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Modulation of torque evoked
by wide‑pulse, high‑frequency
neuromuscular electrical
stimulation and the potential
implications for rehabilitation
and training
Chris Donnelly1, Jonathan Stegmüller1, Anthony J. Blazevich3, Fabienne Crettaz von Roten1,
Bengt Kayser1, Daria Neyroud1,2,4 & Nicolas Place1,4*
The effectiveness of neuromuscular electrical stimulation (NMES) for rehabilitation is proportional
to the evoked torque. The progressive increase in torque (extra torque) that may develop in response
to low intensity wide-pulse high-frequency (WPHF) NMES holds great promise for rehabilitation as
it overcomes the main limitation of NMES, namely discomfort. WPHF NMES extra torque is thought
to result from reflexively recruited motor units at the spinal level. However, whether WPHF NMES
evoked force can be modulated is unknown. Therefore, we examined the effect of two interventions
known to change the state of spinal circuitry in opposite ways on evoked torque and motor unit
recruitment by WPHF NMES. The interventions were high-frequency transcutaneous electrical nerve
stimulation (TENS) and anodal transcutaneous spinal direct current stimulation (tsDCS). We show
that TENS performed before a bout of WPHF NMES results in lower evoked torque (median change
in torque time-integral: − 56%) indicating that WPHF NMES-evoked torque might be modulated.
In contrast, the anodal tsDCS protocol used had no effect on any measured parameter. Our results
demonstrate that WPHF NMES extra torque can be modulated and although the TENS intervention
blunted extra torque production, the finding that central contribution to WPHF NMES-evoked torques
can be modulated opens new avenues for designing interventions to enhance WPHF NMES.
Neuromuscular electrical stimulation (NMES) is an effective tool for neuromuscular rehabilitation and training,
with its’ effectiveness being proportional to the evoked torque1,2. NMES activates both motor and sensory axons
located under the stimulating electrodes, generating contractions through peripheral and/or central (reflexive)
pathways1. The conventional form of NMES used in clinical settings involves the utilization of short stimulus
pulses at low frequencies (pulse duration: < 400 µs, stimulation frequency: 15 to 40 Hz) generating contractions mainly via peripheral p
 athways1,3. A major limitation of these conventional NMES protocols is the strong
discomfort associated with the high stimulation intensities necessary to evoke torques that are effective for
rehabilitation and t raining1.
Reflexive recruitment of motor units by NMES can be enhanced through the use of wide-pulse, high-frequency (WPHF) stimulation (pulse duration: 1 ms, stimulation frequency: > 80 Hz). The use of wide pulses
favors activation of sensory axons as they have a longer strength-duration time constant and a lower rheobase
compared with the terminal axonal branches of m
 otoneurons4. The use of high stimulation frequencies facilitates
the temporal summation of excitatory post-synaptic potentials in spinal motor n
 eurons5. Consequently, reflexive activation of motor units via predominantly Ia afferents in the spinal cord3,6 is greater with WPHF NMES
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Figure 1.  Schematic diagram of experimental design. IH-reflex = stimulation intensity used to elicit a maximal
H-reflex. IMmax = 120% of stimulation intensity used to elicit a maximal M-wave. Stimulation intensity of widepulse, high-frequency neuromuscular electrical stimulation (WPHF NMES, stimulation frequency: 100 Hz,
pulse duration: 1 ms) was set to produce an initial torque level of 5% maximal voluntary contraction torque.
In the transcutaneous electrical nerve stimulation (TENS) experiment, the intervention was high-frequency
TENS (TENS trial) or no stimulation (Control trial) delivered over the plantar flexors for 15 min and the bout of
WPHF NMES consisted of 3 x 20-s contractions separated by 40-s recovery. In the transcutaneous spinal direct
current stimulation (tsDCS) experiment, the intervention was anodal tsDCS (tsDCS trial) or a sham stimulation
(Sham trial) delivered over the 11th thoracic vertebrae for 20 min. The bout of WPHF NMES consisted of one
contraction.

compared with conventional N
 MES7,8. Using a low constant stimulation intensity to evoke an initial torque of
5–10% maximal voluntary contraction (MVC) torque, WPHF NMES-evoked torques have been reported to
reach up to 80% MVC9. This progressive increase in WPHF NMES-evoked torque in addition to what would be
expected from activation of motor axons through peripheral pathways alone has been termed “extra torque”7,8 and
occurs in ~ 50% of individuals10. This highlights the potential for WPHF NMES to evoke torque levels effective for
rehabilitation and training, while overcoming the main limitation of conventional NMES, namely d
 iscomfort11.
Since the effectiveness of NMES protocols is proportional to the evoked t orque12, there is considerable interest
in finding interventions that increase extra torque production to pave the way for WPHF NMES use in clinics.
Understanding how modulating the excitability of spinal reflex circuits affects WPHF NMES-evoked torque is
needed to optimize these NMES protocols.
The excitability of spinal reflex pathways can be increased and decreased through changes in synaptic input
(e.g., presynaptic inhibition of Ia afferents) and the excitability of the motoneuron (e.g. n
 euromodulation13).
Two electrical stimulation methods, transcutaneous electrical nerve stimulation (TENS) and direct current
stimulation (DCS), can modulate spinal reflex pathways in opposite ways. TENS is a non-pharmacological
treatment commonly used for pain management and involves the transcutaneous application of a continuous
electrical current (using various intensities and patterns, pulse duration: 50—250 µs, stimulation frequency:
1—200 Hz14–17). The sensory volley elicited by high-frequency TENS activates endogenous inhibitory systems
in the central nervous system (e.g. inhibitory interneurons and opioid receptors) altering the neural processing
of sensory information and providing analgesia during and after s timulation14–17. Transcutaneous delivery of
DCS to the spinal cord (transcutaneous spinal DCS, tsDCS) can increase activity in reflex pathways d
 uring18,19
and after stimulation20–24 using an anodal but not cathodal electrode configuration. Since WPHF NMES-evoked
torque involves, at least partially, motor units recruited reflexively in the spinal cord, the use of TENS or anodal
tsDCS during, or before, WPHF NMES may alter WPHF NMES-evoked torque.
The main aim of the present study was to modulate WPHF NMES evoked torque using TENS and tsDCS, two
strategies previously shown to affect the state of spinal circuitry after their application in opposite ways. Therefore, we applied both interventions before WPHF NMES hypothesizing that high-frequency TENS, through its
spinal inhibitory effects, would reduce WPHF NMES-evoked torque by reducing reflexive recruitment of motor
units, whilst anodal tsDCS, through its spinal excitatory effects, would increase WPHF NMES-evoked torque.

Materials

Participants. Healthy recreationally active participants were recruited to take part to this study. Participants
were fully informed of the experimental procedures and risks, before giving written informed consent to participate. The study was performed in accordance with the Declaration of Helsinki and approved by the Research
Ethics Committee of the Canton Vaud (2016-00563).
Experimental design. Two subsets of experiments were performed. Each utilized a randomized crossover

study design with its participants taking part in two trials separated by two to seven days. The first set of experiments (TENS experiment) involved ten participants (2 women: mean ± SD, 29 ± 1 years, 167 ± 9 cm, 77 ± 11 kg
and 8 men: 27 ± 4 years, 178 ± 5 cm, 71 ± 7 kg) and the second (tsDCS experiment) involved 13 participants (1
woman: 25 years, 168 cm, 56 kg and 12 men: 27 ± 4 years, 178 ± 7 cm, 76 ± 9 kg). The plantar flexor mechanical and electromyographic (EMG) responses to WPHF NMES were assessed before and after each intervention
(see Experimental Protocol and Fig. 1). All tests were conducted on the right leg. Participants were requested to
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refrain from strenuous exercise and caffeine for 24 h before each trial. Participants were first familiarized with
all the stimulation modalities used in the experimental trials and were not informed about the potential effects
of the two stimulation protocols on WPHF NMES before completion of the study.

