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Abstract

Previous evidence indicated that interventions with combined neuromuscular electrical stim-

ulation (NMES) and voluntary muscle contractions could have superior effects on corticosp-

inal excitability when the produced total force is larger than each single intervention.

However, it is unclear whether the superior effects exist when the produced force is matched

between the interventions. Ten able-bodied individuals performed three intervention ses-

sions on separate days: (i) NMES–tibialis anterior (TA) stimulation; (ii) NMES+VOL–TA

stimulation combined with voluntary ankle dorsiflexion; (iii) VOL–voluntary ankle dorsiflex-

ion. Each intervention was exerted at the same total output of 20% of maximal force and

applied intermittently (5 s ON / 19 s OFF) for 16 min. Motor evoked potentials (MEP) of the

right TA and soleus muscles and maximum motor response (Mmax) of the common peroneal

nerve were assessed: before, during, and for 30 min after each intervention. Additionally,

the ankle dorsiflexion force-matching task was evaluated before and after each intervention.

Consequently, the TA MEP/Mmax during NMES+VOL and VOL sessions were significantly

facilitated immediately after the interventions started until the interventions were over. Com-

pared to NMES, larger facilitation was observed during NMES+VOL and VOL sessions, but

no difference was found between them. Motor control was not affected by any interventions.

Although superior combined effects were not shown compared to voluntary contractions

alone, low-level voluntary contractions combined with NMES resulted in facilitated corti-

cospinal excitability compared to NMES alone. This suggests that the voluntary drive could

improve the effects of NMES even during low-level contractions, even if motor control is not

affected.
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Introduction

Neuromuscular electrical stimulation (NMES) is an effective technique for generating muscle

contractions in rehabilitation for people with neurological impairments [1–3]. Previous studies

have shown that NMES can affect the excitability of both spinal and supraspinal circuits [4–7].

It has also been demonstrated that neural effects of short-term application of NMES can persist

for at least 30 min after the intervention, which suggests that NMES of muscles or peripheral

nerves can affect the central nervous system neuroplasticity even after the stimulating period

to possibly improve motor control [4, 5, 7–9].

Active (voluntary) engagement is an important factor in rehabilitation after neurological

impairments [10]. It is well known that voluntary motor commands from the motor cortex

during NMES can contribute to neuromodulation of the spinal reflex circuits [11–13] and

supraspinal circuits [2, 14–16]. Possible mechanisms of increased corticospinal excitability

during NMES combined with voluntary contractions have been explained by the Hebbian

plasticity [17] like-synaptic strengthening [4, 7, 16, 18, 19] and unmasking of silent synaptic

connections [20, 21] due to afferent inputs, which are electrically evoked afferent volley and

reafferent inputs of sensory signals, and efferent outputs generated by simultaneous voluntary

muscle contractions within the spinal cord and motor cortex. To date, it has been reported

that combining NMES with voluntary movements can enhance and retain corticospinal excit-

ability to a larger extent compared to NMES alone or voluntary muscle contractions alone [5,

7, 23]. The previous studies [5, 7, 23] applied NMES additionally during voluntary contrac-

tions, which produced a larger total force output compared to each single intervention as the

consequence. Producing the larger total force may have enhanced corticospinal excitability to

activate motoneurons by efferent central commands (i.e., descending voluntary drive) and

stronger afferent volleys produced by NMES [24]. Since previous studies have shown that vol-

untary muscle contraction alone [22, 23] as well as NMES alone [21, 24–26] can increase corti-

cospinal excitability, the combined effect of NMES and voluntary muscle contractions may

produce additive effects. Overall, this raised a question of whether superior corticospinal excit-

ability modulation effects could also be observed even when the intensities of NMES and vol-

untary muscle contractions were lower than each single intervention under the condition of

matched total force output between the interventions. If the superior effects could still be

observed, we could conclude that the combined effects were induced by synaptic strengthening

in the spinal and/or cortical motor circuits via pairing effects, rather than the additive effects

of greater total force output. It is assumed that repetitive presynaptic activation induced by

afferent inputs from NMES may enhance synaptic strengthening [4, 16, 18] and unmasking of

silent connections [20, 21] within the cortical circuits, resulting in firing of postsynaptic neu-

rons. There is also a possibility that increased activity between pre- and postsynaptic neurons

may occur within the spinal cord due to the afferent inputs from NMES and descending vol-

untary drive [19, 27]. Furthermore, it is known that sufficient NMES intensity plays a key role

for increasing corticospinal excitability [28], while a previous study showed that combined

intervention of voluntary muscle contractions with low-level NMES induced greater corticosp-

inal facilitation than that with high-level NMES [29]. Thus, it can also be suggested that low-

level NMES might also have effects on the facilitation of corticospinal excitability when com-

bined with voluntary muscle contractions. However, it is unknown whether such pairing

effects are induced when the low-level interventions are combined. Hence, clarifying these

questions can provide insights into the underlying mechanisms of NMES neuromodulation

effects.

Furthermore, NMES can contribute to improving motor control [18, 30]. Evidence shows

that acquiring motor skills is associated with increased corticospinal facilitation during motor
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learning [31, 32]. However, only a handful of studies have investigated the association between

short-term effects of NMES on corticospinal excitability and motor control [33, 34]. McDon-

nell and Ridding [33] demonstrated that NMES before finger motor training induced facilita-

tion of motor cortical excitability and improvement of speed and accuracy of fine motor

control more rapidly compared to the group that did not receive NMES, while Summers et al.

