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Abstract

Purpose Transcutaneous electrical nerve stimulation (TENS) can reduce acute and chronic pain. Unilateral fatigue can pro-
duce discomfort in the affected limb and force and activation deficits in contralateral non-exercised muscles. TENS-induced
local pain analgesia effects on non-local fatigue performance are unknown. Hence, the aim of the study was to determine
if TENS-induced pain suppression would augment force output during a fatiguing protocol in the treated and contralateral
muscles.

Methods Three experiments were integrated for this article. Following pre-tests, each experiment involved 20 min of TENS,
sham, or a control condition on the dominant quadriceps. Then either the TENS-treated quadriceps (TENS_Treated) or the
contralateral quadriceps (TENS_Contra) was tested. In a third experiment, the TENS and sham conditions involved two\;
100-s isometric maximal voluntary contractions (MVC) (30-s recovery) followed by testing of the contralateral quadriceps
(TENS_Contra-Fatigue). Testing involved single knee extensors (KE) MVCs (pre- and post-test) and a post-test 30% MVC
to task failure.

Results The TENS-treated study induced greater (p =0.03; 11.0%) time to KE (treated leg) failure versus control. The
TENS_Contra-Fatigue induced significant (p =0.04; 11.7%) and near-significant (p =0.1; 7.1%) greater time to contralat-
eral KE failure versus sham and control, respectively. There was a 14.5% (p=0.02) higher fatigue index with the TENS
(36.2+10.1%) versus sham (31.6 + 10.6%) conditions in the second fatigue intervention set (treated leg). There was no
significant post-fatigue KE fatigue interaction with the TENS_Contra.

Conclusions Unilateral TENS application to the dominant KE prolonged time to failure in the treated and contralateral KE
suggesting a global pain modulatory response.
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Introduction

A number of studies have shown crossover or non-local
muscle fatigue effects (Halperin et al. 2015), whereby uni-
lateral fatigue of one muscle group may decrease the force
output, corticospinal excitability, or fatigue endurance of
homologous (Zijdewind et al. 1998; Rattey et al. 2006;
Martin and Rattey 2007; Post et al. 2008; Doix et al. 2013;
Halperin et al. 2014c; Kawamoto et al. 2014; Aboodarda
et al. 2016) and heterologous (Takahashi et al. 2011; Ken-
nedy et al. 2013; Halperin et al. 2014b; Aboodarda et al.
2015a, 2017; Sambaher et al. 2016) muscle groups. In
their review, Halperin et al. (2015) highlighted that the
non-local deficits appeared more consistently with pro-
longed fatiguing contractions than with single maximal
voluntary contractions (MVC).

This more consistent impairment of fatigue perfor-
mance (i.e., time to exhaustion, repetitive MVCs) with
crossover or non-local muscle fatigue (NLMF) has been
attributed to a number of factors including neurological
influences, whereby peripheral factors such as the accu-
mulation of metabolites trigger afferent responses leading
to an inhibitory effect on the central drive to the affected
and non-exercised muscles (Amann 2011; Amann et al.
2013; Sidhu et al. 2014). In addition, reaching an indi-
vidual’s sensory tolerance limit, which could be influenced
by metabolites and peripheral fatigue, would influence
the desire or decision to desist with fatiguing contractions
(Halperin et al. 2015). Behm (2004) summarized fatigue
as a transient decrease in working or muscle force-gener-
ating capacity (Asmussen and Mazin 1978; Degens and
Veerkamp 1994) or loss of force output leading to reduced
performance (Fitts and Metzger 1993), but fatigue can also
be described as an increase in the perceived effort to exert
a desired force (Enoka and Stuart 1992) even when there is
no apparent impairment in maintaining the targeted force.
Magnusson and colleagues (Magnusson et al. 1996, 1997)
indicated that the ability to stretch a muscle to a greater
length is highly influenced by the stretch (pain) tolerance.
If the discomfort or pain associated with intense stretch-
ing can be reduced, then the individual can push them-
selves to greater levels of musculotendinous elongation.
This increased pain or stretch tolerance has been attributed
to the increased range of motion of non-stretched, non-
local, joints and muscles (Behm et al. 2016; Chaouachi
et al. 2017). Analgesic suppression of pain with foam
rolling (Aboodarda et al. 2015b), TENS (Ainsworth et al.
2006; Sabino et al. 2008) and improvement of range of
motion with topical analgesics (Whalen et al. 2019) can
have global or crossover (non-local) effects. Hence, if the
sensory or pain tolerance, or perception of fatigue, can be
attenuated (i.e., with TENS), then the ability to sustain
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submaximal forces might be enhanced in both the TENS-
treated and -untreated contralateral limbs.