Experimental protocol. A schematic overview of the experimental protocols is shown in Fig. 1. First,
soleus H-reflex and M-wave recruitment curves were constructed. Single electrical stimulations were delivered
to the tibial nerve (see “Nerve stimulation” for details), every 8 s, in 5-mA increments until a visible decrease
in the H-reflex amplitude was observed. Subsequently, three stimulations were delivered at each intensity with
2-mA increments over a 20-mA range centered on the intensity eliciting the greatest soleus H-reflex a mplitude25.
The current intensity (I) at which the mean soleus H-reflex peak-to-peak amplitude was largest (IH-reflex) was
used for all subsequent stimulations. Single stimulations were then delivered in increments of 10 mA starting
at IH-reflex to determine the intensity of maximal stimulation, i.e. until no further increase in peak twitch torque
or soleus M-wave peak-to-peak amplitude was observed despite a current increase of 20 mA. This intensity was
then further increased by 20% (IMmax) to ensure supramaximal stimulation25. Participants were then instructed
to warm up by performing eight to ten submaximal isometric plantar flexor contractions at 20 – 80% of their
estimated MVC torque. They were asked to perform two to three MVCs with the plantar flexors for ∼4 s (no
more than 5% variation in torque was tolerated between the two highest MVCs). Participants folded their arms
over their chest and were asked to concentrate on exclusively contracting the plantar flexor muscles. Contractions were separated by 1 min of rest. MVC assessment was followed by three stimuli at I H-reflex and one stimulus
at IMmax (Pre-intervention). All electrical stimulations were separated by 8 s. The stimulation intensity required
to evoke a torque of 5% MVC ( IWPHF NMES) was then determined by delivering 1-s WPHF NMES trains (1-ms
pulses delivered at 100 Hz) over the triceps surae muscles. After 1 min of rest, the first bout of WPHF NMES
(WPHF NMES-Pre) was delivered. In the TENS experiment, this consisted of three WPHF NMES contractions
with on and off periods of 20 and 40 s, r espectively25. As the responses to these trains were highly reproducible
and analysis of the mean of the three contractions vs. only the first contraction gave the same results only one
WPHF NMES contraction was evoked in the tsDCS experiment (see “Statistical analysis” section for full details).
The stimulation intensity was kept constant during the contraction. Participants were asked to relax and not to
voluntarily contract the plantar flexor muscles during the stimulation protocol. Ten seconds after the induced
contraction, three stimuli at I H-reflex and one stimulus at I Mmax (Pre) were delivered. Participants remained seated
and then received the intervention. In the TENS experiments, TENS (TENS trial) or no stimulation (Control
trial) was delivered over the triceps surae for 15 min (see “TENS” section for details). In the tsDCS experiments,
anodal tsDCS (tsDCS trial) or a sham stimulation (Sham trial) was delivered over the lower thoracic spine for
20 min (see “tsDCS” section for details). The order of intervention and control trials was randomized for each
experiment. After 30 s of rest, three stimuli at IH-reflex and one stimulus at IMmax were delivered (Post) before
another 20-s WPHF NMES (WPHF NMES-Post).
Torque recordings. The torque produced by the plantar flexors was measured with an instrumented pedal
equipped with a strain gauge sensor (capacity: 110 N m, Vishay Micro Measure, Raleigh, NC). Participants sat
on a stool with knee, ankle, and hip angles set at 90° and their foot securely strapped to the ergometer at the
level of the ankle and metatarsus. To limit the contribution of muscle groups other than the plantar flexors, the
thigh was clamped down to the stool proximal to the knee. The torque signal was recorded at 1250 Hz using an
analog–digital conversion system (MP150, BIOPAC, Goleta, USA).
Electrical stimulation. Nerve stimulation. Electrical nerve stimulation was delivered to the tibial nerve

transcutaneously by a cathode self-adhesive electrode (1-cm diameter, Meditrace 100, Tyco, Markham, Canada)
placed in the popliteal fossa over the tibial nerve and an anode (10 × 5 cm, Compex, Ecublens, Switzerland) located over the anterior surface of the knee, 2 to 3 cm proximal to the patella. The optimal position of the cathode
was determined using a hand-held cathode ball electrode (0.5-cm diameter, Compex, Ecublens, Switzerland).
Once determined, the cathode was firmly fixed to this site using a Velcro strap. Rectangular-wave pulses (1-ms
duration) were generated by a high-voltage (max 400 V) constant-current stimulator (Digitimer DS7AH, Hertfordshire, UK) and delivered at 400 V as single electrical stimuli.

WPHF NMES. WPHF NMES was delivered transcutaneously via two 10 × 5-cm rectangular self-adhesive
surface electrodes (Uni-Patch Minnesota, USA). The anode was placed over the gastrocnemii (~ 4 cm distal to
the popliteal fossa) and the cathode over the soleus (~ 10 cm proximal to the calcaneus). Pulses were delivered
by a second constant-current stimulator (Digitimer DS7AH, Hertfordshire, UK), with a 1-ms pulse duration
delivered at 400 V, with WPHF NMES delivered at 100 Hz. Muscle stimulation was chosen since the intra-individual test-retest reliability of WPHF NMES-evoked forces delivered over the triceps surae muscle belly is very
good (intraclass correlation coefficient >0.959). In addition, extra force generation has been shown to be similar
between nerve and muscle stimulation using an initial evoked torque of 5% MVC torque, while the discomfort
associated with muscle stimulation is approximately half of that associated with nerve s timulation9.
TENS. A TENS unit (Compex Wireless, Ecublens, Switzerland) was used to deliver TENS via two 10 × 5-cm
rectangular self-adhesive surface electrodes (Compex, Ecublens, Switzerland). The location on the triceps surae
was identical to that of WPHF NMES. High-frequency T
 ENS26 was delivered continuously for a period of
15 min, with a constant pulse duration of 50 µs and a frequency varying from 150 to 50 Hz over 2 s followed
by variation from 50 to 150 Hz over 2 s. Once the TENS unit was switched on, participants were told to report
the onset of any ‘tingling’ or ‘buzzing’ sensations beneath the electrodes. The TENS current intensity was then
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increased until subjects reported a ‘strong but comfortable’’ sensation without any visible muscle contraction
(i.e. below motor threshold;26–28). After 7.5 min, participants were asked whether the reported sensation had
decreased. If so, the intensity was increased but still kept below motor threshold.
tsDCS. A battery-powered stimulator (Starstim, Neuroelectrics, Barcelona, Spain) was used to deliver anodal
tsDCS via two 5 x 7 cm saline (0.9%) soaked sponges. The anode (stimulation electrode) was placed on the spine
at the level of the 11th thoracic vertebra18–20 and the cathode (return electrode) under the right shoulder blade
at the level of the posterior deltoid21,29. The tsDCS stimulation protocol lasted 20 min and was delivered with a
current of 2 mA. There was a progressive increase and decrease in current intensity over the first and last 30 s,
respectively. In the sham protocol, tsDCS was active only during the first and last 30 s to simulate the stimulation
since the initial tingling sensation felt by the participants disappeared regardless of whether the stimulation is
maintained or d
 eactivated18. The level of impedance was monitored regularly during stimulation18,29.
EMG recordings. Resistance between pairs of electrodes was minimized by shaving and cleaning the skin
with alcohol. EMG activity was recorded from the soleus with pairs of circular silver chloride (Ag/AgCl) (1-cm
recording diameter) self-adhesive electrodes (Meditrace 100, Tyco, Markham, Canada) with an inter-electrode
(center-to-center) distance of ~2 cm, according to SENIAM recommendations30. The electrodes were placed
lengthwise over the soleus muscle belly at a distance corresponding to two thirds of the distance between the
medial condyle of the femur and the medial malleolus. The reference electrode was placed over the ipsilateral
patella. The positions of all EMG and stimulation electrodes were marked with indelible ink to allow identical
repositioning. EMG signals were amplified with a gain of 1000, filtered with a bandwidth frequency between 10
and 500 Hz, digitized at a sampling frequency of 5 kHz, and recorded with the analog–digital conversion system.
EMG and torque data were stored and analyzed offline with commercially available software (Acqknowledge,
BIOPAC Systems, Goleta, USA).

