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ABSTRACT 17 

Background: The present study was designed to investigate the effects of 18 

neuromuscular electrical stimulation (NMES) and peripheral magnetic stimulation 19 

(PMS) applied to the wrist extensor muscle on the cortical activity of healthy adults by 20 

using fNIRS. 21 

Methods: Fifteen healthy adult subjects (7 males, mean age: 27.13 ± 4.52 years) all 22 

received two different conditions of peripheral muscle stimulation in random order: (1) 23 

NMES and (2) PMS. The sessions were separated by at least 48 h as a washout period. 24 

During muscle stimulation, the motor evoked potential (MEP) of the left primary motor 25 

cortex (M1) was measured by transcranial magnetic stimulation (TMS) and the 26 

concentration of oxygenated (HbO) and deoxygenated (HbR) hemoglobin detected by 27 

fNIRS were used to evaluate the excitability and the activity of the cortex. 28 

Results: After the stimulation of the wrist extensor, the MEP amplitude in the left M1 29 

area did not change in both conditions, and there was no difference between NMES and 30 

PMS condition. NMES reduced HbO values of several channels in the Prefrontal cortex 31 

(PFC), Somatosensory motor cortex (SMC) and Occipital cortex (OC), and HbR valus 32 

of several channels in the PFC and SMC. During the PMS stimulation period, the HbO 33 

value of all brain areas did not change significantly, while the HbR value of the SMC 34 

area decreased. The HbO and HbR value of the channels in the SMC did not differ 35 

between NMES and PMS. Inter-region of interest and inter-channel analysis between 36 

NMES and PMS showed no difference in functional connectivity. 37 

Conclusions: In the case of wrist extensor muscle stimulation, both NMES and PMS 38 

can induce cortical activation. PMS targeted to increases the activity of the contralateral 39 

SMC, while NMES increased contralateral SMC activity and negatively activated the 40 

PFC and OC. 41 

  42 

Keywords: neuromuscular electrical stimulation; peripheral magnetic stimulation; 43 

corticomotor excitability; functional near-infrared spectroscopy; cortical activity. 44 

 45 

 46 
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Introduction 48 

Neuromuscular electrical stimulation (NMES) is a classic non-invasive peripheral 49 

stimulation (NIPS) method. It is performed by applying an electric current to the muscle 50 

or peripheral nerve. In general, NMES has been applied alone or in combination with 51 

other rehabilitation measures for rehabilitation after stroke[1, 2], chronic obstructive 52 

pulmonary disease[3], muscle weakness, and musculoskeletal diseases (low back pain, 53 

hip and knee arthroplasty, anterior cruciate ligament)[4]. In essence, the mechanism of 54 

NMES is that electrical current delivery to neuromuscular tissue causes the 55 

depolarization of the motor axons to indirectly activate fiber contraction, When the 56 

intensity of NMES exceeds the motor threshold (MT), an upward afferent signal is 57 

generated, and then the muscle contraction induced by the electrical stimulation causes 58 

a re-afferent. Transcranial magnetic stimulation (TMS) [5] and 59 

Electroencephalography (EEG) studies[6] have found that NMES can affect the 60 

excitability of the primary sensory (S1) and motor cortex (M1) when applied to the first 61 

dorsal interosseous (FDI) or abductor pollicis brevis (APB) muscle. This excitatory 62 

change is generally believed to reflect the restoration of brain function and 63 

reorganization of brain networks[7]. Previous studies demonstrated that peripheral 64 

stimulation may eventually affect cerebral functional recovery and reconfiguration of 65 

brain networks[8, 9], thereby improving motor performance in patients with brain 66 

injury[10]. 67 

Peripheral magnetic stimulation (PMS) is a new NIPS technique that applies high-68 

intensity magnetic field to the periphery. The application of its magnetic coil to the 69 

spinal root, nerve, or muscle belly has a similar effect to NMES[11]. Moreover, PMS 70 