Transcutaneous electrical nerve stimulation (TENS) is
a nonpharmacological, non-invasive modality for the treat-
ment of acute and chronic pain (Sluka and Walsh 2003;
Vance et al. 2014). Johnson and Martinson (2007) conducted
a meta-analysis that concluded that TENS produces analge-
sic effects reducing pain. If the discomfort and pain associ-
ated with fatigue could be ameliorated, then a greater time
to task failure or fatigue might be expected. There was one
published study examining the effect of TENS on fatigue
characteristics prior to 2017. Dailey et al. (2013) found
non-local increases in the pain pressure threshold (TENS
on spine decreased pain sensitivity at the leg) and fatigue
during a 6-min walk test in patients with fibromyalgia, while
the TENS unit remained on (30 min with 100 Hz at 200 ps
pulse duration). Since then, only Astokorki and Mauger
(2017a, b) investigated TENS-induced effects upon fatigue
of the treated limbs and found improved cycling endurance
performance when TENS was applied 5 min prior to and
during the cycling fatigue task with 100 Hz (pulse width
300 ps) bipolar stimulation at an intensity just below mus-
cle contraction detection. However, other than these three
fatigue studies, the literature on TENS effects on fatigue
performance is scant.

TENS-induced pain reduction acts through both periph-
eral and central mechanisms (DeSantana et al. 2008; Vance
et al. 2014). Unilateral application of TENS can produce
bilateral pain analgesic effects in rats (Somers and Cle-
mente 2006) and humans (Ainsworth et al. 2006; Sabino
et al. 2008) and thus might be expected to positively impact
fatigue performance by increasing pain tolerance in both the
TENS-treated and contralateral, untreated, muscles. Con-
versely, Pietrosimone et al. (2010) found that contralateral
quadriceps central activation ratios were not affected fol-
lowing 4 weeks of a TENS disinhibitory intervention. Thus
other than the aforementioned Dailey et al. (2013) human
fatigue study, the crossover or non-local effects of TENS on
fatigue endurance are not known.

Hence, TENS was applied to the dominant quadriceps
in three related studies with the results and interpreta-
tions integrated into a single manuscript. The objective of
these three studies were to investigate the effects of high
intensity TENS versus a sham and control condition on
the isometric maximal force output and submaximal iso-
metric fatigue performance of: Study 1: the TENS-treated
knee extensors (TENS_Treated); Study 2: contralateral,
untreated, non-exercised, knee extensors (TENS_Contra);
and Study 3: contralateral, untreated, knee extensors fol-
lowing a unilateral knee extensor fatigue intervention of the
treated leg (TENS_Contra-Fatigue). It was hypothesized
that TENS would improve time to task failure of the treated
(Study 1: TENS_treated) and untreated (Studies 2 and 3:
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TENS_Contra and TENS_Contra-Fatigue) contralateral
legs. Findings from this research could contribute to the
basic science regarding global pain modulatory responses.

Methods
Experimental design

Three experiments were integrated for this article (Table 1).
All three experiments involved 20 min of high-intensity
TENS, sham TENS, or a control condition. Each experi-
ment was a within-subject, repeated measures design. In all
three experimental studies, the dominant quadriceps were
subjected to the TENS treatment (high-intensity TENS
or sham) or control condition, and then either the TENS-
treated quadriceps (Study 1: TENS_Treated) or the con-
tralateral, non-dominant, knee extensors (KE: quadriceps)
(Study 2: TENS_Contra) were tested. To examine pos-
sible unilateral TENS effects upon crossover or non-local
muscle fatigue, a third experiment had the TENS-treated
quadriceps fatigued with two 100-s KE isometric maximal
voluntary contractions (MVC) with 60-s recovery between
repetitions, followed by testing of the contralateral (non-
dominant) quadriceps (Study 3: TENS_Contra-Fatigue). The
first study (TENS_Treated) examined the effects of TENS
on the fatigue tolerance of the treated quadriceps, which has
only been documented in two published studies, albeit with
a cycling endurance test (Astokorki and Mauger 2017a, b).
Since the crossover effects of TENS on performance have
not been previously examined, the second and third stud-
ies investigated the effects of TENS on the contralateral,
homologous quadriceps without (TENS_Contra) and with
(TENS_Contra-Fatigue) prior fatigue of the TENS-treated
quadriceps. Testing occurred at approximately the same time
of day and involved single KE MVCs (pre- and post-test)
and a post-test 30% KE MVC to task failure. Hence, the

Table 1 Experimental design

findings from this study could provide both basic (evidence
for and the extent of global pain modulation with an exog-
enous [TENS] non-pharmacological modality) and applied
(possible applications for health professional) science.

Participants

Based on measures of force during fatigue protocols from
similar studies (Halperin et al. 2014b, c; Kawamoto et al.
2014), an a priori statistical power analysis was conducted
with G-Power (University of Dusseldorf), which deter-
mined that eight to ten participants were needed per study to
achieve an alpha of p <0.05 with a power of 0.8. Hence, 12
(males), 20 (10 males and 10 females) and 12 (6 males and
6 females) participants were recruited for TENS_Treated,
TENS_Contra and TENS_Contra-Fatigue studies, respec-
tively (Table 2). Both sexes were recruited when it was pos-
sible to recruit an equal number of participants to broaden
the application of the findings. However, due to a lack of
strong statistical power for a sex difference analysis and
the lack of women in study 1 (TENS_Treated), the data for

Table 2 Participant characteristics

Age (years) Height (meters) Mass (kg)