Data analysis and presentation. Torque data. Isometric MVC torque was considered as the highest

torque attained during the MVC trials. The WPHF NMES-evoked torque was quantified in the 2nd (initial
torque) and 20th (final torque) seconds of stimulation. As in previous studies7,8,10,31,32, “extra torque” was calculated as the difference between the final and initial torques (extra torque = final torque – initial torque). Extra
torque was taken as an indication of a “warm-up” effect caused by the stimulation33 and indirect evidence of
motor units being recruited through the central pathway. The torque-time integral (TTI, the area under the
torque-time trace) was also quantified for each WPHF NMES c ontraction10,25 from the onset of evoked torque
until the torque returned to resting values.
EMG data. Peak-to-peak amplitude was used to quantify H-reflex and M-wave responses to single electrical
stimuli. For H reflex, the mean of the three responses at each time point was used for analysis. The H-reflex was
normalized by Mmax and the H-reflex-to-Mmax ratio (H-reflex/Mmax) was used to evaluate the balance between
facilitation and inhibition from pre-synaptic inhibitory input at the spinal level34 as per previous WPHF NMES
studies e.g.10. We chose this approach over assessing the H-reflex recruitment curve as we wanted to limit the
time from the end of the intervention to the start of WPHF NMES.
The EMG signals recorded during MVCs were quantified as root mean square (RMS) amplitudes (symmetric
50-ms moving average) over a 500-ms interval around MVC torque (250 ms before and after MVC torque) for
the soleus. Soleus RMS EMG amplitude was also quantified over a 500-ms interval from 210 ms after the final
stimulation artefact (to avoid the step response of the EMG filter) for each WPHF NMES contraction (i.e. after
cessation of electrical activation of the muscle, and without voluntary drive to the muscle) and normalized to
the RMS amplitude of the maximal EMG activity during the highest MVC to assess sustained EMG a ctivity25.
The presence of sustained EMG activity was used to indirectly highlight the presence of PICs25,33 and also to
represent indirect evidence of motor units being recruited through the central pathway.

Statistical analysis. Data were plotted in graphical format to assess sampling distributions using GraphPad

Prism for Mac (GraphPad Software 7, Inc., USA). Data were not normally distributed and therefore non-parametric statistical tests were used. Statistical significance was set at an alpha level of P < 0.05.
In the TENS experiment, Friedman ANOVAs were performed to test for differences in TTI, extra torque and
sustained EMG activity between the three WPHF NMES trains within a bout of WPHF stimulation (WPHF
NMES-Pre). The TTI (Control, P = 0.23; TENS, P = 0.19), extra torque (Control, P = 0.44; TENS, P = 0.97) and
sustained EMG amplitude (Control, P = 0.19; TENS, P = 0.44) were similar for the three WPHF NMES trains in
each bout of WPHF NMES. In addition, the intra-individual reliability of these trains was evaluated by means
of intraclass correlation coefficient (ICC; two-way mixed effects, absolute a greement35). In agreement w
 ith9, the
ICC was very high for all parameters: TTI (Control, ICC = 0.93; TENS, ICC = 0.96), extra torque (Control, ICC
= 0.97; TENS, ICC = 0.99) and sustained EMG amplitude (Control, ICC = 0.96; TENS, ICC = 0.88). Therefore,
the mean TTI, extra torque and sustained EMG amplitude data from the three WPHF NMES trains in each
bout of WPHF NMES were used for subsequent analyses in the TENS experiment and only one WPHF NMES
contraction was subsequently evoked in the tsDCS experiment.
For each experiment, Wilcoxon signed rank tests were performed to test for baseline differences between trials
in MVC torque, stimulation intensities (IH-reflex, IMmax, IWPHF NMES), H-reflex/Mmax ratio, TTI, initial torque, extra
torque and sustained EMG amplitude. To assess whether extra torque production occurred in each experiment,
the initial and final torques at WPHF NMES-Pre were compared using Wilcoxon signed rank tests. For these
analyses, the mean value from the WPHF NMES-Pre contractions (6 contractions for the TENS experiment
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TENS experiment
MVC torque (N m)

tsDCS experiment

TENS trial

Control trial

P

tsDCS trial

Sham trial

P

158 (146 to 172)

172 (157 to 173)

0.32

165 (155 to 183)

182 (156 to 187)

0.41

H-reflex/Mmax (%)

50 (37 to 54)

48 (28 to 52)

0.09

35 (25 to 42)

28 (12 to 39)

0.08

IH-reflex (mA)

32 (23 to 46)

35 (25 to 46)

0.63

33 (14 to 44)

23 (20 to 31)

0.72

IMmax (mA)

125 (120 to 159)

132 (111 to 153)

0.71

168 (120 to 174)

138 (120 to 168)

0.35

IWPHF NMES (mA)

12 (8 to 19)

18 (9 to 24)

0.20

13 (10 to 14)

12 (10 to 13)

0.66

Table 1.  Baseline variables in the TENS and tsDCS experiments. Values are median (25th percentile to
75th percentile). TENS transcutaneous electrical stimulation, tsDCS transcutaneous spinal direct current
stimulation, MVC maximal voluntary contraction, H-reflex H-reflex peak-to-peak amplitude, Mmax maximal
M-wave peak-to-peak amplitude, IH-reflex stimulation intensity used to elicit a maximal H-reflex, IMmax 120% of
stimulation intensity used to elicit a maximal M-wave, IWPHF NMES wide-pulse, high-frequency neuromuscular
electrical stimulation (WPHF NMES) intensity.

and 2 contractions for the tsDCS experiment) for each participant were used. Effect sizes (ES) were
√ calculated
for the differences in initial and final torque in each experiment by dividing the Z-score by the N. ES of 0.1,
0.3 and > 0.5 were interpreted as small, medium and large r espectively36.
Wilcoxon signed rank tests were also performed to test for changes in TTI, extra torque and sustained EMG
amplitude under control conditions (i.e. control trial in the TENS experiment and the sham trial in the tsDCS
experiment). In both experiments there were no changes in TTI (Control, P = 0.19; Sham, P = 0.68), extra torque
(Control, P = 0.92; Sham, P = 0.21) or sustained EMG amplitude (Control, P = 0.62; Sham, P = 0.60) from WPHF
NMES-Pre to WPHF NMES-Post under control conditions.
Therefore, for each experiment, differences between trials in the changes in TTI, extra torque, sustained
EMG amplitude (change = WPHF NMES-Post – WPHF NMES-Pre) and H-reflex/Mmax ratio (change = PostPre) were also tested using Wilcoxon signed rank tests (see Fig. 1 for time-points). ES were calculated for the
changes in TTI, extra torque, sustained EMG activity and H-reflex/Mmax ratio in each experiment as described
above. Spearman’s correlation coefficients ( rs) were computed between changes in TTI and the changes in extra
torque and sustained EMG amplitude for each trial. Data were analyzed using GraphPad Prism for Mac (version
7, GraphPad Software, Inc., USA) and effect sizes were calculated using R. Finally, “responders” were identified as
a participant with a positive ET in both trials (intervention and control) within an experiment at WPHF NMESPre. Statistical comparisons in the TENS experiment were performed on N = 10 and in the tsDCS experiment
N = 13. Data in text are presented as median (25th percentile to 75th percentile).