[34] showed that pre-conditioning NMES prior to visuo-motor adaptation tasks resulted in

faster motor learning (i.e., improved adaptation rate) along with an increase in corticospinal

excitability, but without any significant differences in motor control performance changes

(i.e., speed and accuracy) between NMES and sham groups. The application of NMES on mus-

cles or nerves activates the peripheral motor axons directly, besides evoking the sensory volleys

that activate synaptic transmission from Ia afferents to motoneurons in the spinal cord and

indirectly generating sustained motoneuron discharge [27, 35, 36]. Therefore, it is assumed

that such motoneuron activation may induce quicker response times with less error in the bal-

listic contractions which discharge rate preferentially involves [37], along with increased corti-

cospinal excitability. In addition, neuroimaging studies have reported that NMES activates the

somatosensory areas which are responsible for sensory information processing and sensorimo-

tor integration [38–40]. Thus, NMES might possibly contribute to better motor control. A pre-

vious study in stroke patients demonstrated that NMES on the wrist extensor muscles for 10

weeks induced greater improvements in accuracy of finger movement and the onset/offset of

muscle contractions accompanied by increased cortical activation in the contralateral motor

cortex compared to non-stimulated therapy [41]. However, it remains unclear whether short-

term stimulation can immediately alter motor control performance, especially in speed and

accuracy.

Therefore, the aim of the current study was to investigate the effects of NMES and voluntary

ankle dorsiflexion contractions on corticospinal excitability when the total generated force was

matched between the following interventions: (i) NMES alone, (ii) NMES combined with vol-

untary contractions, and (iii) voluntary contractions alone. In addition, the effects on motor

control were investigated before and after each intervention. We hypothesized that the com-

bined intervention would facilitate corticospinal excitability to a greater extent compared to

each intervention alone [5] despite matched force output between the interventions. More-

over, we hypothesized that NMES interventions would affect motor control (i.e., increase

speed and accuracy) [33, 41] due to increased excitation of the motoneuron pool [27] even

after short-duration interventions.

Materials and methods

Participants

Ten able-bodied individuals (eight males and two females; 25.0±1.7 years) participated in this

study. All participants were right foot dominant determined using a questionnaire [42]. None

of the participants had a history of neuromuscular and other injuries and any contraindica-

tions for TMS experiments [43]. Participants were asked to refrain from consuming alcohol 24

h prior to the experiments. All participants provided written informed consent in accordance

with the principles of the Declaration of Helsinki prior to joining the study. The study protocol

was approved by the local ethics committee of the Graduate School of Arts and Sciences at The

University of Tokyo.

Experimental setup

The experimental setup is shown in Fig 1A. Participants were seated on a height adjustable

chair with their hips, knees, and ankles flexed approximately at 90˚. Each foot was securely
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strapped to a metal footplate, which was attached to a strain-gauge load cell (LCB03K060L,

A&D Inc., Tokyo, Japan) [44]. During muscle contractions, participants were asked to main-

tain their posture and to try to avoid hip flexor and knee extensor contractions, while the

experimenters carefully observed their posture and movements throughout the interventions.

A computer monitor was placed in front of the participants at a distance of 70 cm at their eye-

level (Fig 1A).

Prior to starting each intervention of the experiment, participants performed ankle dorsi-

flexor isometric maximum voluntary contraction (MVC) to record maximal force exertion.

After a warm-up, participants were instructed to maximally flex their right ankle for 3 s in the

isometric contraction condition. Two repeated trials were performed with a rest period of at

least 1 min between trials [45]. During the MVC trials, participants were verbally encouraged

to produce a maximal force exertion. The average force in the middle 2-s windows was

obtained and averaged between the two repeated trials to determine the MVC force level for

each participant.

Experimental protocol

All participants performed three intervention sessions: (i) NMES–right leg TA muscle was

activated using NMES at an intensity that produced 20% of isometric MVC force; (ii) NMES

+VOL–participants maintained voluntary right ankle dorsiflexion at 10% of MVC force, while

NMES increased the total force output to 20% of MVC force; and (iii) VOL–participants main-

tained voluntary right ankle dorsiflexion at 20% of MVC force. Each intervention was applied

on separate days with at least one day between interventions and the order of interventions

Fig 1. Experimental setup. (a) NMES was applied on the right TA during ON period (5 s). During OFF period (19 s), TMS and

peripheral nerve stimulation were applied; (b) Participants were instructed to match the ankle dorsiflexor force to a target when the

panel changed to the ON signal (black screen). The yellow line represented the target. Visual force feedback was presented using a white

line; and (c) Force-matching task consisted of right leg isometric ankle dorsiflexion during 1 s contractions. The green line represented

the target. Visual force feedback was presented using a red line. Abbreviations: EMG, electromyography; NMES, neuromuscular

electrical stimulation; TA, tibialis anterior; TMS, transcranial magnetic stimulation.

https://doi.org/10.1371/journal.pone.0282671.g001
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was randomized among participants. All interventions were applied intermittently: 5 s ON /

19 s OFF, for a total of 40 cycles, a total 16-min period [(5+19) s × 40 cycles = 960 s / 16 min].