TENS_Treated 21.9+2.27 1.77+0.06 85.2+18.0
n=12 males
TENS_Contra Males Males Males
n=20 233+3.0 177.9+59 77.7+13.3
(10 males and 10 Females Females Females
females) 204+4.1 164.3+4.5 63.0+12.3
TENS_Contra-Fatigue 234+32 1.78+0.05 83.6+14.9
n=12 males

TENS_Treated TENS with testing of the treated leg, TENS_Contra
TENS with testing of the contralateral leg, TENS_Contra-Fatigue
TENS with testing of the contralateral leg following a fatigue inter-
vention of the treated leg

TENS_Treated
study

TENS treatment on dominant leg for all
three conditions

TENS_Contra TENS_Contra-Fatigue study

Pre-test TENS-treated leg
KE extensor MVC
TENS interventions for each study 1. High Intensity TENS
2. Sham TENS
3. Control
Fatigue intervention N/A
Post-tests TENS-treated leg
KE extensor MVC

30% MVC fatigue trial

study

Contralateral untreated leg Contralateral untreated leg
KE extensor MVC KE extensor MVC

N/A 2x100-s MVC
Contralateral leg Contralateral leg

KE extensor MVC KE extensor MVC

30% MVC fatigue tria 30% MVC fatigue trial

TENS_Treated TENS with testing of the treated leg, TENS_Contra TENS with testing of the contralateral leg, TENS_Contra-Fatigue TENS with
testing of the contralateral leg following a fatigue intervention of the treated leg, KE knee extensors, MVC isometric maximum voluntary con-
traction, TENS transcutaneous electrical nerve stimulation, Contra contralateral, N/A not applicable

@ Springer



2748

European Journal of Applied Physiology (2019) 119:2745-2755

both sexes were combined for analysis. All participants were
classified as recreationally active, defined as participating in
unstructured activity or not highly competitive sport three
to four times per week. Exclusion criteria included any par-
ticipant who reported lower limb musculoskeletal or neural
impairments or injuries within the prior 6 months. Partici-
pants were asked to avoid ingesting food or caffeine products
for at least 3 h prior to testing and abstain from strenuous
activity for at least 24 h prior to each testing session. Par-
ticipants were allowed to consume fluids ad libitum prior to
the sessions. Participants did not consume fluids during the
experimental sessions. All participants attended a familiari-
zation session prior to the experimental sessions to experi-
ence the interventions and practice the testing procedures.
Ethical approval for each study was granted by the insti-
tution’s Interdisciplinary Committee on Ethics in Human
Research (TENS_Treated: 20181213-HK, TENS_Contra:
20181244-HK, TENS_Contra-Fatigue: 20180884-HK). All
participants were verbally explained the procedures prior to
participation and were required to read and sign the consent
form and complete a Physical Activity Readiness Question-
naire for Everyone (PAR-Q +) if they agreed to participate.

Measurements (all three studies)
KE MVC force

While strapped (minimize extraneous movements) and
seated in a custom-made chair (Memorial University Tech-
nical Services, St. John’s, Newfoundland, Canada), KE
MVC forces were assessed with an isometric knee exten-
sion (knee angle: 90°) following methods outlined in pre-
vious studies from this laboratory (Button and Behm 2008;
Kawamoto et al. 2014; Halperin et al. 2014b, c; Aboodarda
et al. 2015a, 2017). Arms were placed across their chest
to standardize procedures. These studies have reported
excellent day-to-day reliability (r=0.9-0.99). Prior to
testing, the participants warmed up their knee extensors
with five 1-2 s isometric knee extension contractions at
a self-perceived 50% of maximum intensity, followed
by another five contractions at 75% of perceived maxi-
mum. Approximately, 3 s of rest was allocated between
each warmup contraction. Pre-intervention (interventions:
TENS, sham TENS or control) testing involved at least
two 4-s isometric KE MVCs. Participants were instructed
and encouraged to contract as hard and as fast as possible.
Encouragement was consistently maintained with loud
vocalizations of “Go!” provided by all researchers during
the 5-s contraction (Jaafar and Lajili 2018; Rendos et al.
2018). Participants could monitor their force output on
the computer monitor. A third MVC was performed only
if there was a greater than 5% difference in peak force
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between the first two MVCs. Post-intervention MVC test-
ing involved a single MVC attempt prior to the submaxi-
mal (30% MVC) fatigue protocol.

Forces were detected by a strain gauge, amplified
(Biopac Systems Inc. DA 150, and analog to digital (A/D)
converter MP150WSW; Hilliston, MA), and displayed on
a computer monitor. Data were sampled at 2000 Hz and
analyzed using a software program (AcqKnowledge 4.1,
BioPac Systems Inc. Hilliston, MA). Peak force and the
peak force produced in the first 100 ms of the contraction
(F100) were analyzed from the TENS-treated dominant leg
(TENS_Treated), contralateral non-dominant leg (TENS_
Contra) or both legs (TENS_Contra-Fatigue).