does not require skin contact and does not cause pain during the procedure, which 71 

makes it applicable to patients with paresthesia and to perform deep stimulation. These 72 

unique advantages of PMS make it an alternative to NMES. Moreover, PMS can cause 73 

changes in cortical excitability by inducing proprioceptive input to the central nervous 74 

system (CNS) through magnetic stimulation. It has two different mechanisms: 1) the 75 

rhythmic contraction and relaxation of muscles induced by indirect stimulation lead to 76 

adequate activation of mechanoreceptors (fiber groups: Ia, Ib, II), and 2) direct stimulus 77 

of sensory motor fibers induce inadequate activation of sensorimotor nerve fibers [12]. 78 

Considering the after-effect and no pain in clinical application, PMS is a new 79 

rehabilitation technology with more potential than NMES[13, 14]. 80 

Functional near-infrared spectroscopy (fNIRS) is a non-invasive, real-time, and 81 

continuous optical technique that is used to measure cortical activities by measuring 82 

oxygenated ([HbO]) and deoxygenated ([HbR]) hemoglobin concentrations during task. 83 

That is, neural activity rapidly increases local blood flow to meet transient changes in 84 

local brain energy requirements[15]. As a new detection method, fNIRS has higher 85 

temporal resolution and higher tolerance to motion artifacts than fMRI, but very low 86 

javascript:;
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temporal resolution compared with EEG. Subjects can be tested in a more comfortable 87 

position compared with the conventional testing technique of fMRI[16, 17].  88 

NMES and PMS can both alter cortical excitability and promote neuroplasticity, but 89 

the mechanism remains unknown. PMS has been used to improve function in the paretic 90 

upper and lower limbs after stroke[18]. Given the unique advantages of PMS, we 91 

believe that PMS may be a better treatment method compared with NMES. However, 92 

quantitative analyses and comparative studies of the effect of NMES and PMS on 93 

cortical excitability are lacking, and their mechanisms on cortical excitability are not 94 

clear. To determine whether PMS has the potential to replace NMES in peripheral 95 

treatment, this study aimed to compare the effects of NMES and PMS on cortical 96 

excitability and cortical activation when applied to the dominant wrist extensor muscles. 97 

 98 

 99 

Materials and methods 100 

Participants 101 

Fifteen healthy right-handed volunteers (7 males, mean aged: 27.13 ± 4.52 years) 102 

participated in this experiment. None of the subjects had any health problems, such as 103 

neurological diseases, mental illness, upper limb sensory disorder, movement disorder, 104 

or any contraindications to TMS. Before the experiment, we explained this purpose of 105 

the experiment and the sensation during the stimulation to the participants. This study 106 

was approved by the Huashan Hospital Institutional Review Board, Fudan University, 107 

and written informed consent was obtained from all subjects. 108 

 109 

Experiment design 110 

Our study is an exploratory crossover design. To exclude interference from the external 111 

environment, the experiment was conducted in a separate, quiet, and darkroom. Each 112 

subject received two different types of muscle stimulation: NMES and PMS with 113 

randomized order. To avoid cross-over effects, the two conditions were spaced at least 114 

48 h apart. Before the first session, all subjects were required to fill in personal 115 

information, including name, age, height, weight, dominant hand, and health status. 116 

After each stimulation condition, subjects performed a self-assessment questionnaire to 117 

evaluate the comfort of the two stimulation conditions. The content of the questionnaire 118 

included headache, skin irritation, noise, negative mood swings, muscle twitching, 119 

drowsiness, numbness, and heart rate during muscle stimulation. Motor evoked 120 

potential (MEP) was used to assess the cortical excitability before (pre) and after (post) 121 

each session. The fNIRS signal was measured before stimulation (resting-state fNIRS) 122 

and during stimulation task for both conditions (Figure 1). In this study, resting-state 123 
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fNIRS (5 min) was used to detect whether the functional connectivity strengths of 124 