Results

There were no differences between trials at baseline for any variable tested (Table 1). In both experiments, there
were no differences between trials for the initial WPHF NMES-Pre torque. In the TENS experiment, initial torque
was 4 (3 to 5)% MVC torque in the control trial and 4 (3 to 7)% MVC torque in the TENS trial (P = 0.32). In the
tsDCS experiment, initial torque was 5 (4 to 6)% MVC torque in the control trial and 5 (3 to 7)% MVC torque
in the tsDCS trial (P = 0.42). Comparison of the initial and final torques evoked at WPHF NMES-Pre showed a
significantly higher final torque in the TENS experiment (P = 0.037, ES = 0.66, Fig. 4A). There was no difference
between initial and final torques in the tsDCS experiment (P = 0.99, ES = 0.01, Fig. 4D).

TENS intervention. In the TENS experiment, no differences were observed between trials for TTI (P =
0.92, Fig. 3A), extra torque (P = 0.92, Fig. 4B) or sustained EMG amplitude (P = 0.12, Fig. 5A) at WPHF NMESPre. Five of the nine participants increased the TENS current intensity after 7.5 min [0–7.5 min = 56 (51 to
65) mA; 7.5–15 min = 58 (56 to 70) mA]. Raw torque traces and EMG recordings from a single participant
before and after a 15-min period of TENS or no-stimulation Control are shown in Fig. 2A. Compared to Control, WPHF NMES-evoked torque and sustained EMG amplitude were reduced following the 15-min period of
TENS, with significant between-trial differences for changes in TTI (P = 0.001, ES = 0.79, Fig. 3B), extra torque
(P = 0.013, ES = 0.76, Fig. 4C) and sustained EMG amplitude (P = 0.005, ES = 0.82, Fig. 5B). In the TENS trial,
there was a significant negative relationship between the change in TTI and changes in both extra torque (rs =
0.87, P = 0.002, Fig. 6A) and sustained EMG amplitude (rs = 0.95, P = 0.0001, Fig. 6B). There were no significant relationships between the change in TTI and the change in extra torque ( rs = 0.27, P = 0.45) or change in
sustained EMG amplitude ( rs = 0.28, P = 0.43) in Control. There was no significant difference in the change in
H-reflex/Mmax ratio between trials [P = 0.142, ES = 0.54; Control trial: Pre = 48 (35 to 58)% vs. Post = 49 (25 to
61)%, TENS trial: Pre = 51 (34 to 62)%, Post = 45 (25 to 59)%].
tsDCS intervention. In the tsDCS experiment, there were also no differences between trials for WPHF
NMES-Pre TTI (P = 0.38, Fig. 3C), extra torque (P = 0.41, Fig. 4E) or sustained EMG amplitude (P = 0.54,
Fig. 5C). Raw torque traces and EMG recordings from a single participant before and after a 20-min period of
tsDCS or Sham are shown in Fig. 2B. Compared to Sham, WPHF NMES-evoked torque and sustained EMG
amplitude were not different following a 20-min period of tsDCS, with no between-trial differences in the
changes in TTI (P = 0.19, ES = 0.38, Fig. 3D), extra torque (P = 0.08, ES = 0.49, Fig. 4F) or sustained EMG

Scientific Reports |

(2021) 11:6399 |

https://doi.org/10.1038/s41598-021-85645-0

5
Vol.:(0123456789)

www.nature.com/scientificreports/

Figure 2.  Original WPHF NMES-evoked torque and EMG traces for one participant presented before (WPHF
NMES-Pre) and after (WPHF NMES-Post) (A) a 15-min period of TENS (TENS trial) or no stimulation
(Control trial) and (B) a 20-min period of tsDCS (tsDCS trial) or sham stimulation (Sham trial). Each window
lasts 1500 ms and includes the final 26 stimulation artefacts of each 20-s WPHF NMES. The insert shows the
complete WPHF NMES (20-s stimulation) force trace. In the TENS experiment (A) compared to the control
condition, WPHF NMES-evoked torque and sustained EMG activity were reduced following a 15-min period of
TENS. In the tsDCS experiment (B) there was no increase in WPHF NMES-evoked torque or sustained EMG
activity following a 20-min period of tsDCS or sham stimulation.
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Figure 3.  (A) Torque-time integral (TTI) presented before (WPHF NMES-Pre) and after (WPHF NMES-Post)
a 15-min period of TENS (TENS trial) or no stimulation (Control trial). (B) Change in the TTI after a 15-min
period of TENS (TENS trial) or no stimulation (Control trial). (C) TTI presented before (WPHF NMES-Pre)
and after (WPHF NMES-Post) a 20-min period of tsDCS (tsDCS trial) or sham stimulation (Sham trial). (D)
Change in the TTI after a 20-min period of tsDCS (tsDCS trial) or sham stimulation (Sham trial). Data are
presented as individual data points and the line represents the median. *Significant difference between trials
(P = 0.001). In TENS experiment (A,B) a significant reduction in the torque-time integral was observed when
wide-pulse, high-frequency NMES stimulations were imposed after a bout of TENS compared to the control
condition. In tsDCS (C,D) no significant change in the torque-time integral was observed when a wide-pulse,
high-frequency NMES stimulation was imposed after a bout of tsDCS compared to the sham condition.
amplitude (P = 0.06, ES = 0.53, Fig. 5D). In the tsDCS and Sham trials, no significant relationships were observed
between the change in TTI and changes in extra torque (tsDCS trial: rs = 0.38, P = 0.20, Sham Trial: rs = 0.16, P
= 0.60) or sustained EMG amplitude (tsDCS trial: r s = − 0.23, P = 0.45, Sham Trial: r s = − 0.3, P = 0.33). There
was no significant difference in the change in H-reflex/Mmax ratio between trials [P = 0.56, ES = 0.20; Control
trial: Pre = 33 (25 to 44) % vs. Post = 37 (26 to 46) %, TENS trial: Pre = 32 (22 to 49) %, Post = 31 (28 to 47) %].