Quadriceps and hamstrings electromyographic (EMG)
activity

EMG activity was used as a measure of peripheral muscle
activation during the single MVCs and the post-test sub-
maximal fatigue protocol. Surface EMG decomposition
measures are affected by a wide variety of factors includ-
ing strong associations with force output, motor unit con-
duction velocity and recruitment thresholds, but weaker
correlations with motor unit recruitment (Del Vecchio
et al. 2017). The skin electrode placement was performed
after shaving the hair of the skin and using isopropyl alco-
hol swabs to reduce the resistance. Surface EMG record-
ing electrodes (Tyco Healthcare Group LP, Meditrace
133, ECG Conductive Adhesive Electrodes, Mansfield,
MA) were placed on the dominant (TENS_Treated and
TENS_Contra-Fatigue studies) or non-dominant (TENS_
Contra and TENS_Contra-Fatigue studies) leg, over the
muscle bellies of the rectus femoris and biceps femoris.
Rectus femoris electrodes were placed at half the distance
between the pelvic anterior superior iliac spine and the
patella, while biceps femoris electrodes were placed half-
way between the gluteal fold and the popliteal space. A
ground electrode was secured on the fibular head. Thor-
ough skin preparation for all electrodes was administered.
EMG activity was sampled at 2000 Hz, with a Blackman
—92 dB band pass filter between 10-500 Hz, amplified
(bi-polar differential amplifier, input impedance =2 MQ,
common mode ejection ratio> 110 dB min (50/60 Hz),
gain X 1000, noise > 5 puV) and was analog-to-digitally con-
verted and stored on a personal computer for analysis. The
mean amplitude of the root mean square (rms) of the EMG
signal was measured for a 1-s period during participant’s
peak MVC force (0.5 s pre- and post-maximum force out-
put) (Button and Behm 2008; Halperin et al. 2014a, b,
¢). Prior research from this laboratory has demonstrated
excellent EMG measure reliability (r=0.91-0.96) (Button
and Behm 2008; Halperin et al. 2014b, c).
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Submaximal (30%) MVC protocol

One minute following the post-test MVC (approximately
1.5 min after the intervention), participants performed the
submaximal isometric fatigue trial. Participants viewed the
computer monitor to maintain a force level equal to 30% of
their pre-test MVC. This task was maintained until task fail-
ure, which was defined as failing to maintain the force level
after being warned by researchers for the third time. The
duration of the fatigue task was kept hidden from the par-
ticipants. Participants were encouraged to maintain the force
by a consistent verbalization by the researchers of “keep it
up” every 15 s until task failure. Time to task failure was
monitored. Further analysis involved dividing the duration
of the fatigue protocol into quartiles and analyzing the vari-
ance in the ability (force variability) to maintain the 30%
MVC force target as well as the quadriceps and hamstrings
EMG activity.

TENS intervention: dominant quadriceps TENS
protocols (all three studies)

With a random allocation, the three interventions involved
20 min of either a high-intensity TENS, sham, or a control
condition. The high-intensity TENS (NeuroTrac MultiTENS:
VM Verity; Romsey, Hampshire, UK) was set at a constant
frequency of 150 Hz with the current increased for each
participant until the first signs of visible muscle contrac-
tions appeared. High-frequency TENS (> 100 Hz) (DeSan-
tana et al. 2008; Dailey et al. 2013; Astokorki and Mauger
2017b, a) with relatively strong intensity (> perception of
muscle contractions) (Denegar and Perrin 1992; Astokorki
and Mauger 2017b, a) have been shown to provide effective
pain analgesia of the treated limb. The sham intervention
had the electrodes placed on the quadriceps, but the TENS
device was not activated. The participants were informed
that the objective was to compare high- and low-intensity
TENS treatments and that they would not feel any sensations
with the low-intensity TENS. The researcher pretended to
activate and manipulate the device controls with the sham
condition. The four TENS electrodes were placed over the
heads and the mid-bellies of the dominant vastus lateralis
and medialis. The control condition involved a 20-min rest
period. Post-tests began 1 min following completion of the
20-min intervention.

Fatigue intervention: TENS treated, quadriceps
fatigue (Study 3: TENS_Contra-Fatigue)

Only the TENS_Contra-Fatigue condition involved a fatigue
intervention of the TENS treated, dominant quadriceps to
examine non-local (contralateral) muscle fatigue responses
with unilateral TENS application. The fatigue intervention

had the participants perform two 100-s MVCs with 60-s
recovery between the repetitions, which was performed dur-
ing the last 5 min of the TENS and sham interventions. The
force output was monitored during the fatigue intervention
and a fatigue index was calculated (Fatigue index = (mean
force of the last 5 s/mean force of the first 5 s) x 100).