During the interventions, the target force level was set at 20% of MVC force and the real-time

visual feedback of the current force level was displayed on the left side of the computer moni-

tor with a yellow and a white bar, respectively (Fig 1B). The visual feedback of the force was

provided using a custom-made application in LabVIEW (National Instruments Corporation,

Austin, TX, USA). On the right side of the computer monitor, a visual cue displayed the ON

period (screen was dark) and the OFF period (monitor displayed ‘relax’) to indicate when par-

ticipants should perform ankle dorsiflexion and when to relax their muscles (Fig 1B). The

visual cue for the performance timing was provided using a custom-made Matlab (The Math-

Works, Natick, MA, USA) script. A data acquisition system (USB-6259 BNC, National Instru-

ments, Austin, TX, USA) was used to record ankle force data at a sampling frequency of 4,000

Hz. During the interventions that required voluntary contractions (NMES+VOL and VOL),

participants were instructed to match the current force level to the target line as quickly and

precisely as possible when the ON signal appeared and to maintain the contraction until the

computer monitor indicated the OFF period. Although voluntary engagement was not

required during the NMES intervention, participants were asked to pay attention to the moni-

tor to minimize the influence of visual attention. Assessments were performed in the following

intervals: (i) before starting the interventions (Pre); (ii) during the interventions in each 19-s

OFF periods (During); and (iii) immediately after (Post0), 10 min after (Post10), 20 min after

(Post20), and 30 min after (Post30) the interventions (Fig 2). A custom Matlab (The Math-

Works, Natick, MA, USA) script was used to trigger NMES through an Arduino microcontrol-

ler during the interventions as well as to synchronize assessment timing.

Fig 2. Time course of the experimental protocol. Participants performed three interventions: (i) NMES alone; (ii) NMES+VOL;

and (iii) VOL alone. The assessments of MEP and Mmax were measured before starting the interventions (Pre), during the

interventions in the NMES OFF periods (During1 (0–4 min), During2 (4–8 min), During3 (8–12 min), During4 (12–16 min)), as

well as immediately (Post0), 10 min (Post10), 20 min (Post20), and 30 min (Post30) after the interventions. Abbreviations: FMT,

force-matching task; MEP, motor evoked potential; MVC, maximum voluntary contraction; NMES, neuromuscular electrical

stimulation; VOL, voluntary contractions.

https://doi.org/10.1371/journal.pone.0282671.g002
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Neuromuscular electrical stimulation (NMES)

For the NMES and NMES+VOL interventions, electrical stimulation was applied over the

right TA muscle (Fig 1A). A portable constant-current electrical stimulator (Complex Motion,

Compex, Switzerland) was used to deliver NMES by applying a rectangular, biphasic, asym-

metric charge-balanced stimulation pulses with a 300 μs pulse width at a frequency of 40 Hz

via surface electrodes (anode: 5×5 cm, cathode: 5×5 cm) [1, 13]. During setup prior to the

experiments, the placement of electrodes was first determined by placing the anode on the

nerve end and the cathode on the muscle belly. The cathode was adjusted such that it was posi-

tioned over the motor point and corrected if necessary to produce smooth muscle contractions

(i.e., no inversion or eversion). During the NMES intervention, the stimulation amplitude was

increased and determined to produce 20% of MVC force at the first cycle of the intervention.

Then, from the second cycle, NMES was delivered simultaneously when the ON signal

appeared, while participants remained at rest. During the NMES+VOL intervention, the stim-

ulation intensity was increased immediately after the voluntarily produced force reached 10%

MVC force and was determined to produce a total of 20% MVC force output at the first cycle

of the intervention. From the second cycle, the NMES was delivered when the ON signal

appeared (indicating to produce voluntary muscle contractions). The stimulation amplitudes

ranged between 18 and 40 mA with final a setting of 31.4±5.0 mA (mean±SD) for the NMES

intervention to produce 20% of MVC force, which was significantly higher than that of 26.5

±6.7 mA for the NMES+VOL intervention to provide an additional force during voluntary iso-

metric ankle dorsiflexion and a total output of 20% MVC force (t(9) = 3.07, p = .013).

Electromyography

Electromyography (EMG) signals were obtained from the right TA and soleus muscles using

bipolar Ag–AgCl surface electrodes (Vitrode F-150S, Nihon Koden, Tokyo, Japan). The

recording EMG electrodes were placed over the right TA muscle between the anode and the

cathode of the NMES electrodes [46] as illustrated in Fig 1A. The recording electrodes of the

soleus muscle were placed on the muscle belly. These electrodes were placed on each muscle

with approximately 2 cm separation. The EMG signals were amplified (×1,000) and band-pass

filtered at 5–1,000 Hz using a multichannel EMG amplifier (MEG-6108, Nihon Koden, Tokyo,

Japan). All EMG data were digitized using an analog-to-digital converter at a sampling fre-

quency of 4,000 Hz (PowerLab 16/s, AD Instruments, NSW, Australia) and saved on the com-

puter for post-processing. The baseline background EMG was determined 50 ms prior to TMS

stimulation.

Motor evoked potentials

Motor evoked potentials (MEP) in the right TA and soleus muscles were elicited using single-

pulse TMS applied over the contralateral (left) primary motor cortex using a magnetic stimula-

tor (Magstim 2002, Magstim Company, Whitland, UK) through a double-cone coil. The coil

was placed to induce the current flow in the posterior-anterior direction in the brain [47]. The

optimal stimulation site for the TA (“hot spot”) was searched at the area that evoked the largest

responses, typically at the location 1 cm lateral and 1 cm posterior to the vertex [48], and the

location was tracked using a neuronavigation system (Brainsight, Rogue Research, Montreal,

Canada). Resting motor threshold (rMT) was determined as the lowest intensity that evoked a

peak-to-peak MEP amplitude greater than 50 μV in at least five out of ten successive trials

[43]. The stimulation intensity was then set to 120% of rMT to evoke responses in the TA and

soleus muscles simultaneously at rest. The hot spot and stimulation intensity were determined

prior to each intervention. There were no statistically significant differences in the stimulation
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intensity between the interventions [NMES: 61.3±9.6% of maximum stimulator output

(MSO); NMES+VOL: 61.1±8.6% MSO; VOL: 62.9±11.2% MSO; F2,18 = .920, p = .417]. For the

Pre and Post assessments, ten stimuli were delivered, and their responses were averaged. For

the During assessment, two stimuli were delivered in each 19-s OFF period at an inter-stimu-

lus interval of 5 s (Fig 2). The total intervention duration was divided into 4 windows: During1

(0–4 min), During2 (4–8 min), During3 (8–12 min), and During4 (12–16 min). Consequently,

twenty MEP responses in each time window were used for the analysis. Note that different

time windows were also tested, and the results were consistent, while we only report the 4-min

time window results herein.