Discussion

The aim of the present study was to investigate the influence of high-frequency TENS and transcutaneous spinal
DCS (tsDCS) on the mechanical and EMG responses to wide-pulse, high-frequency (WPHF) NMES. Our first
hypothesis was that high-frequency TENS would reduce WPHF NMES-evoked torque due to reduced reflexive
recruitment of motor units, and our results support this hypothesis (Figs. 3B, 4C, 5B). This reduction in WPHF
NMES-evoked torque was associated with a reduction in muscle activity detected after the cessation of NMES
(and without voluntary muscle contraction), i.e. less ‘sustained EMG amplitude’, which is consistent with reduced
reflexive motor unit recruitment (Fig. 6A). It was also associated with reduced extra torque during the 20-s
WPHF NMES period itself, which is consistent with fewer motor units being recruited through central pathways (Fig. 6B). The changes in evoked torque occurred without change in the H-reflex/Mmax ratio. Our second
hypothesis was that tsDCS would increase the torque evoked by WPHF NMES. However, anodal tsDCS had no
effect on the evoked torque, sustained EMG activity or the H-reflex/Mmax ratio. Overall, our findings support
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Figure 4.  (A) Initial and final torque during WPHF NMES presented for the mean of all WPHF NMESPre contractions in the TENS experiment. (B) Extra torque presented before (WPHF NMES-Pre) and after
(WPHF NMES-Post) a 15-min period of TENS (TENS trial) or no stimulation (Control trial). (C) Change
in extra torque after a 15-min period of TENS (TENS trial) or no stimulation (Control trial). (D) Initial and
final torque during WPHF NMES presented for the mean of all WPHF NMES-Pre contractions in the tsDCS
experiment. (E) Extra torque presented before (WPHF NMES-Pre) and after (WPHF NMES-Post) a 20-min
period of tsDCS (tsDCS trial) or sham stimulation (Sham trial). (F) Change in extra torque after a 20-min
period of tsDCS (tsDCS trial) or sham stimulation (Sham trial). Data are presented as individual data points
and the line represents the median. *Significant difference between trials (A: P = 0.037, C: P = 0.013). In TENS
experiment (A–C) a significant reduction in extra torque was observed when wide-pulse, high-frequency NMES
stimulations were imposed after a bout of TENS compared to the control condition. In the tsDCS experiment
(D–F) no significant change in extra torque was observed when a wide-pulse, high-frequency NMES
stimulation was imposed after a bout of tsDCS compared to the sham condition.
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Figure 5.  (A) Sustained EMG amplitude recorded before (WPHF NMES-Pre) and after (WPHF NMES-Post) a
15-min period of TENS (TENS trial) or no stimulation (Control trial). (B) Change in sustained EMG amplitude
after a 15-min period of TENS (TENS trial) or no stimulation (Control trial). (C) Sustained EMG amplitude
recorded before (WPHF NMES-Pre) and after (WPHF NMES-Post) a 20-min period of tsDCS (tsDCS trial)
or sham stimulation (Sham trial). (D) Change in sustained EMG amplitude recorded after a 20-min period of
tsDCS (tsDCS trial) or sham stimulation (Sham trial). Data are presented as individual data points and the line
represents the median. *Significant difference between trials (P = 0.005). A significant reduction in EMG activity
was observed in the period immediately after the cessation of wide-pulse, high-frequency NMES stimulations
when imposed after a bout of TENS compared to the control condition (A,B). In the tsDCS experiment (C,D)
no significant change in EMG activity was observed in the period immediately after the cessation a wide-pulse,
high-frequency NMES stimulation was imposed after a bout of tsDCS compared to the sham condition.
the concept that reflexive recruitment of motor units is a key factor underpinning WPHF NMES-evoked torque
but does not indicate that the tsDCS protocol used would be effective in a clinical environment.
WPHF NMES recruits motor units through both peripheral and central (reflexive) pathways. Irrespective of
the pathways underpinning WPHF NMES-evoked torque, our results show that only TENS (not anodal tsDCS)
modulated the torque evoked by WPHF NMES (− 50% compared to control). TENS applied in the periphery
activates large diameter afferent fibers and in turn endogenous inhibitory systems in the central nervous s ystem17.
In support of this contention (i) blocking cutaneous afferents with lidocaine does not affect TENS mediated
analgesia37, (ii) TENS applied to the contralateral “mirror side” reverses hyperalgesia bilaterally38, and (iii) TENS
provides analgesia outside of the area of application39. As such our results are most likely due to the effect of
TENS at the spinal cord level. Electrophysiological studies performed in animal models demonstrate that highfrequency TENS increases gamma-aminobutyric acid (GABA, the major inhibitory neurotransmitter) concentration in the spinal cord through activation of opioid receptors15. Furthermore, blockade of G
 ABAA receptors
in the spinal cord prevents the analgesic effect of high-frequency TENS15. The opioid- and GABA-mediated
analgesia provided by TENS has since been confirmed in humans using naloxone, an opioid a ntagonist16. Thus,
a possible explanation for the reduced WPHF NMES-evoked torque may be alterations in reflexive recruitment
resulting from TENS inhibitory effects on spinal circuits.
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Figure 6.  Relationship between changes in the torque-time integral (TTI) and (A) extra torque and (B)
sustained EMG amplitude following a 15-min period of TENS. Extreme value (included in analysis) is
represented by an unfilled circle. Removing this participant from the analysis did not affect the conclusion.
Significant, negative (Spearman’s) correlations were observed; no correlation was detected in the control
condition.