subjects were consistent before receiving different muscle stimulation, to avoid 125 

individual differences caused by time. Throughout the experiment, subjects were kept 126 

relaxed with their eyes open in armchair. 127 

 128 

Peripheral muscle intervention 129 

NMES was provided using ES-521 Electrotherapy (ITO Co., Ltd., Tokyo, Japan) with 130 

two independent channels. Only one channel was used in the experiment. Stimulating 131 

electrodes were placed distal to the common extensor origin and halfway down the 132 

extensor surface of the right hand’s forearm (both cover the extensor carpi ulnar and 133 

extensor carpi radialis). The protocol was conducted in a frequency of 50 Hz with on: 134 

off stimulation time of 1:3 (10 s of stimulation and 30 s of rest) cycle for 10 min 135 

(repeated 15 times), ramp-up and ramp-down 1 s. The intensity of the electrical current 136 

was adjusted to induce wrist extension to reach the maximum motion as far as possible 137 

while the subject remained comfortable without feeling pain (mean 12.30 ± 3.78 mA). 138 

The PMS coil center was applied to the point where the forearm muscle contraction 139 

was most obvious when the subject active wrist extension at the 120° elbow flexion and 140 

forearm pronation position, using an OSF-pTMS magnetic stimulator (O.SELF 141 

Company, Wuhan, China) with a figure of eight shaped coil. The PMS protocol was 142 

applied at a frequency of 10 Hz with 15 repetitions of 10 s on/30 s off. A total of 1500 143 

pulses were applied, which lasted for 10 min. The intensity of magnetic stimulation was 144 

adjusted (mean 30.47% ± 4.78% MSO) to induce maximum wrist extension without 145 

causing discomfort to the subjects. 146 

147 

Figure 1. TMS-MEP and resting state fNIRS were assessed at the beginning of each 148 

condition, then one of the two muscle stimulation interventions (i.e. NMES or PMS) 149 

was applied, and fNIRS was also assessed during stimulation. After the intervention, 150 

cortical excitability was reassessed. 151 

 152 
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 153 

Measurement of motor evoked potentials 154 

Transcranial magnetic stimulation (TMS) was performed with an OSF-pTMS magnetic 155 

stimulator (O.SELF Company, Wuhan, China) with a figure-of-eight-shaped coil, 156 

which can be used in the single-pulse assessment paradigm and rTMS paradigm. To 157 

assess cortical excitability, a pair of Ag/AgCl surface electrodes were placed on the 158 

belly of the FDI muscle of the right hand, and the surface electromyography signals can 159 

be observed on a computer screen. The coil was positioned at a 45° tangent to the skull 160 

in the left M1, and the center of the coil was moved within a range of 0.5 cm each time 161 

in the motor cortex until we found the optimal site that could induce the maximum MEP 162 

amplitude. The resting motor threshold (RMT) and motor evoked potentials (MEPs) 163 

were examined by single-pulse TMS parameters. The RMT was defined as the minimal 164 

stimulation intensity that can induce at least five trials with MEP peak-peak wave 165 

amplitude > 50 μV when the FDI muscles were continuously stimulated for 10 trials. 166 

In both conditions, MEPs amplitude was recorded before resting-state fNIRS 167 

monitoring and immediately after muscle stimulation. The MEP measured intensity 168 

was the intensity with peak-peak wave value at 1 mV intensity before the intervention. 169 

Ten consecutive TMS pulses were spaced by at least 5 s. 170 

 171 

fNIRS equipment 172 

A continuous-wave (CW), 64-multichannel fNIRS system (NirSmart, Danyang 173 

Huichuang Medical Equipment, China) was utilized to measure [HbO] and [HbR] at 174 

the resting state and during muscle stimulation with two wavelengths of 730 and 850 175 

nm, and the sample rate was 11 Hz. A total of 24 light sources and 24 light detectors 176 

were symmetrically positioned over the whole brain regions, forming a total of 64 177 

channels. Each channel was composed of the light source probe and the detector probe 178 

with a fixed distance of 3 cm, which can detect cortical activity with a depth of about 179 