Maximum motor response

Maximum motor response (Mmax) was elicited by stimulating the common peroneal nerve

using an electrical stimulator (DS7A, Digitimer Ltd., Hertfordshire, UK) to apply a single

monophasic square pulse with a 1 ms pulse duration via surface electrodes. Specifically, the

cathode was placed below the head of the fibula and the anode was placed approximately 2 cm

distally to the cathode as shown in Fig 1A [9]. The stimulus intensity was increased until reach-

ing the response plateau. To obtain the Mmax, the stimulation current was set to 120% of that

intensity and kept constant for the duration of the experiment [49]. For the Pre and Post

assessments, five stimuli were delivered, and their responses were averaged. For the During

assessments, one stimulus was delivered in each OFF period, then ten responses were averaged

in each During assessment (i.e., During1, During2, During3, and During4).

Force-matching task

To investigate the effects of each intervention on motor control, an isometric ankle dorsiflexor

force-matching task was tested before (i.e., Pre) and after each intervention (i.e., Pre, Post0,

Post10, Post20, and Post30). The target for the force-matching task consisted of a square wave

with a 1-s window that moved from right to left on the monitor every 3 to 5 s in random inter-

vals (Fig 1C) as previously described [44]. The target level during the force-matching task was

always set at 10% of the MVC force, which was relatively low to avoid muscle fatigue. It was

suspected that if the NMES additionally affects the motoneuron pool at the spinal cord level,

the firing pattern of motor units will be altered and the motor performance will change, even

though the produced force level is low. Participants were instructed to match the force to the

target as quickly and precisely as possible by performing ankle dorsiflexion when the rising

edge of the target appeared and to relax immediately after reaching the target. Prior to the

experiment, participants were given a practice period to become familiar with the task.

Data analysis

Peak-to-peak amplitude of MEP responses for both the TA and soleus muscles were computed

for all experimental conditions, for each trial, and each participant. Prior to computing MEP

responses, background EMG activity in a 50 ms window before each TMS stimulus was

defined by calculating the root mean square EMG activity in each trial. Trials were removed

from further analysis if the background EMG activity exceeded three standard deviations of

the baseline background EMG. In total, 1.8% of all trials were excluded before analysis due to

baseline background EMG. Moreover, the peak-to-peak amplitudes of Mmax responses from

the TA muscle were also computed for each trial and each subject. The MEP peak-to-peak

amplitudes of the TA were normalized to the Mmax (MEP/Mmax) [50]. The TA MEP obtained

at Pre and Post was normalized by the Mmax obtained at Pre and Post, respectively. During Pre

and Post assessment, we obtained ten MEPs and five Mmax. We normalized with one Mmax for
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each of the two MEPs, then ten MEP/Mmax values were averaged and used for the analysis.

Regarding the During assessment, we obtained two MEPs and one Mmax during the OFF

period (Fig 2). We normalized with the one Mmax for the two MEPs obtained during the same

OFF period, then, twenty MEP/Mmax values were averaged in 4-min time window and used

for the analysis.

Force signals were first low-pass filtered at a frequency of 50 Hz. Using the filtered signals,

the following outcome measures were computed to evaluate performance on the force-match-

ing tasks: (i) error–difference between the percentage of the peak force and the target level

(absolute error); and (ii) reaction time–time interval from the target appearance to the force

onset, which was detected at the points where the force exceeded the mean plus three standard

deviations of the baseline. All MEP, Mmax, and force-matching analyses were performed using

a custom script in the Matlab (The MathWorks, Natick, MA, USA) and confirmed visually for

each trial.

Statistics

First, to verify the validity of the crossover measurement, comparisons of each outcome vari-

able at the Pre time point between the interventions were performed using the Kruskal-Wallis

test. Since the Shapiro-Wilk test showed that data were not normally distributed, the non-

parametric test was used. Next, the intervention effects were compared. Since the Shapiro-

Wilk test showed that the data were not normally distributed, log-transformation was applied

prior to performing the analysis [16]. To determine intervention and time effects, the mixed-

effects models [51] were used for dependent variables (background EMG, TA MEP/Mmax,

soleus MEP, and Mmax). We included participants as a random effect in the models. Interven-

tion (NMES, NMES+VOL, and VOL), time (During1, During2, During3, During4, Post0,

Post10, Post20, and Post30), and intervention�time interaction were modeled as fixed effects.

Pre values were modeled as the potential covariate. Model-based post hoc pairwise compari-

sons of estimated fixed effects of intervention with Bonferroni correction were conducted. The

same analysis was used for motor control assessments (i.e., error and reaction time). Further-

more, since the primary focus of our study was changes in the corticospinal excitability and

motor control performance, we applied Dunnett’s multiple comparison tests on the TA MEP/

Mmax, soleus MEP, and motor control assessments to compare Pre and other time points for

each intervention separately. All tests except for the calculation of effect size were performed

using SPSS software package (IBM Inc., Armonk, New York, USA). The effect size was calcu-

lated using R version 4.2.1 and the effect size package. Statistical significance was set at p< .05.

