performed
on the dominant quadriceps, it is plausible that the preced-
ing unilateral work may have heightened the global percep-
tion of effort involved in the subsequent task (Gioda et al.
2024), potentially contributing to the occurrence of NLMF.

In addition, it is worth noting that the participants in
this study were primarily individuals with recreational
training backgrounds and limited experience with re-
sistance training. Their lack of familiarity with high-inten-
sity resistance training loads may have negatively influ-
enced their ability to fully activate their muscles (intended
MVICs) throughout the extended intervention duration of
2 sets of 100 seconds. Consequently, the potential for near
maximal rather than truly maximal intensity contractions
might not have induced a significant mental energy deficit
or maximum perception of effort, limiting the likelihood of
observing NLMF effects.

Limitations

One of the challenges encountered in this study was the re-
cruitment of an equal number of female and male partici-
pants. Despite conducting an initial "a priori" statistical
power analysis, which indicated that a sample size of 8 to
13 participants would be sufficient to achieve adequate sta-
tistical power, it is worth noting that a larger number of
participants, particularly females, could have potentially
enhanced the statistical power of the study and allowed for
a more comprehensive examination of potential sex differ-
ences. A subsequent analysis did not reveal substantial sta-
tistically significant differences between male only and a
mixed sex population. However, it was noted that with
knee extensors MVIC force and instantaneous strength
measures, the magnitude of fatigue-induced deficits was
greater in males (pr>= 0.613 and pn= 0.944) than with the
mixed population (pn?= 0.12 and pn? = 0.25). This is in
accord with reported greater fatigue resistance of females
(Campbell et al. 1979; Hicks et al., 2001; Hunter, 2009). It
is important to acknowledge that other sex-related factors
were not considered in this study, such as the influence of
the menstrual cycle on physiological responses. It is note-
worthy, that since the female cohort consisted of only four
participants, there is limited generalizability of the findings
pertaining to this specific group. Given the considerations,
future studies in this area could benefit from a more con-
certed effort to recruit a larger and balanced representation
of both sexes. This would enable a more robust analysis of
potential sex differences and provide a more comprehen-
sive understanding of the topic under investigation.

Conclusion

In conclusion, this study aimed to investigate the presence
and effects of NLMF in the context of different recovery
durations. The findings of this study, both support a num-
ber of previous individual studies but contradict a recent
meta-analysis. It was observed that quadriceps NLMF ef-
fects were evident within recovery times of 1- and 3-
minutes, whereas no significant NLMF was observed after
a 5-minute recovery period. There was also no consistent
evidence for contralateral hamstrings NLMF. The results
align with some previous studies, suggesting that recovery
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duration plays a crucial role in the manifestation of NLMF.
Moreover, the influence of factors such as familiarity with
high-intensity resistance training loads, perception of ef-
fort, and the specific muscle group targeted during fatigue
protocols could also be mitigating factors. Overall, these
findings contribute to the growing body of knowledge on
NLMEF, emphasizing the importance of considering recov-
ery duration and specific muscle characteristics when in-
vestigating and interpreting NLMF phenomena. Further re-
search is warranted to explore the underlying mechanisms
and potential implications of NLMF across a range of ex-
perimental conditions.
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Key points

e Quadriceps NLMF effects were evident within recov-
ery times of 1- and 3-minutes.

e No significant NLMF was observed at the 5-minute
recovery period.

¢ Hamstrings (knee flexion) MVIC force and instanta-
neous strength did not reveal a consistent or predicta-
ble pattern.
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