1.5-2 cm (Figure 2). 180 

 181 
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 182 

Figure 2. Probes placement. The locations of fNIRS detectors and sources are indicated 183 

by the blue and red circles, respectively, and the numbers between the circles indicate 184 

the channel numbers. The distance between the luminous source and the detector is 3 185 

cm. According to the MNI spatial coordinates, the channels in the green region are 186 

located in the PFC, the channels in the blue region are located in the SMC, and the 187 

channels in the yellow region are located in the OC. Channels 23 and 35 correspond to 188 

the left forearm motor cortex，channels18 and 30 correspond to the right forearm motor 189 

cortex. There are 64 channels in total, and only 40 channels in the color covered area 190 

are used for observation and analysis. 191 

 192 

fNIRS preprocessing 193 

Data analysis was mainly conducted using HomER (version 2.8), a MATLAB-based 194 

graphical user interface program that is principally designed for CW NIRS 195 

measurements [19]. The HomER program is freely available 196 

(http://www.nmr.mgh.harvard.edu/PMI/resources/homer/home.htm). HomER 197 

provides the user a wide selection of function processing tools to choose from, 198 

depending on their needs. In this study, we first used the hmrIntensity2OD Utility 199 

function to converts the raw optical intensity into OD optical density data. Then, the 200 

hmrMotionArtifactByChannel tool was used to identify motion artifacts in the data 201 

matrix. STDev-thresh was set at 10, and AMP-thresh was set at 5. Motion artifacts were 202 

removed by using filtering methods based on spline interpolation. Bandpass filtering 203 

http://www.nmr.mgh.harvard.edu/PMI/resources/homer/home.htm
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was used to remove unwanted specific frequency content. According to the muscle 204 

stimulation protocol frequency, we set the high pass filter at 0.01 Hz and the low pass 205 

filter at 0.1 Hz. The hmrOD2Conc function was used to convert the signals into 206 

oxyhemoglobin and deoxyhemoglobin via the Beer-Lambert equation, partial 207 

pathlength factors for each wavelength was 6.0. Finally, the hmrBlockAvg function 208 

was used to average the time series data at -5 to 40 s, the baseline of the average is set 209 

to 0 by subtracting the mean of the average for -5 to 0 s. 210 

NirSpark (NirSmart, Danyang Huichuang Medical Equipment, China), which also 211 

needs to run in MATLAB, was used to analyze brain functional connections. NirSpark 212 

provides General Linear Model (GLM) analysis and brain Network analysis. Data 213 

preprocessing was performed in the data preprocessing interface section of NirSpark 214 

with the same parameter values as applied in Homer2 (STDev-thresh was 10, AMP-215 

thresh was 5, hpf was 0.01 Hz, lpf was 0.1 Hz and ppf was 6). GLM was applied to 216 

estimate cortical layers’ HbO response during the stimulation tasks and the correlation 217 

between the time courses, including individual subject and condition levels, the beta 218 

value for the corresponding conditions was obtained. The full width at half maximum 219 

Gaussian smoothing with 4 s was used to correct the short-time high-frequency noise 220 

in the HbO signal. According to the MNI spatial coordinates of source-detector probes, 221 

target channels (40 channels of color coverage area) were selected and divided them 222 

into six regions of interest (ROIs): left prefrontal cortex (PFC) ch6, ch7, ch8, ch9, ch11, 223 

ch13), right PFC (ch1, ch3, ch4, ch5, ch14, ch15), left somatosensory motor cortex 224 