Results

Assessments of values at the Pre time point

There were no significant differences between interventions in any outcome variables at the

Pre time point (Table 1), suggesting validity of measurements across interventions.

Background EMG activity

There were no significant main effects of intervention (F2,206 = .46, p = .629) and time (F7,206 =
1.83, p = .083) factors, as well as no significant interaction (F14,206 = 1.03, p = .424) for the back-

ground EMG activity of the TA muscle. Similarly, there were no significant main effects of

intervention (F2,206 = .60, p = .548) and time (F7,205 = 1.95, p = .064) factors, as well as no sig-

nificant interaction (F14,205 = .92, p = .539) for the background EMG activity of the soleus

muscle.
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TA MEP/Mmax

Representative MEP traces of the TA muscle for three intervention sessions are shown in Fig

3A. The TA MEP/Mmax results are shown in Fig 3B. There were significant main effects of

intervention (F2,207 = 11.43, p< .001, partial η2 = .099) and time (F7,204 = 35.94, p< .001, par-

tial η2 = .552) factors, but no significant interaction (F14,204 = 1.28, p = .223, partial η2 = .081).

Post hoc pairwise comparisons revealed that TA MEP/Mmax was significantly higher in the

NMES+VOL (mean difference: 0.11, 95% confidence interval (CI): 0.03, 0.18; p = .002), and

VOL (mean difference: 0.14, 95% CI: 0.07, 0.22; p< .001), compared to the NMES. Dunnett’s

test showed that During4 and Post0 were significantly higher compared to Pre time point in

the NMES, while from During1 to Post0 were significantly higher compared to Pre time point

in the NMES+VOL and VOL (Table 2).

Soleus (non-targeted muscle) MEP

The soleus MEP results are shown in Fig 3C. There were significant main effects of interven-

tion (F2,210 = 5.56, p = .004, partial η2 = .050) and time (F7,206 = 9.78, p< .001, partial η2 =

.249) factors, but no significant interaction (F14,206 = .57, p = .890, partial η2 = .977). Post hoc

pairwise comparisons revealed that soleus MEP was significantly higher in NMES+VOL com-

pared to NMES (mean difference: 0.06, 95% CI: 0.02, 0.10; p = .004). Dunnett’s test showed

that from During1 to Post0 and from During2 to During4 were significantly higher compared

to Pre time point in the NMES+VOL and VOL, respectively (Table 1).

Mmax

The Mmax results are shown in Fig 4. There were significant main effects of intervention (F2,210

= 24.01, p< .001, partial η2 = .186) and time (F7,205 = 2.30, p = .028, partial η2 = .0728) factors,

as well as significant interaction (F14,205 = 1.81, p = .039, partial η2 = .110) for the Mmax. Post-

hoc pairwise comparisons between interventions at each time point showed that Mmax was sig-

nificantly lower during NMES+VOL compared to NMES at During1 (mean difference: -0.05,

95% CI: -0.10, -0.001; p = .042) and the Mmax was significantly lower during NMES compared

to VOL from Post0 to Post30 (all p< .05).

Motor control performance

The force-matching task results are shown in Fig 5. There were no main effects of intervention

(F2,97 = .95, p = .389, partial η2 = .019) and time (F3,96 = .47, p = .707, partial η2 = .014) factors,

Table 1. Outcome variables at the Pre time point and results of the statistical comparison between the

interventions.

Mean (SD) P-value

NMES NMES+VOL VOL

MVC force (N) 363.5 (83.2) 361.5 (85.6) 373.04 (94.6) .863

TA MEP/Mmax 0.07 (0.06) 0.06 (0.05) 0.09 (0.11) .826

Soleus MEP (mV) 0.06 (0.04) 0.05 (0.02) 0.05 (0.02) .867

Mmax (mV) 3.41 (0.79) 4.46 (1.94) 3.81 (1.09) .460

Error 1.63 (0.64) 1.86 (0.55) 2.11 (1.07) .625

Reaction time (s) 0.47 (0.08) 0.46 (0.84) 0.42 (0.04) .149

Abbreviations: MEP, motor evoked potentials; MVC, maximum voluntary contraction; NMES, neuromuscular

electrical stimulation; TA, tibialis anterior; VOL, voluntary contractions.

https://doi.org/10.1371/journal.pone.0282671.t001
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as well as no significant interaction (F6,96 = 24.01, p = .388, partial η2 = .063) for the error.

There were no main effects of intervention (F2,93 = .08, p = .920, partial η2 = .002) and time

(F3,92 = .82, p = .488, partial η2 = .026) factors, as well as no significant interaction (F6,92 = .98,

p = .443, partial η2 = .060) for the reaction time. Dunnett’s test showed that there were no sig-

nificant differences between Pre and other time points on both error and reaction time in all

interventions (Table 1).

Discussion

Our current study explored whether superior combined effects would exist when NMES and

voluntary ankle dorsiflexion are combined by comparing corticospinal excitability and motor

control responses after the interventions specifically designed to produce matched force out-

puts. Consequently, although the combined intervention involving NMES and voluntary drive

(i.e., NMES+VOL) showed similar effects on corticospinal excitability facilitation as when

Fig 3. (a) MEPs in the TA recorded before starting the interventions (Pre), during the interventions (During1–4), and after the interventions (Post0–

30) from a representative participant. Traces indicate average MEP responses; (b) Changes in the TA MEP/Mmax; (c) Changes in the soleus MEP.