Statistical analysis

All data are expressed as mean and standard deviation (SD),
and analyses were performed with SPSS 24.0 software
(Chicago, IL, USA). An alpha level of 0.05 was used to
determine statistical significance. The normality of all val-
ues was verified using the Shapiro—Wilk test. Levene’s test
was used to check the homogeneity of variance for all tests.
The contralateral single MVC responses (peak torque, F100,
rmsEMG) of all three studies were analyzed with a two-
way, repeated measures analysis of variance (ANOVA) with
three conditions (TENS, sham TENS, and control), and two
times (pre- and post-intervention). The post-test submaxi-
mal fatigue protocol was analyzed with a one-way ANOVA
(three conditions) for all three studies. The TENS_Treated
and TENS_Contra conditions did not involve a fatiguing
intervention of the TENS-treated quadriceps. Since the
fatigue intervention of the TENS-treated quadriceps only
occurred with the TENS_Contra-Fatigue condition, the
TENS-treated leg fatigue intervention was analyzed with a
two-way ANOVA with two interventions (TENS and sham)
and two fatigue repetitions (2 100 s MVCs). Effect sizes
(eta®) for main effects and interactions were calculated by
SPSS. Reliability was assessed using intraclass correlation
coefficients (Cohen 1988).

Results
Reliability

Table 3 illustrates the good to excellent reliability from the
three studies.

TENS_Treated study
MVC force and EMG

A significant main effect for time demonstrated 4.8%
(p=0.037; eta’: 0.34) and 11.6% (p=0.003; eta’: 0.57) pre-
to post-TENS decreases in quadriceps (TENS-treated limb)
MVC force and F100, respectively (Table 4). There were
no significant main effects or interactions for MVC rectus
femoris or biceps femoris EMG activity.

@ Springer
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Table 3 Reliability and coefficient of variation (CV%) from intraclass
correlation coefficients

TENS_Treated TENS_Contra TENS_

Contra_
Fatigue
MVC force 0.94 0.96 0.97
F100 0.83 0.79 0.78
Rectus femoris 0.86 0.90 0.92
rmsEMG
Biceps femoris 0.78 0.77 0.70
rmsEMG

TENS_Treated TENS with testing of the treated leg, TENS_Contra
TENS with testing of the contralateral leg, TENS_Contra-Fatigue
TENS with testing of the contralateral leg following a fatigue inter-
vention of the treated leg, F100 force produced in the first 100 ms of
the MVC, rmsEMG root mean square of the electromyographic signal

Table4 MVC force and EMG analysis of main effects for time

Main effect for time

TENS_Treated

MVC force pre-test: 728.3 +182.1

p=0.037 post-test: 692.8+173.2

F100 pre-test: 353.4 +88.3

p=0.003 post-test: 312.4+78.1

Rectus femoris rmsEMG NS

Biceps femoris rmsEMG NS
TENS_Contra

MVC force pre-test: 677.6+169.4

p=0.02 post-test: 640.3 +160.1

F100 pre-test: 229.5+57.3

p=0.014 post-test: 196.7 +49

Rectus femoris rmsEMG NS

Biceps femoris rmsEMG NS
TENS_Contra-Fatigue

MVC force pre-test: 591.9 +186.7

p=0.007 post-test: 551.1+176.6

F100 pre-test: 290.6 +108.9

p=0.08 post-test: 258.7 +106.1

Rectus femoris rmsEMG NS

Biceps femoris rmsEMG NS

Post-test 30% submaximal fatigue protocol

The TENS condition induced a significant (p =0.03; eta’:
0.44; 11.0%) greater time to failure versus the control condi-
tion with the TENS-treated limb (Fig. 1). A significant force
variability main effect (p <0.0001; eta’: 0.43) for the post-
TENS fatigue quartiles indicated that overall, quadriceps
force variability in the first, second and third quartiles were
28.0% (p=0.02), 24.0% (p=0.004), and 52% (p =0.005)
less than the fourth quartile, respectively. Near significant
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and significant main effects for quartiles were evident for
the post-test knee extensor and flexor EMG quartiles. Over-
all, rectus femoris (p =0.06; eta®: 0.21) and biceps femoris
(p=0.03; eta’: 0.32) EMG activity in the fourth quartile
were 18.6%, 14.8%, and 6.7% greater than in the first, second
and third quartiles, respectively. A main effect for condi-
tions (p=0.034; eta®: 0.35) indicated that biceps femoris
EMG was 70.0% and 66.6% significantly lower with the
TENS (0.06+0.015 mV) condition compared to the sham
(0.2+0.05 mV) and control (0.18 +0.04 mV) conditions,
respectively.

TENS_Contra study
MVC force and EMG

Significant main effects for time (p =0.026; eta’: 0.44) dis-
played pre- to post-TENS MVC force decrements of —6.9%
(Table 4). Significant condition effects (p =0.05; eta’: 0.27)
showed that TENS (605.3 +151.3 N) produced 10.4% and
12.9% less MVC force than sham (695.3 +173.8) and con-
trol (676.3 +169.1) respectively.

Post-test 30% submaximal fatigue protocol

There were no significant differences between conditions in
the time to failure of the contralateral limb (Fig. 1). A sig-
nificant main effect (p <0.0001; eta’: 0.43) for the post-test
fatigue quartiles indicated that overall, quadriceps force vari-
ability in the fourth quartile was 31.9% (p <0.0001), 46.5%
(p=0.011), and 23.8% (p=0.005) greater than in the first,
second, and third quartiles, respectively. In addition, a sig-
nificant main effect (p =0.0008; eta’: 0.28) for post-fatigue
quartiles displayed that the rectus femoris fourth quartile
rmsEMG was 21.2% (p=0.048) and 8.1% (p=0.024)
higher than the first and third quartiles, respectively. Simi-
larly, a significant quartiles main effect (p <0.0001; eta’:
0.81) showed that the fourth quartile hamstrings rmsEMG
was 64.7% (p <0.0001), 61.2% (p <0.0001) and 59.8%
(»<0.0001) greater than the first to third quartiles, respec-
tively (Fig. 1).