(SMC) (ch20, ch22, ch23, ch24, ch25, ch26, ch35, ch36), right SMC (ch17, ch18, ch27, 225 

ch28, ch29, ch30, ch31, ch33), left occipital cortex (OC) (ch51, ch54, ch56, ch61, ch62, 226 

ch63), and right OC (ch43, ch45, ch47, ch49, ch50, ch58). NirSpark's network analysis 227 

maps the connections of inter-ROIs and inter-channel (similarity threshold was set as 228 

0.5, 0.6, 0.7, and 0.8, respectively) during different stimulation conditions. And the 229 

ROI-ROI connectivity and channel-channel connectivity between the NMES and PMS 230 

conditions were performed by t-test for both resting state fNIRS and stimulation fNIRS. 231 

The SMC is an important brain functional region that integrates learning and motor 232 

tasks and responds quickly to peripheral and central operations. The changes in cortical 233 

activation of the SMC region during peripheral stimulation of wrist extensor muscle are 234 

important regions to observed in this study. According to the MNI spatial coordinates 235 

of channels, ch23 and ch25 are located in the left forearm motor cortex, ch18 and ch30 236 

are located in the right forearm motor cortex. 237 

 238 

 239 

 240 
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Statistical analysis 241 

IBM SPSS 22 (Statistical Package for Social Sciences) was used for data analysis. 242 

Shapiro-Wilk test was used to validate the normality of all data. Data are presented as 243 

mean ± standard deviation. Changes in cortical excitability were calculated by dividing 244 

the MEP amplitude after the intervention by MEP amplitude at baseline (MEP% of 245 

baseline). The paired T-test was used to compare MEP amplitude before and after 246 

intervention and MEP% of the baseline between two peripheral muscle stimulation 247 

conditions.  248 

According to the stimulation task, the fNIRS values during stimulation were 249 

divided into stimulation period and rest period. The average amplitude of the HbO value 250 

and HbR value across the task period of 5 to 10 s was utilized as an index of cortical 251 

activity for the stimulation period. At the end of the stimulation cycle, 35 to 40 s away 252 

from the task period, cortical activity in this time period has ample time to fall back to 253 

the resting state, so the average amplitude of the HbO value and HbR value during the 254 

35 to 40 s task period were used as the rest period. The HbO value and HbR value of 255 

the ROI were calculated based on the average value of all channels in the region. Paired 256 

t-test was performed on the HbO value and HbR value between the stimulation period 257 

and the rest period to compare the activation of channels in the PFC, SMC, and OC 258 

regions of the NMES and PMS conditions. Paired T-test was used to test the differences 259 

of the HbO and HbR value in SMCs’ channels between the NMES and PMS stimulation 260 

periods. Pearson’s correlation analysis was used to analyze the relationship between 261 

MEP amplitude changes and intervention intensity, the relationship between MEP 262 

amplitude changes and baseline RMT, and the relationships of MEP% of the baseline 263 

between two stimulation conditions. The Benjamini-Hochberg method was used to 264 

correct for multiple comparisons. The significant differences of all tests were defined 265 

as p-value < 0.05. 266 

 267 

Results 268 

Overall, Data from all 15 subjects aged 27.13 ± 4.52 years were included in the 269 

experiment. Their body mass was 62.14 ± 17.47 kg, the body mass index value was 270 

22.11 ± 4.18, and the average education years was 16.67 years. The characteristics of 271 

the subjects are shown in Table 1. None of the subjects reported pain or discomfort 272 

during NMES or PMS condition. 273 

 274 

 275 

 276 

 277 
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Table 1. Basic characteristics of subjects in the NMES and PMS conditions. 278 

RMT: resting motor threshold; NMES: neuromuscular electrical stimulation; PMS: 279 

peripheral magnetic stimulation; MEP: motor evoked potential; MSO%: Maximum 280 

stimulator output%. 281 

 282 

Changes in cortical excitability 283 

Mean RMT values measured at baseline were 37.73% ± 11.81% of the maximum 284 

stimulator output (MSO) for NMES sessions, and 36.60% ± 12.94% of MSO for PMS 285 

sessions (p = 0.697). Pearson’s correlation analysis showed a strong linear relationship 286 

between baseline RMT of the NMES and PMS conditions (p = 0.008, r = 0.656). 287 

The pre and post-MEP amplitude of NMES and PMS conditions are presented in 288 

Figure 3. Paired T-test showed that no significant difference was found between post-289 