Circles represent each individual data and error bars represent 2 standard deviation. The red lines indicate mean for each time point. Abbreviations:

MEP, motor evoked potential; TA, tibialis anterior.

https://doi.org/10.1371/journal.pone.0282671.g003
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voluntary contractions were performed alone, greater effects were observed compared to

NMES alone. Regarding the time course change, during interventions which required volun-

tary contractions (i.e., NMES+VOL and VOL), corticospinal excitability was facilitated imme-

diately after starting the intervention, but it returned to Pre level within 10 min after

interventions were over. Motor control was not affected by any of the interventions.

Combined intervention effects

Our results showed that corticospinal excitability (MEP/Mmax) of the activated TA muscle was

increased to a larger extent during the combined intervention compared to when NMES was

Table 2. Results of Dunnett’s test for the TA MEP/Mmax differences between Pre and other time points for each intervention.

NMES NMES+VOL VOL

Time Mean Difference (I-J) P value 95% CI Mean Difference (I-J) P value 95% CI Mean Difference (I-J) P value 95% CI

TA MEP/

Mmax

(J) Pre

(I) During1 0.13 .54 -0.11 0.38 0.33� < .001 0.16 0.51 0.32� < .01 0.08 0.56

During2 0.12 .69 -0.13 0.36 0.35� < .001 0.18 0.53 0.44� < .001 0.20 0.68

During3 0.22 .10 -0.03 0.46 0.39� < .001 0.22 0.57 0.48� < .001 0.25 0.72

During4 0.25� .04 0.01 0.49 0.46� < .001 0.28 0.63 0.50� < .001 0.26 0.73

Post0 0.26� .04 0.01 0.5 0.34� < .001 0.17 0.52 0.34� < .01 0.10 0.58

Post10 -0.12 .68 -0.36 0.13 0 >.99 -0.17 0.17 0.00 .92 -0.24 0.24

Post20 -0.07 .98 -0.31 0.18 -0.01 >.99 -0.18 0.17 -0.04 .98 -0.28 0.20

Post30 -0.11 .75 -0.35 0.13 -0.1 .45 -0.28 0.07 -0.10 .84 -0.34 0.14

Soleus MEP

(J) Pre

(I) During1 0.02 >.99 -0.12 0.15 0.15� < .01 0.05 0.25 0.1 .09 -0.01 0.2

During2 0.05 .90 -0.09 0.19 0.16� < .001 0.06 0.26 0.16� < .001 0.06 0.27

During3 0.11 .19 -0.03 0.25 0.18� < .001 0.08 0.28 0.18� < .001 0.07 0.28

During4 0.11 .19 -0.03 0.25 0.21� < .001 0.12 0.31 0.18� < .001 0.07 0.28

Post0 0.11 .17 -0.03 0.25 0.13� < .01 0.03 0.23 0.1 .09 -0.01 0.2

Post10 -0.03 .99 -0.17 0.11 0.03 .98 -0.07 0.12 -0.02 >.99 -0.12 0.09

Post20 -0.01 >.99 -0.14 0.13 0.07 .31 -0.03 0.16 0.07 .29 -0.03 0.18

Post30 0.02 >.99 -0.12 0.15 0.07 .25 -0.03 0.17 0.03 .98 -0.08 0.13

Error

(J) Pre

(I) Post0 -0.02 .99 -0.21 0.16 -0.07 .92 -0.36 0.21 -0.05 .93 -0.24 0.15

Post10 0.01 >.99 -0.17 0.19 -0.03 .99 -0.31 0.24 -0.09 .51 -0.28 0.09

Post20 0 >.99 -0.18 0.19 -0.25 .09 -0.53 0.03 -0.02 .99 -0.21 0.16

Post30 0.03 .98 -0.15 0.21 -0.05 .97 -0.33 0.23 -0.07 .69 -0.26 0.11

Reaction time

(J) Pre

(I) Post0 0 >.99 -0.02 0.03 0 >.99 -0.03 0.02 0.02 .87 -0.04 0.08

Post10 -0.01 .79 -0.03 0.02 0 >.99 -0.02 0.03 0.05 .18 -0.01 0.11

Post20 0 >.99 -0.02 0.02 0.01 .82 -0.02 0.03 0.05 .16 -0.01 0.11

Post30 -0.01 .77 -0.03 0.02 0.01 .78 -0.02 0.03 0.02 .77 -0.04 0.08

� p < .05

Abbreviations: CI, confidence interval; MEP, motor evoked potential; NMES, neuromuscular electrical stimulation; TA, tibialis anterior; VOL, voluntary contractions.

https://doi.org/10.1371/journal.pone.0282671.t002
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applied alone. However, contrary to our hypothesis, the superior effects were not observed

compared to the voluntary contractions. Previously, Khaslavskaia and Sinkjaer et al. [5] dem-

onstrated greater corticospinal facilitation after the combined intervention of NMES and vol-

untary muscle contractions compared to when these were applied alone. However, they simply

combined the two interventions, which resulted in a larger total force output compared to

each single intervention. Similarly, Jochumsen et al. [7] also showed significantly increased

corticospinal excitability when NMES was applied together with voluntary contractions, but

Fig 4. Changes in the Mmax. Circles represent each individual data and error bars represent 2 standard deviation. The

red lines indicate mean for each time point. Legend: �p< .05 indicates significant differences between NMES and