TENS_Contra-Fatigue study
MVC force and EMG

There were no significant interactions for MVC force or
F100, but there was a significant (p =0.007; eta: 0.50)
main effect for time with a 6.6% decrease in MVC force
from pre- to post-test (TENS and fatigue interventions).
The MVC F100 presented a near significant (p=0.08; eta’:
0.30) main effect for time with a 8.1% decrease from pre- to
post-test (Table 4). There were no significant interactions
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Fig. 1 Time to fatigue for the 30% of MVC test. Hashtag (#) symbol
represents that TENS was significantly longer than control. Asterisk
(*) symbol represents that sham TENS was of significantly shorter
duration than TENS in the TENS_Contra-Fatigue study. p=0.1 indi-
cates that the control exhibited a near significantly shorter fatigue
duration than TENS in the TENS_Contra-Fatigue study

or main effects for MVC rectus femoris or biceps femoris
EMG activity.

Fatigue intervention with TENS-treated leg

While there was a numerically higher fatigue index associ-
ated with TENS (42.3 + 18.8%) versus Sham (38.4 +15.1%)
in the first set, it failed to reach significance (p =0.22).
However, there was a 14.5% significantly (p =0.02) higher
fatigue index with the high (36.2 +10.1%) versus Sham
(31.6 £ 10.6%) conditions in the second fatigue interven-
tion set.

Post-test 30% submaximal fatigue protocol

The TENS condition induced a significant (p =0.04; eta’:
0.53; 11.7%) and near significant (p =0.1; eta: 0.25;
7.1%) greater time to failure versus the sham and control
conditions, respectively (Fig. 1). A significant main effect
(p <0.0001; eta: 0.73) for the post-test fatigue quartiles
indicated that quadriceps force variability in the fourth
quartile was 65.8% (p=0.001), 62.3% (p=0.001), and
29.1% (p=0.001) greater than in the first, second, and
third quartiles, respectively. The third quartile force vari-
ability also exceeded the first (p =0.002; 28.4%) and sec-
ond (p=0.12; 25.0%) quartiles. A significant main effect
(p<0.001; eta®: 0.32) for post-fatigue quartiles displayed
that the rectus femoris fourth quartile rmsEMG was 19.2%
(p=0.03) and 7.6% (p=0.03) higher than the first and third
quartiles, respectively. Similarly, a significant quartiles main
effect (p=0.01; eta’: 0.89) showed that the fourth quartile
hamstrings rmsEMG was 56.7% (p=0.01), 63.1% (p <0.01)
and 54.1% (p=0.01) greater than the first to third quartiles,
respectively.

Discussion

Prior crossover and non-local muscle fatigue (NLMF) stud-
ies have demonstrated muscle endurance impairments of
contralateral homologous and heterologous muscle groups
(see review: Halperin et al. 2015). This is the first study to
demonstrate that local, unilateral, and TENS-induced anal-
gesic effects can counteract NLMF effects and positively
impact the time to fatigue of both the TENS-treated (Study
1: TENS_Treated) and contralateral, homologous, untreated
(no TENS) quadriceps (Studies 2 and 3: TENS_Contra and
TENS_Contra-Fatigue). The findings emphasize the global
(non-local or crossover) effect of treating a single limb with
TENS, with possible implications for training and rehabilita-
tion outcomes.

TENS_Treated and contralateral leg fatigue
responses

Specifically, the most important findings in this study were
the increased knee extensors time to failure in the TENS_
Treated and TENS_Contra-Fatigue studies and the greater
fatigue index (lower rate of fatigue) with the TENS-treated
leg fatigue intervention in the TENS_Contra-Fatigue study.
Both findings provided evidence that TENS can either pro-
long submaximal (30% MVC) isometric force output of the
treated (TENS_Treated) or contralateral leg (TENS_Contra-
Fatigue) or decrease the extent of force loss (fatigue index)
with a prolonged, maximal intensity, fatigue protocol of the
TENS-treated leg (TENS_Contra-Fatigue). There were no
effects of TENS in any of the three studies on the single,
discrete MVC force, F100 or EMG activity.

Single MVC responses

The performance of single, 5-s, maximal intent, isometric,
voluntary contractions can induce fatigue effects (main
effects for time showed consistent pre- to post-test decreases:
Table 4) and an uncomfortable sensation (i.e., high mus-
cle tension, occluded blood flow to the contracting muscle,
elevated whole body blood pressure, facial vasodilation).
While TENS is used as a nonpharmacological, non-invasive
analgesic for the treatment of pain (Sluka and Walsh 2003;
Johnson and Martinson 2007; Vance et al. 2014), there was
no effect on the force or activation of single MVCs with the
treated or contralateral knee extensors. The short duration
of this contraction may permit the individual to overcome
any detriments or distractions from the discomfort of the
MVC and thus without an impairment or deficit, the TENS
treatment could not augment the force of a maximally or
near maximally activated muscle. However, prolonged
isometric contractions can exacerbate the intensity of the
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uncomfortable or painful sensations and, hence, TENS ben-
efits were accrued with the fatiguing contractions.