MEP amplitude and pre-MEP amplitude both in NMES and PMS conditions (pcorrected 290 

= 0.674; pcorrected = 0.794). No significant difference was also observed in MEP changes 291 

between the two conditions. 292 

 293 

 294 

Figure 3. Changes in MEPs induced by NMES and PMS over the right wrist extensor 295 

muscle. a MEP amplitude before and after NMES and PMS. Black bars show MEP 296 

 N RMT 

(%MSO) 

Intervention 

intensity 

Pre-MEP 

(mV) 

Post-MEP 

(mV) 

Paired t-test 

(MEP pre-post) 

NMES 

condition 

15 37.73 ± 11.81 12.30 ± 3.78 

(mA) 

1.11 ± 0.32 1.22 ± 0.48 t=0.994; df=14; 

p=0.674 

PMS 

condition 

15 36.6 ± 12.94 30.37 ± 4.78 

 (%MSO) 

1.12 ± 0.29 1.15 ± 0.51 t=0.266; df=14; 

p=0.794 

Paired t-test 

(NMES-

PMS) 

 t=0.398; df=14; 

p=0.697 

 t=0.129; df=14; 

 p=0.900 

t=0.574; df=14; 

p=0.575 
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amplitude by NMES. Gray bars show MEP amplitude by PMS (shown as mean with 297 

standard error). b Correlations of changes in MEP between NMES and PMS. 298 

 299 

fNIRS responses between different stimulation conditions 300 

ROI-ROI connectivity and channel-channel connectivity of resting state fNIRS were 301 

not different between the NMES and PMS conditions, the strength of functional 302 

connectivity at baseline tended to be the same between the two conditions before 303 

muscle stimulation. 304 

In NMES condition, the HbO value in the PFC, right SMC and OC were decrease 305 

during stimulation period than rest period (pcorrected < 0.05) (figure 4a). A slight increase 306 

in the HbO value of ch23 and ch35 in the motor cortex of the left forearm can be 307 

observed, but there was no significant difference (pcorrected > 0.05). In addition, HbO 308 

values in ch23 and ch35 of the left forearm motor cortex increased slightly, however, 309 

no significant differences were observed. A significant decrease in the HbR value was 310 

also observed in ch4 (pcorrected = 0.020), ch15 (pcorrected = 0.013) of the right PFC, ch35 311 

(pcorrected = 0.010) of the left SMC, and ch31 (pcorrected = 0.001) of the right SMC, and no 312 

HbR changes were observed in the other channels. In PMS condition, during PMS 313 

stimulation period, HbO values were increased in the left SMC and decreased in the 314 

OC and right SMC, however, there was not significant after Benjamini-Hochberg 315 

multiple comparisons correction (pcorrected > 0.05) (Figure 4b). Channel located in the 316 

SMC area during PMS stimulation period were significantly decreased than those 317 

during the rest period. 318 

When comparing the HbO value and HbR value of each channel (total 16 channels) 319 

located in SMCs using paired T-test between the NMES and PMS stimulation periods, 320 

there was an increasing trend of the HbO value of the left forearm motor cortex with 321 

the PMS condition as compared with those with the NMES condition; however, the 322 

difference was not significant after multiple comparisons correction (ch23 (p = 0.005, 323 

pcorrected = 0.083), ch35 (p = 0.022, pcorrected = 0.172)). The HbR value under PMS 324 

condition was decreased, when compared with NMES condition, and there was no 325 

difference after correction (ch23 (p = 0.007, pcorrected = 0.116), ch26 (p = 0.012, pcorrected 326 