NMES+VOL. †p< .05 indicates significant differences between NMES and VOL. Abbreviations: NMES,

neuromuscular electrical stimulation; VOL, voluntary contractions.

https://doi.org/10.1371/journal.pone.0282671.g004

Fig 5. Changes in the motor control of ankle dorsiflexion (a) error; and (b) reaction time during force-matching task. Circles represent each individual

data and error bars represent 2 standard deviation. The red lines indicate mean for each time point. Abbreviations: NMES, neuromuscular electrical

stimulation; VOL, voluntary contractions.

https://doi.org/10.1371/journal.pone.0282671.g005
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the produced force in the combined intervention was also larger than that in each single inter-

vention. The larger force is generated through both greater recruitment of motor units by

efferent central commands and stronger afferent volleys produced by NMES [52]. Therefore,

the greater corticospinal excitability can likely be attributed to larger total force output (i.e.,

additive effects). On the other hand, a study by Taylor et al. [53] investigated corticospinal

excitability modulation under controlled total force output between interventions. They com-

pared corticospinal excitability modulation during voluntary contraction alone and EMG-trig-

gered NMES when participants performed wrist extensor muscle contractions to produce 15%

MVC force in both interventions. Consistent with our results, they showed that there were no

superior effects of the combined intervention compared to voluntary contraction alone when

force output was matched. Taken together, the combined effects shown previously [5, 7] are

likely associated with the greater force output in the combined interventions.

It is important to note that the extent of corticospinal excitability might relate to not only

the generated total force output but also the neuromodulation effects of the combined inter-

vention (i.e., pairing effects). In this study, voluntarily produced force and NMES generated

force output (i.e., 10% MVC force each) during the combined intervention were just half of

that during each single intervention (i.e., 20% MVC force). Despite having the same total force

output between interventions and the low-level voluntary contractions and NMES, corticosp-

inal excitability during the combined intervention was facilitated to a similar extent to that

during voluntary muscle contractions and more than that during NMES alone. Furthermore,

the combined intervention resulted in increased corticospinal excitability 4 min after the inter-

vention started, suggesting that even such a low-level combined approach can effectively and

rapidly facilitate the motor pathways. A possible mechanism can be explained by the strength-

ening of pre- and postsynaptic neurons in the spinal cord [17, 19]. When the muscle contrac-

tions are generated during NMES, voluntary commands activate motoneurons, while the

evoked afferent sensory volleys generated by NMES and somatosensory inputs during volun-

tary muscle contractions lead to potentiated neurotransmitter release from Ia afferents to

motoneurons in the spinal cord [35, 52, 54]. Consequently, simultaneous activation of pre-

and postsynaptic terminals may generate neuromodulation effects by strengthening the con-

nections between these terminals [19]. Another explanation is that prolonged elevation of the

intrinsic excitability of motoneurons might be induced by repeated voluntary muscle contrac-

tions and NMES. Gorassini et al. [55] demonstrated that muscle vibration during voluntary

contractions induced prolonged motor unit firing. In addition, it was also previously shown

that repeated voluntary muscle contractions induced a decrease in the motor unit recruitment

threshold, suggesting enhancement of intrinsic excitability of motoneurons [56]. Thus, our

result may be affected by repeated voluntary contractions induced synaptic excitation of moto-

neurons and NMES which additionally activated motoneurons with prolonged motor unit fir-

ing like peripheral afferent inputs (i.e., similar to muscle vibration). Consequently, even

though the level of voluntary contraction and NMES intensity was relatively low, this combi-

nation might effectively lead to the synaptic facilitation in the spinal cord. Furthermore, it was

also demonstrated that peripheral nerve stimulation increased MEPs elicited in the stimulated

hand muscle accompanied by unaltered responses in F-wave responses, which suggests that

corticospinal excitability likely originates within the motor cortex [24]. Although speculative,

there is a possibility that afferent inputs by NMES induced synaptic strengthening in the

motor cortex, which resulted in the facilitation of the postsynaptic neurons [18]. In addition,

neuroimaging studies have shown that the combination of NEMS and voluntary movements

induced greater activation in the somatosensory areas, which are responsible for sensory infor-

mation processing and sensorimotor integration, compared to voluntary movements alone

[38–40]. Specifically, Gandolla et al. [40] suggest that concurrent voluntary movements during
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NMES increase connections between the primary motor cortex and the primary somatosen-

sory cortex. Given these previous findings, despite the low-level voluntary contractions, excit-

atory modulation seemed to be induced in the subcortical and/or cortical neural circuits,

which supports evidence of facilitatory effects of voluntary engagement during NMES [2, 14–

16]. Therefore, our findings imply that voluntary engagement could improve the effects of

NMES even through weak muscle contractions. This pairing effect is especially important for

individuals who cannot produce sufficient voluntary contractions due to neurological impair-

ments. Our result confirms the fundamental underlying mechanism of NMES to produce pur-

poseful movements in rehabilitation, i.e., functional electrical stimulation (FES) therapy [1, 16,

30] and extends our knowledge related to brain-computer interface-controlled FES technolo-

gies [57, 58].

Our results showed that the combined intervention also facilitated MEP responses of the

soleus muscle (i.e., antagonist non-activated muscle) to a larger extent compared to the NMES

alone intervention. Previous studies have shown that MEPs elicited in the soleus muscle do

not reduce but get facilitated during voluntary contraction of the dorsiflexors [59, 60]. It was

also demonstrated that there was no significant intracortical inhibition in the soleus muscle

when it acted as an antagonist during voluntary ankle dorsiflexion [61]. These findings indi-

cate that the soleus muscle is not inhibitory but facilitatory controlled in the primary motor

cortex during dorsiflexion. Therefore, NMES might additionally facilitate cortical circuits

involving not only the agonists but also antagonist muscles during voluntary ankle dorsiflex-

ion. Such global effects are in line with those of previous studies that demonstrated the corti-

cospinal [4, 62] and spinal [13] level effects. Taken together, our results suggest that the

combined intervention can rapidly elicit global corticospinal excitability facilitation in the

lower-limb motor circuits.