Mechanisms contributing to improved TENS_
Treated leg fatigue

If the greater fatigue performance only occurred with the
TENS-treated leg, it might be speculated that there was
a direct effect of TENS upon the affected muscle such as
TENS contraction-induced vasodilation providing a more
efficient supply of oxygen, substrates or removal of metabo-
lites (Naik et al. 1999). Secondly, the TENS-induced con-
tractions could have increased muscle temperature improv-
ing enzymatic cycling and muscle strength output (Clarke
et al. 1958; Bergh and Ekblom 1979; Drinkwater and Behm
2007). Thirdly, post-activation potentiation effects might
have been induced by the prior TENS contractions with the
regulatory myosin light chain phosphorylation augment-
ing the cross-bridge kinetics (Houston et al. 1985; Houston
and Grange 1990; Behm 2004). While these mechanisms
might indeed have contributed to the extended force main-
tenance of the treated leg (TENS_Treated group) and the
improved fatigue index with the fatigue intervention of the
TENS-treated leg (TENS_Contra-Fatigue), these mecha-
nisms could not have contributed to the prolongation of
submaximal forces with the contralateral knee extensors
(TENS_Contra-Fatigue).

Mechanisms contributing to improved contralateral,
untreated, leg fatigue

The improved maintenance of the 30% MVC load with the
contralateral knee extensors would have to be attributed to
a crossover or global response. As a primary function of
the TENS protocol is to suppress pain and the prolonged
maintenance of isometric submaximal forces can be quite
uncomfortable, it is quite likely that there may have been a
global pain-modulatory response (Aboodarda et al. 2015b;
Cavanaugh et al. 2017). If the pain or discomfort of the sub-
maximal fatiguing contractions can be reduced, then it would
be expected that the individual could continue for longer
durations. Two possible pain-modulatory systems could be
the gate control theory of pain (Melzack and Wall 1965;
Moayedi and Davis 2013) and diffuse noxious inhibitory
control (DNIC) of pain (Le Bars et al. 1992). Gate control
theory indicates that thick myelinated ergoreceptor nerve
fibers (via activation of percutaneous mechanoreceptors and
proprioceptors) activation can affect ascending nociceptive
transmission through small diameter Ad fibers, resulting
in a descending inhibitory effect that permits pain percep-
tion modulation. A second or contributing pain suppression
mechanism is DNIC, which is described as an anti-nocic-
eptive pathway or counter-irritation (Le Bars et al. 1992;
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Mense 2000). DNIC can be activated by nociceptive stimuli
that inhibit ascending nociceptive transmission to the central
nervous system, especially inhibition by the brain’s peri-
aqueductal gray matter and rostral ventromedial medulla.
Descending pathways from these areas transmit high levels
of opioid receptors, to the spinal dorsal horn and inhibit
pain transmission monoaminergically (i.e., norepinephrine
and serotonin) (Sigurdsson and Maixner 1994). Thus, DNIC
would suppress pain perception not only with the treated
limb, but also in non-local (contralateral) muscles as well.
An exception to the improved fatigue performance with
the TENS_Treated and TENS_Contra-Fatigue groups was
the lack of improvement in contralateral submaximal force
maintenance with the TENS_Contra group. Whereas the
TENS_Contra-Fatigue group was subjected to a fatigue
intervention of the TENS-treated leg, the TENS_Contra
group had no fatigue intervention of the TENS-treated leg.
Without a fatiguing intervention, there would not be a uni-
lateral stressor that could induce crossover or non-local
muscle fatigue (NLMF). Crossover or NLMF has been
attributed to group III and IV muscle afferents exerting
inhibition on the corticospinal motor pathways (Halperin
et al. 2015; Amann et al. 2013). NLMF inhibition has been
shown to decrease corticospinal excitability (Sambaher
et al. 2016), motor evoked potentials (Takahashi et al.
2011), short interval intracortical inhibition (SICI: excit-
ability of intracortical inhibitory circuits) (Takahashi et al.
2009) as well as increase interhemispheric or transcallosal
inhibition (Takahashi et al. 2009; 2011). Furthermore, the
two sets of 100 s MVCs of this study’s fatigue intervention
(TENS_Contra-Fatigue) could be mentally challenging as
motivation, focus, and continued attention are needed to
maintain prolonged MVCs (Halperin et al. 2014a; Ham-
ilton and Behm 2017). Prior mentally fatiguing tasks can
cause individuals to perceive activity as more strenuous,
and thus stop earlier (Pageaux et al. 2013, 2014). Fatigue-
induced afferent feedback could contribute to an earlier
attainment of the sensory tolerance limit due to a more
rapid central drive inhibition (Amann et al. 2013). How-
ever, in the TENS_Contra experiment, there was no prior
unilateral fatiguing intervention that would have inhibited
the ability to maintain the 30% load of the contralateral
knee extensors. In the TENS_Contra-Fatigue experiment,
crossover fatigue or NLMF would have impaired perfor-
mance, while the TENS intervention could have altered the
contralateral perception of discomfort or difficulty allow-
ing the individual to overcome inhibitory influences and
achieve more near-optimal performance. Since the TENS_
Contra experiment did not have a prior unilateral fatiguing
contraction, the contralateral fatigue test would not have
been compromised and thus the TENS treatment would
have had less impact on a more fully functioning knee
extensors muscle group. In summary, rather than TENS
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facilitating fatigue endurance performance, the TENS
treatment contributed to a disinhibition of the crossover
or NLMF effects on contralateral fatigue endurance. When
there was no crossover or NLMF, then the TENS treatment
had trivial effects.