= 0.095, ch35 (p = 0.039, pcorrected = 0.205)) (Figure 5). 327 

The HbO maps shown in Figure 6 were plotted based on the beta values of each 328 

channel, which were calculated by the general linear model during NMES and PMS 329 

tasks. The HbO value represents the activity of the neural cortex to fNIRS responses 330 

during different stimulus conditions. The hemodynamic changes of the PFC and OC 331 

showed similar trends under NMES and PMS conditions. In SMCs, the activation 332 

pattern of the cortex was hemispheric, with positive activation of the left motor cortex 333 
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and negative inhibition of the right motor cortex in both conditions. However, the 334 

intensity of neural activation was different between NMES and PMS stimulation 335 

periods.  336 

 337 

There was no difference in ROI connection strength between NMES and PMS. Based 338 

on the similarity threshold method, the brain network was constructed, and the brain 339 

functional connections under different stimulation conditions were analyzed. After 340 

calculating the correlation coefficient of 64 channel nodes, the similarity threshold was 341 

set as p ≥ 0.5, 0.6, 0.7, and 0.8, respectively. No difference was observed in the number 342 

of functional connection edges between NMES and PMS under each similarity 343 

threshold (Figure 7). 344 

 345 

346 

 347 
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Figure 4. Averaged Hemodynamics response (0-40 s) for HbO (red) and HbR (blue) of 348 

whole channels. a during NMES condition, HbO in PFC, right SMC and OC regions 349 

were decreased; after multiple comparisons correction, there were significant 350 

differences in ch8 (pcorrected = 0.042), ch13 (pcorrected = 0.031), ch11 (pcorrected = 0.048) of 351 

the left PFC; ch1 (pcorrected = 0.047), and ch14 (pcorrected = 0.044) of the right PFC; ch20 352 

(pcorrected = 0.027), and ch24 (pcorrected = 0.048) of the left SMC; ch17 (pcorrected = 0.032), 353 

ch28 (pcorrected = 0.032),ch29 (pcorrected = 0.049), and ch33 (pcorrected = 0.044) of the right 354 

SMC; ch51 (pcorrected = 0.035), ch56 (pcorrected = 0.049), ch61 (pcorrected = 0.043), ch62 355 

(pcorrected = 0.024), and ch63 (pcorrected = 0.049) of the left OC; ch43 (pcorrected = 0.047), 356 

ch45 (pcorrected = 0.049), ch47 (pcorrected = 0.045), ch49 (pcorrected = 0.034), ch50 (pcorrected 357 

= 0.028), and ch58 (pcorrected = 0.043) of the right OC. b during PMS condition, HbO 358 

increased in the left forearm motor cortex, while decreased in right SMC and OC 359 

regions. However, there was not significant after Benjamini-Hochberg multiple 360 

comparisons correction (left SMC: ch35 (p = 0.014, pcorrected = 0.540); right SMC: ch29 361 

(p = 0.038, pcorrected = 0.303), ch30 (p = 0.029, pcorrected = 0.292); left OC: ch51 (p = 0.026, 362 

pcorrected = 0.341), ch56 (p = 0.016, pcorrected = 0.314)); The HbR value of ch23 (pcorrected 363 

= 0.014), ch26 (pcorrected = 0.012), ch27 (pcorrected = 0.011), ch31 (pcorrected = 0.005), and 364 

ch35 (pcorrected = 0.005)). According to the MNI coordinates, channels without channel 365 

labels are not in our observation area and are not used for statistical analysis. P-values 366 

were adjusted for multiple comparisons using the Benjamini-Hochberg correction 367 

method. *pHbO < 0.05, #pHbR < 0.05. 368 

 369 

 370 
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Figure 5. Hemoglobin time-series diagram. Comparison block-average hemodynamic 371 

response in channels 23, 35, 18, and 30 between NMES and PMS conditions. a HbO 372 

and HbR values of the left forearm motor cortex (ch23, ch25) in NMES condition. b 373 