Two measures were made to assess reflexive recruitment of motor units by WPHF NMES: extra torque and
sustained EMG activity. Extra torques observed during electrical stimulation of afferents and motor nerves
in humans (typically observed in 40-60% p
 articipants9,10,32 and 60% and 38% in the TENS and tsDCS experiments, respectively) as well as the subsequent sustained EMG activity have been attributed to a combination
of temporal summation of post-synaptic potentials5 and persistent inward current (PIC)-mediated warm-up
and self-sustained motoneuron firing7,8,31,40. The temporal summation of excitatory post-synaptic potentials
(primarily generated by the neurotransmitter g lutamate41) occurs when multiple stimuli are delivered at highfrequency, i.e. the inter-stimulus interval is shorter than excitatory post-synaptic potential d
 uration42. The size
and duration of excitatory post-synaptic potentials are influenced by both excitatory and inhibitory inputs43.
One inhibitory input is conveyed by GABA, which in rats has been demonstrated to reduce the Ia-motoneuron
excitatory post-synaptic potential a mplitude44. PICs are generated by voltage-sensitive N
 a+ and C
 a2+ currents that
amplify and prolong the effects of synaptic (ionotropic) input, and have marked characteristics such as wind-up
and self-sustained fi
 ring43. The control of PICs by neurotransmitters is powerful and the motor output generated by a given pattern of ionotropic input can vary by up to five-fold43,45, similar in magnitude to the range of
WPHF NMES-evoked torque previously reported8,32,46. Specifically, norepinephrine (NE) and serotonin (5-HT)
facilitate, whereas GABA suppresses, the generation of P
 ICs45,47,48 allowing for modulation of the response of a
motoneuron to a given synaptic input. Indeed, in vitro pharmacological studies using bicuculline and baclofen,
selective agonists of G
 ABAA and G
 ABAB receptors, respectively, have shown that GABA action can inhibit
the stable membrane potentials above the resting membrane potential that are generated by PICs, i.e. plateau
potentials45. Thus, lower WPHF NMES-evoked torque following TENS might be mediated by reduced temporal
summation of excitatory post-synaptic potentials and/or PIC activation. Further in support of a spinal contribution to WPHF NMES-evoked torque through modulation of post-synaptic potentials and PICs, reduced WPHF
NMES-evoked torque following TENS was independent of changes in the H-reflex/Mmax ratio. This result was
expected as TENS has been reported to not affect the H-reflex amplitude49. These findings are consistent with
the fact that summation of excitatory post-synaptic potentials is only achieved by consecutive inputs50 and PICs
take time to “wind up” in response to synaptic inputs51. Hence single stimuli, as used in H-reflex measurements,
are unlikely to activate PICs.
Overall, several lines of evidence suggest that the reduced WPHF NMES-evoked torque following TENS
is likely to be mediated by an increased spinal inhibition, consequently affecting reflexive activation of motor
units involving temporal summation of post-synaptic potentials, PIC generation and/or PIC strength. Together
these data (Figs. 3B, 4C, 5B, 6A,B) further support the concept of a spinal contribution to WPHF NMES-evoked
torque. The notion that temporal summation of excitatory post-synaptic potentials and/or PICs amplify the motor
output for a given pattern of synaptic input may explain why we observed a much larger reduction in WPHF
NMES-evoked torque (~ 50%) than sustained EMG activity (~ 10%), as a reduction in synaptic input and its
amplification (the PIC strength) would result in a striking reduction in evoked torque due to reduced motor unit
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activation. Furthermore, the changes in extra torque and sustained EMG amplitude (indirect evidence of PICs)
and the changes in TTI after TENS were highly correlated (Fig. 6). Despite only being associative evidence, the
result suggests that reflexive recruitment is important for WPHF NMES-evoked torque and that the reduction
in WPHF NMES-evoked torque following TENS might be mediated by the inhibitory actions of GABA in the
spinal cord, leading to a reduction in excitatory post-synaptic potentials and/or inhibition of PIC generation.
Thus, we suggest that TENS for pain relief should not be applied before WPHF NMES for rehabilitation.
In the tsDCS trial there were also no changes in the H-reflex/Mmax ratio, consistent with previous studies in
which anodal tsDCS applied for 15 min at the 11th thoracic vertebrae did not alter the soleus maximal H-reflex
amplitude/Mmax ratio20,52. In contrast, Winkler, et al.20 reported that anodal tsDCS induced a lasting decrease
in H-reflex post-activation depression, which may alter excitatory post-synaptic potentials. Despite this, there
was no effect of tsDCS on WPHF NMES-evoked torque, extra torque or sustained EMG activity. In light of the
evidence suggesting that TENS alters WPHF NMES-mediated PIC activation/strength and in turn evoked torque,
one tentative explanation for no effect of tsDCS on these parameters could be that it did not affect PICs and the
gain of synaptic input53, as evidenced in the present study by the lack of change in extra torque and sustained
EMG activity. The effect of transcranial DCS has been shown to be highly variable between individuals54 (e.g. in
the present study, TTI was greater after tsDCS than Sham in 7/13 participants) and our results cannot provide
final explanations for the differing effects of TENS and tsDCS on WPHF NMES-evoked torque. We acknowledge
that in our study the number of “responders” to WPHF NMES was lower in the tsDCS experiment compared with
the TENS experiment, and extra torque at baseline at the group level was only observed in the later condition. It
remains to be investigated whether the effect of tsDCS on WPHF NMES-evoked torque would be beneficial in a
group of “responder” participants to improve extra torque production. Overall, studies with larger sample sizes
and performing separate analyses of “responders” and “non-responders” to WPHF NMES may bring clarification.
Although it appears likely that changes in spinal processing of sensory information provides the most plausible explanation for the reduction in WPHF NMES-evoked torque following TENS, our data do not allow for
a comprehensive explanation to be provided. The notion that WPHF NMES-evoked torque is influenced by
peripheral mechanisms is consistent with our finding of reduced, but not abolished, sustained EMG activity
and evoked-torque following TENS. Indeed, previous s tudies55,56 show that the recruitment of motor units via
peripheral pathways and intramuscular mechanisms also contribute to WPHF NMES-evoked torque. Furthermore, the torque evoked by 10 to 20 s of WPHF NMES with a constant stimulation intensity varies considerably
between individuals10,25,32. In accordance with previous studies using a similar stimulation pattern which reported
inter-individual variation of ~150% in WPHF NMES-evoked torque10,25, we observed a large inter-individual
variability in both trials with a CV of ~130%. In contrast intra-individual variation has been reported to be much
lower (~ 20%;9). Indeed, the median percentage change in WPHF NMES-evoked torque from Pre to Post in the
TENS trial was greater (~ − 50%) than this intra-individual variation. In the tsDCS trial, the non-significant
median change was ~ − 14%. Given that the initial torque evoked by WPHF NMES was similar between trials and
experiments, we are confident that our conclusion that TENS reduces, whereas tsDCS has no effect on, WPHF
NMES-evoked torque is correct. However, whether the effects of each intervention are different in responders
compared with non-responders to WPHF NMES remains to be investigated.
In summary, we show, for the first time, that WPHF NMES-evoked torque can be modulated by a preceding
intervention. This conclusion is based on the observed reductions in extra torque and sustained EMG activity
in response to WPHF NMES when preceded by TENS, while the anodal tsDCS protocol we used had no effect.
Whereas Ia afferent input, summation of post-synaptic potentials and PICs seem to be the most likely physiological phenomenon underpinning WPHF NMES-evoked torque, modulation of WPHF NMES-evoked torque by
TENS was independent of changes in the H-reflex/Mmax ratio, i.e. an index of the balance between inhibitory and
excitatory input at the spinal cord. This result thus suggests the possibility that the central contribution to evoked
torques might be increased by an intervention that enhances sensory input or motoneuron excitability. Given the
potent effects of 5-HT and NE on PICs, it is interesting to consider the possibility of altering their concentrations
in the spinal cord using drugs such as reuptake i nhibitors57. Alternatively, other electrical stimulation protocols
such as low-frequency TENS (known to increase serotonin levels in the spinal c ord58), sensory stimulation e.g.59
or optimizing other DCS protocols e.g.54 could be considered. Finally, since NMES effectiveness for neuromuscular rehabilitation is proportional to the torque evoked during t raining2, our results advocate against the use of
TENS during or before a session of NMES as NMES training-induced increases in torque may be blunted. The
possibility to amplify WPHF NMES-evoked extra torque by implementing stimulation protocols acting on the
same pathways than high-frequency TENS, but in an opposite direction, remains to be investigated.
Received: 15 July 2020; Accepted: 1 March 2021

References

1. Maffiuletti, N. A. Physiological and methodological considerations for the use of neuromuscular electrical stimulation. Eur. J. Appl.
Physiol. 110, 223–234. https://doi.org/10.1007/s00421-010-1502-y (2010).
2. Maffiuletti, N. A. et al. The clinical use of neuromuscular electrical stimulation for neuromuscular rehabilitation: What are we
overlooking?. Arch. Phys. Med. Rehabil. 99, 806–812. https://doi.org/10.1016/j.apmr.2017.10.028 (2018).
3. Collins, D. F. Central contributions to contractions evoked by tetanic neuromuscular electrical stimulation. Exerc Sport Sci Rev
35, 102–109. https://doi.org/10.1097/jes.0b013e3180a0321b (2007).
4. Lagerquist, O. & Collins, D. F. Stimulus pulse-width influences H-reflex recruitment but not H(max)/M(max) ratio. Muscle Nerve
37, 483–489. https://doi.org/10.1002/mus.20957 (2008).
5. Dideriksen, J. L., Muceli, S., Dosen, S., Laine, C. M. & Farina, D. Physiological recruitment of motor units by high-frequency
electrical stimulation of afferent pathways. J. Appl. Physiol. 1985(118), 365–376. https://doi.org/10.1152/japplphysiol.00327.2014
(2015).