TENS effects upon fatigue-induced force jitter

A common observation with fatigue is the increased
force jitter (tremor) or force variability due to the fatigue-
induced synchronization of motor unit firing (Behm 2004).
We initially speculated whether the TENS treatment would
have any neurophysiological consequences upon motor
unit synchronization, perhaps associated with a lower
perception of effort or discomfort. In each study, the force
variability or jitter significantly increased over the dura-
tion of the submaximal fatigue protocol, but there were no
interactions showing any significant TENS benefit (i.e.,
decreased jitter or tremor).

Fatigue-induced changes in EMG activity

Similarly, it is well documented that EMG activity tends to
increase with prolonged submaximal force maintenance, as
there is an increased motor unit recruitment and firing fre-
quency to compensate for the fatigue of the initially acti-
vated motor units (Behm 2004). As expected, EMG activ-
ity of both the rectus femoris and biceps femoris increased
over the duration of the submaximal fatigue test for the
TENS_Contra and TENS_Contra-Fatigue studies. How-
ever, there were no interactions to demonstrate an effect
of TENS treatment on agonist or antagonist EMG activity.
However, the TENS_Treated study did find a main effect
for conditions with biceps femoris EMG significantly
lower with the TENS condition compared to the sham and
control conditions. While this was not a pre- to post-test
interaction with the three conditions, it still provides a
suggestion that at least in the TENS_Treated study that
the prolonged time to failure might have benefitted from
decreased antagonist (hamstrings) contractions and thus
less resistance to the intended movement. Since it was a
significant main effect (combines the pre- and post-TENS
test values) rather than an interaction (analyzes pre- and
post-test values independently for each condition) and the
lower co-activation occurred in only one of the three stud-
ies, the evidence that diminished co-activation is a major
contributor to TENS-induced improved fatigue endurance
might not be considered strong.

Limitations

While including both sexes in two of the three studies can
be considered a methodological strength, a limitation of the

analysis is that with only six males and females, the pos-
sibility of finding significant differences with this statistical
power would be difficult contributing to a possible type II
error. Hence, we combined the male and female data and did
not analyze sex differences to observe overall physiologi-
cal responses and ensure greater statistical power. A second
possible limitation might be the use of isometric testing and
fatigue interventions. Whereas dynamic contractions may be
used more predominately with training and rehabilitation,
isometric contractions are still used in the earlier stages of
rehabilitation especially with joint injuries that are not rec-
ommended to experience dynamic resisted movements for
fear of further joint damage to ligaments and other connec-
tive tissue (Behm 1993). Isometric contractions would also
not induce the extent of delayed onset muscle soreness as
dynamic contractions with an eccentric component and thus
would ensure that exercise-induced muscle damage would
not impact subsequent testing sessions. Furthermore, the
analysis of isometric EMG activity does not have to take
into consideration muscle activation changes induced by
alterations in muscle length.

Conclusions

In conclusion, the lack of neurophysiological effects such
as a lack of decrease in jitter or consistent decrease in EMG
activity from TENS (only 1/3 studies) would suggest that the
unilateral application of TENS can have crossover or global
effects upon the perception of pain or discomfort during a
contralateral, isometric, submaximal intensity, fatigue pro-
tocol. The TENS treatment can also positively impact the
fatigue index of maximal intensity fatiguing contractions
with the TENS-treated leg. However, with the short duration
of discrete MVCs, the level of discomfort or pain may not be
sufficient for TENS to play a significant role.

Perspectives

While TENS is used to alleviate pain in a targeted mus-
cle, the presented studies highlight that TENS can have
more global or contralateral (crossover) consequences.
Hence, the TENS-induced prolongation of a submaximal
fatiguing task with both the treated and contralateral limbs
suggests that TENS can enhance muscle endurance when
prescribing physical activity for rehabilitation or training.
A prolongation of submaximal forces with rehabilitation
or exercise training could increase the training stimulus
and accelerate or augment the training adaptations (Behm
1993). Secondly, this evidence for crossover effects of
TENS suggests that users do not need to purchase two units
to achieve simultaneous effects in both limbs. Decreasing
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rehabilitation-related costs might positively impact patient
adherence.
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