Lack of aftereffects

Notably, in contrast to our hypothesis and previous reports which showed long-lasting neural

facilitation after applications of NMES [5, 7–9], our current study showed that corticospinal

excitability returned to Pre immediately after all interventions were over. Meanwhile, Mmax

was lower after the NMES intervention compared to voluntary contractions. In accordance

with the present result, a previous study also demonstrated a decline of the M-wave amplitude

after tetanic stimulation [63], suggesting the peripheral failure of neuromuscular transmission

and/or a decrease of the muscle fiber conduction velocity. These peripheral changes might

affect a decline in the responses to TMS (i.e., decreased MEP amplitude) and result in the lack

of aftereffects. Since the Mmax response represents the total activation of motor neuron pool

and changes when muscle fatigue is present [64], it is likely that muscle fatigue may have

occurred during NMES in our study. Although we used a 25% stimulation duty cycle (5 s ON /

19 s OFF) to provide adequate rest (i.e., OFF) intervals, there is still a possibility that muscle

fatigue may be responsible for the lack of aftereffects. Previous studies have demonstrated

effective approaches to reduce muscle fatigue, such as using multiple electrodes [65, 66], nerve

stimulation [66], or modifying the pulse width and stimulation frequency (see [67] for a

review). Therefore, future studies should consider alternative NMES protocols to minimize

fatigue effects.

There are also other explanations for the lack of aftereffects. First, a rebound phenomenon

(i.e., homeostatic regulation) might have caused a depression of the neural excitation after the

interventions. It has been suggested that homeostatic control plays an important role to avoid

hyper- or hypo-activity of the neural circuits [68]. Since the interventions required voluntary

contractions modulated corticospinal activation immediately after the start of interventions, it
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is speculated that homeostatic regulation might be engaged in stabilizing neural activation.

Second, relatively low muscle contractions and a short duration of NMES might be insufficient

to lead to long-lasting corticospinal facilitation. Our study used a total of 20% of MVC force

for 16 min to prevent muscle fatigue and discomfort, whereas previous studies which showed

significant corticospinal aftereffects applied 30% of MVC force for 30 min [5] or longer NMES

intervention [8, 9]. In order to induce neuroplasticity, a certain amount of synaptic activity is

required [69]. Thus, longer interventions may be required to facilitate corticospinal neuroplas-

ticity after the intervention.

Motor control performance

Our results showed that corticospinal excitability was modulated until immediately after the

interventions (i.e., at Post0), and that the combined intervention facilitated corticospinal excit-

ability to a greater extent than NMES alone. However, motor control was not affected after any

interventions. These results suggest that even though corticospinal excitability was facilitated,

motor control performance might be unchanged by short-term NMES application. It is worth

noting that these results may be attributed to the motor task. Previous studies showed that pre-

conditioning NMES for acquiring skilled-motor tasks induced facilitation of cortical excitabil-

ity along with rapid improvements in fine motor control [33] as well as visuomotor adaptation

[34] in healthy participants. On the other hand, the task in our current study seems to be rela-

tively simple for healthy participants and their performance levels might be high enough at the

Pre time point such that participants reached a plateau. Therefore, corticospinal excitability

facilitation may affect motor control performance during more complex tasks. Furthermore,

contrary to our current study findings, it has previously been shown that EMG-triggered

NMES for 2 to 10 weeks induced improvement of motor control reaction time [41, 70] and

accuracy [41] in stroke patients. Therefore, longer duration combined interventions might

promote motor control improvements in neurological impairment populations.

Limitations

The small sample size is one of the limitations in this study. Thus, further investigation with

more participants is needed to generalize our findings to a large population. It should be noted

that participants were not asked to abstain from caffeine consumption before the experiments.

Since it is known that caffeine intake can increase corticospinal excitability [71], it cannot be

ruled out that it may have had a confounding effect in our current study. This point must be

controlled in future studies. In addition, during voluntary muscle contractions of the TA mus-

cle, participants’ legs were not secured. Although the level of muscle contractions was relatively

low, it cannot be ruled out that contractions of knee extensors may have affected MEP

responses of the TA muscle. Furthermore, as mentioned before, muscle fatigue is a crucial

issue using NMES. Developing NMES applications which induce less muscle fatigue would be

more effective to lead to the combined effects. Nevertheless, our results herein provide insights

into the underlying mechanisms of NMES neuromodulation under the study paradigm for

future investigations.

Conclusions

Our study specifically focused on the combined effects of NMES and voluntary muscle con-

tractions on corticospinal excitability facilitation and motor control, comparing each under

matched levels of total force generation during the intervention. Our findings suggest that

motor control might not be affected by short-term NMES delivery. Importantly, although

superior effects of the combined intervention were not demonstrated compared to voluntary
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muscle contractions, greater effects on corticospinal excitability facilitation during the inter-

vention compared to NMES alone were shown. This result suggests that voluntary engagement

could improve the effects of NMES, even when the voluntary contractions are not exceedingly

strong. This is especially important for individuals with neurological impairments who are

unable to generate sufficient voluntary motor outputs.
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