Scientific Reports |

(2021) 11:6399 |

https://doi.org/10.1038/s41598-021-85645-0

11
Vol.:(0123456789)

www.nature.com/scientificreports/
6. Vitry, F., Martin, A., Deley, G. & Papaiordanidou, M. Effect of reflexive activation of motor units on torque development during
electrically-evoked contractions of the triceps surae muscle. J. Appl. Physiol. 1985(126), 386–392. https://doi.org/10.1152/jappl
physiol.00463.2018 (2019).
7. Collins, D. F., Burke, D. & Gandevia, S. C. Large involuntary forces consistent with plateau-like behavior of human motoneurons.
J. Neurosci. 21, 4059–4065 (2001).
8. Collins, D. F., Burke, D. & Gandevia, S. C. Sustained contractions produced by plateau-like behaviour in human motoneurones.
J. Physiol. 538, 289–301 (2002).
9. Neyroud, D., Grospretre, S., Gondin, J., Kayser, B. & Place, N. Test-retest reliability of wide-pulse high-frequency neuromuscular
electrical stimulation evoked force. Muscle Nerve https://doi.org/10.1002/mus.25747 (2017).
10. Wegrzyk, J. et al. Extra forces induced by wide-pulse, high-frequency electrical stimulation: Occurrence, magnitude, variability
and underlying mechanisms. Clin. Neurophysiol. 126, 1400–1412. https://doi.org/10.1016/j.clinph.2014.10.001 (2015).
11. Bergquist, A. J. et al. Neuromuscular electrical stimulation: Implications of the electrically evoked sensory volley. Eur. J. Appl.
Physiol. 111, 2409–2426. https://doi.org/10.1007/s00421-011-2087-9 (2011).
12. Maffiuletti, N. A. et al. Clinical use of neuromuscular electrical stimulation for neuromuscular rehabilitation: What are we overlooking?. Arch. Phys. Med. Rehabil. 99, 806–812. https://doi.org/10.1016/j.apmr.2017.10.028 (2018).
13. Johnson, M. D., Thompson, C. K., Tysseling, V. M., Powers, R. K. & Heckman, C. J. The potential for understanding the synaptic
organization of human motor commands via the firing patterns of motoneurons. J. Neurophysiol. 118, 520–531. https://doi.org/
10.1152/jn.00018.2017 (2017).
14. Radhakrishnan, R. et al. Spinal 5-HT(2) and 5-HT(3) receptors mediate low, but not high, frequency TENS-induced antihyperalgesia in rats. Pain 105, 205–213 (2003).
15. Maeda, Y., Lisi, T. L., Vance, C. G. & Sluka, K. A. Release of GABA and activation of GABA(A) in the spinal cord mediates the
effects of TENS in rats. Brain Res. 1136, 43–50. https://doi.org/10.1016/j.brainres.2006.11.061 (2007).
16. Leonard, G., Goffaux, P. & Marchand, S. Deciphering the role of endogenous opioids in high-frequency TENS using low and high
doses of naloxone. Pain 151, 215–219. https://doi.org/10.1016/j.pain.2010.07.012 (2010).
17. Vance, C. G., Dailey, D. L., Rakel, B. A. & Sluka, K. A. Using TENS for pain control: the state of evidence. Pain Manag. 4, 197–209.
https://doi.org/10.2217/pmt.14.13 (2014).
18. Lamy, J. C., Ho, C., Badel, A., Arrigo, R. T. & Boakye, M. Modulation of soleus H reflex by spinal DC stimulation in humans. J.
Neurophysiol. 108, 906–914. https://doi.org/10.1152/jn.10898.2011 (2012).
19. Lamy, J. C. & Boakye, M. Seeking significance for transcutaneous spinal DC stimulation. Clin. Neurophysiol. 124, 1049–1050.
https://doi.org/10.1016/j.clinph.2013.01.007 (2013).
20. Winkler, T., Hering, P. & Straube, A. Spinal DC stimulation in humans modulates post-activation depression of the H-reflex
depending on current polarity. Clin. Neurophysiol. 121, 957–961. https://doi.org/10.1016/j.clinph.2010.01.014 (2010).
21. Cogiamanian, F. et al. Transcutaneous spinal cord direct current stimulation inhibits the lower limb nociceptive flexion reflex in
human beings. Pain 152, 370–375. https://doi.org/10.1016/j.pain.2010.10.041 (2011).
22. Hubli, M., Dietz, V., Schrafl-Altermatt, M. & Bolliger, M. Modulation of spinal neuronal excitability by spinal direct currents and
locomotion after spinal cord injury. Clin. Neurophysiol. 124, 1187–1195. https://doi.org/10.1016/j.clinph.2012.11.021 (2013).
23. Heide, A. C. et al. Effects of transcutaneous spinal direct current stimulation in idiopathic restless legs patients. Brain Stimul 7,
636–642. https://doi.org/10.1016/j.brs.2014.06.008 (2014).
24. Perrotta, A. et al. Modulation of temporal summation threshold of the nociceptive withdrawal reflex by transcutaneous spinal
direct current stimulation in humans. Clin. Neurophysiol. 127, 755–761. https://doi.org/10.1016/j.clinph.2015.01.031 (2016).
25. Neyroud, D., Grospretre, S., Gondin, J., Kayser, B. & Place, N. Test-retest reliability of wide-pulse high-frequency neuromuscular
electrical stimulation evoked force. Muscle Nerve 57, E70–E77. https://doi.org/10.1002/mus.25747 (2017).
26. DeSantana, J. M. et al. Hypoalgesic effect of the transcutaneous electrical nerve stimulation following inguinal herniorrhaphy: A
randomized, controlled trial. J. Pain 9, 623–629. https://doi.org/10.1016/j.jpain.2008.01.337 (2008).
27. Aarskog, R. et al. Is mechanical pain threshold after transcutaneous electrical nerve stimulation (TENS) increased locally and
unilaterally? A randomized placebo-controlled trial in healthy subjects. Physiother. Res. Int. 12, 251–263. https://doi.org/10.1002/
pri.384 (2007).
28. DeSantana, J. M., Walsh, D. M., Vance, C., Rakel, B. A. & Sluka, K. A. Effectiveness of transcutaneous electrical nerve stimulation
for treatment of hyperalgesia and pain. Curr. Rheumatol. Rep. 10, 492–499. https://doi.org/10.1007/s11926-008-0080-z (2008).
29. Cogiamanian, F., Vergari, M., Pulecchi, F., Marceglia, S. & Priori, A. Effect of spinal transcutaneous direct current stimulation on
somatosensory evoked potentials in humans. Clin. Neurophysiol. 119, 2636–2640. https://doi.org/10.1016/j.clinph.2008.07.249
(2008).
30. Hermens, H. J., Freriks, B., Disselhorst-Klug, C. & Rau, G. Development of recommendations for SEMG sensors and sensor placement procedures. J. Electromyogr. Kinesiol. 10, 361–374. https://doi.org/10.1016/s1050-6411(00)00027-4 (2000).
31. Baldwin, E. R., Klakowicz, P. M. & Collins, D. F. Wide-pulse-width, high-frequency neuromuscular stimulation: Implications for
functional electrical stimulation. J. Appl. Physiol. 1985(101), 228–240. https://doi.org/10.1152/japplphysiol.00871.2005 (2006).
32. Wegrzyk, J. et al. Responders to wide-pulse, high-frequency neuromuscular electrical stimulation show reduced metabolic demand:
A 31P-MRS study in humans. PLoS ONE 10, e0143972. https://doi.org/10.1371/journal.pone.0143972 (2015).
33. Trajano, G. S., Seitz, L. B., Nosaka, K. & Blazevich, A. J. Can passive stretch inhibit motoneuron facilitation in the human plantar
flexors?. J Appl Physiol 1985(117), 1486–1492. https://doi.org/10.1152/japplphysiol.00809.2014 (2014).
34. McNeil, C. J., Butler, J. E., Taylor, J. L. & Gandevia, S. C. Testing the excitability of human motoneurons. Front Hum Neurosci 7,
152. https://doi.org/10.3389/fnhum.2013.00152 (2013).
35. Atkinson, G. & Nevill, A. M. Statistical methods for assessing measurement error (reliability) in variables relevant to sports medicine. Sports Med. 26, 217–238. https://doi.org/10.2165/00007256-199826040-00002 (1998).
36. Tomczak, M. & Tomczak, E. The need to report effect size estimates revisited. An overview of some recommended measures of
effect size. Trends Sport Sci. 1, 19–25 (2014).
37. Radhakrishnan, R. & Sluka, K. A. Deep tissue afferents, but not cutaneous afferents, mediate transcutaneous electrical nerve
stimulation-Induced antihyperalgesia. J. Pain 6, 673–680. https://doi.org/10.1016/j.jpain.2005.06.001 (2005).
38. Ainsworth, L. et al. Transcutaneous electrical nerve stimulation (TENS) reduces chronic hyperalgesia induced by muscle inflammation. Pain 120, 182–187. https://doi.org/10.1016/j.pain.2005.10.030 (2006).
39. Vance, C. G. et al. Effects of transcutaneous electrical nerve stimulation on pain, pain sensitivity, and function in people with knee
osteoarthritis: A randomized controlled trial. Phys. Ther. 92, 898–910. https://doi.org/10.2522/ptj.20110183 (2012).
40. Gorassini, M. A., Bennett, D. J. & Yang, J. F. Self-sustained firing of human motor units. Neurosci. Lett. 247, 13–16 (1998).
41. Rekling, J. C., Funk, G. D., Bayliss, D. A., Dong, X. W. & Feldman, J. L. Synaptic control of motoneuronal excitability. Physiol. Rev.
80, 767–852. https://doi.org/10.1152/physrev.2000.80.2.767 (2000).
42. Lloyd, D. P. Temporal summation in rhythmically active monosynaptic reflex pathways. J. Gen. Physiol. 40, 427–434. https://doi.
org/10.1085/jgp.40.3.427 (1957).
43. Heckman, C. J. & Enoka, R. M. Motor unit. Compr. Physiol. 2, 2629–2682. https://doi.org/10.1002/cphy.c100087 (2012).
44. Peshori, K. R., Collins, W. F. & Mendell, L. M. EPSP amplitude modulation at the rat Ia-alpha motoneuron synapse: Effects of
GABA(B) receptor agonists and antagonists. J. Neurophysiol. 79, 181–189 (1998).

Scientific Reports |
Vol:.(1234567890)

(2021) 11:6399 |

https://doi.org/10.1038/s41598-021-85645-0

12

www.nature.com/scientificreports/
45. Russo, R. E., Nagy, F. & Hounsgaard, J. Inhibitory control of plateau properties in dorsal horn neurones in the turtle spinal cord
in vitro. J Physiol 506(Pt 3), 795–808 (1998).
46. Lagerquist, O., Walsh, L. D., Blouin, J. S., Collins, D. F. & Gandevia, S. C. Effect of a peripheral nerve block on torque produced by
repetitive electrical stimulation. J Appl Physiol 1985(107), 161–167. https://doi.org/10.1152/japplphysiol.91635.2008 (2009).
47. Lee, R. H. & Heckman, C. J. Influence of voltage-sensitive dendritic conductances on bistable firing and effective synaptic current
in cat spinal motoneurons in vivo. J. Neurophysiol. 76, 2107–2110. https://doi.org/10.1152/jn.1996.76.3.2107 (1996).
48. Perrier, J. F. & Hounsgaard, J. 5-HT2 receptors promote plateau potentials in turtle spinal motoneurons by facilitating an L-type
calcium current. J. Neurophysiol. 89, 954–959. https://doi.org/10.1152/jn.00753.2002 (2003).
49. Walsh, D. M., Noble, G., Baxter, G. D. & Allen, J. M. Study of the effects of various transcutaneous electrical nerve stimulation
(TENS) parameters upon the RIII nociceptive and H-reflexes in humans. Clin. Physiol. 20, 191–199 (2000).
50. Pierrot-Deseilligny, E., Bussel, B., Held, J. P. & Katz, R. Excitability of human motoneurones after discharge in a conditioning reflex.
Electroencephalogr. Clin. Neurophysiol. 40, 279–287. https://doi.org/10.1016/0013-4694(76)90151-6 (1976).
51. Russo, R. E. & Hounsgaard, J. Short-term plasticity in turtle dorsal horn neurons mediated by L-type Ca2+ channels. Neuroscience
61, 191–197 (1994).
52. Kuck, A., Stegeman, D. F., van der Kooij, H. & van Asseldonk, E. H. F. Changes in H-reflex recruitment after trans-spinal direct
current stimulation with multiple electrode configurations. Front. Neurosci. 12, 151. https://doi.org/10.3389/fnins.2018.00151
(2018).
53. Heckmann, C. J., Gorassini, M. A. & Bennett, D. J. Persistent inward currents in motoneuron dendrites: implications for motor
output. Muscle Nerve 31, 135–156. https://doi.org/10.1002/mus.20261 (2005).
54. Machado, D. et al. Effect of transcranial direct current stimulation on exercise performance: A systematic review and meta-analysis.
Brain Stimul 12, 593–605. https://doi.org/10.1016/j.brs.2018.12.227 (2019).
55. Frigon, A. et al. Extra forces evoked during electrical stimulation of the muscle or its nerve are generated and modulated by a
length-dependent intrinsic property of muscle in humans and cats. J. Neurosci. 31, 5579–5588. https://doi.org/10.1523/JNEUR
OSCI.6641-10.2011 (2011).
56. Cheng, A. J., Neyroud, D., Kayser, B., Westerblad, H. & Place, N. Intramuscular contributions to low-frequency force potentiation
induced by a high-frequency conditioning stimulation. Front. Physiol. 8, 712. https://doi.org/10.3389/fphys.2017.00712 (2017).
57. Wei, K. et al. Serotonin affects movement gain control in the spinal cord. J. Neurosci. 34, 12690–12700. https://doi.org/10.1523/
JNEUROSCI.1855-14.2014 (2014).
58. Sluka, K. A., Lisi, T. L. & Westlund, K. N. Increased release of serotonin in the spinal cord during low, but not high, frequency
transcutaneous electric nerve stimulation in rats with joint inflammation. Arch. Phys. Med. Rehabil. 87, 1137–1140. https://doi.
org/10.1016/j.apmr.2006.04.023 (2006).
59. Zehr, E. P., Frigon, A., Hoogenboom, N. & Collins, D. F. Facilitation of soleus H-reflex amplitude evoked by cutaneous nerve
stimulation at the wrist is not suppressed by rhythmic arm movement. Exp. Brain Res. 159, 382–388. https://doi.org/10.1007/
s00221-004-2092-x (2004).

Acknowledgements

First, we would like to thank all the participants who took part in the study for their time. In addition, we thank
Christel Schäfer and Lucas Lima Vieira for their help with data collection and Vincent Gremeaux for his insightful comments about the study.

Author contributions

D.N., N.P., C.D., conception and design of research; C.D., D.N., J.S., N.P. performed experiments; C.D., J.S.,
F.CvR., analyzed data; A.J.B., C.D., J.S., N.P, B.K. interpreted results of experiments; C.D., J.S., prepared figures;
C.D. drafted manuscript; N.P. supervised the project; C.D., A.J.B., B.K., J.S., F.CvR., D.N., N.P. edited and revised
manuscript; C.D., J.S., A.J.B., F.CvR., B.K., D.N., N.P. approved final version of manuscript.

Funding

This work was supported by the Swiss Society of Sports Medicine and institutional funds from the University
of Lausanne.

Competing interests

The authors declare no competing interests.

Additional information

Correspondence and requests for materials should be addressed to N.P.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
© The Author(s) 2021

Scientific Reports |

(2021) 11:6399 |

https://doi.org/10.1038/s41598-021-85645-0

13
Vol.:(0123456789)