HbO and HbR values of the left forearm motor cortex (ch23, ch25) in PMS condition. 374 

c HbO and HbR values of the right forearm motor cortex (ch18, ch30) in NMES 375 

condition. d HbO and HbR values of the right forearm motor cortex (ch18, ch30) in 376 

PMS condition. The solid line represents the change in HbO and the dashed line 377 

represents the change in HbR. -5 to 0 s corresponds to the baseline period, 0 to10 s 378 

corresponds to the stimulation period, 10 to 40 s corresponds to the rest period. 379 

 380 

 381 

Figure 6. Cortical activation maps. HbO activation (beta scores) maps during a NMES 382 

and b PMS tasks. The picture comes from the group GLM analysis of the fNIRS data 383 

during stimulation task using Nirspark. 384 

 385 
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 386 

Figure 7. Seed-based correlation analysis. Comparison of the number of functional 387 

connection edges between (a-d) NMES and (e-h) PMS conditions at thresholds of 0.5, 388 

0.6, 0.7, and 0.8. 389 

 390 

 391 

Discussion 392 

The purpose of this study was to explore the after-effects and potential mechanisms of 393 

NMES and PMS on cortical activation when applied to the dominant wrist extensor 394 

muscles. In the current study, cortical excitability was not changed when NMES or 395 

PMS was applied to the forearm muscles to induce wrist extension, however, changes 396 

in cortical activation were observed during the stimulation. NMES causes a larger area 397 

of negative activation in non-stimulated brain areas, and the effect of activating the 398 

corresponding cortex is weak, while PMS focuses on activating the cortex 399 

corresponding to the stimulated area.  400 

NMES is often applied to finger and wrist muscles to induce repetitive movements 401 

to improve the efficiency of the hand in performing motor tasks by modulating the 402 

cortical activity or excitability of the brain[2]. Significant cortical activation of the hand 403 

sensorimotor cortex area in SMC was observed when NMES-evoked rhythmic grasp-404 

release hand movements by fNIRS measurements[20]. This change was unilateral, and 405 

activation of the left sensorimotor network region (SMC, PMC/SMA, and S2 regions) 406 

was observed when NMES-evoked right wrist extension movements[21]. However, 407 

PMS as a new technique for peripheral stimulation, there is no study using fNIRS to 408 

measure cortical activation patterns when PMS induces normal subjects to perform 409 

hand movement tasks, let alone comparing cortical excitability (by TMS) and cortical 410 

activation (by fNIRS) during NMES and PMS. Only one previous study, has used 411 
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vibration, NMES and PMS in the ankle muscles of post-stroke patients, and used TMS 412 

to investigate the effects of different interventions on motor performance recovery and 413 

cortical excitability. The results showed that both PMS and VBI can improve ankle 414 

motion function, but only PMS can affect the excitability of M1[13]. However, the 415 

cortical activation patterns and afferent recruitment pathways of PMS and NMES, two 416 

different kinds of peripheral stimulation techniques, are still unclear. 417 

In our study, cortical activation during PMS was more concentrated in the SMC, and 418 

the concentrations of HbO and HbR in the motor areas varied more than NMES, 419 

whereas NMES induced negative activation in more regions. The different effects of 420 

the two conditions of peripheral stimulation on cortical excitability and activation may 421 

be related to the different proprioceptive recruitment way. In contrast to NMES, PMS 422 

is thought to activate deep conduction structures and produce strong muscle 423 

contractions and a large amount of proprioception, requiring minimal skin 424 

absorption[13, 14]. The most potential mechanism for PMS is that it induces muscle 425 

contraction by affecting muscle fibers and activating proprioceptive afferent nerves. 426 

The proprioceptive signals induced by PMS can be transmitted upward to the CNS 427 

through the full activation of mechanoreceptors (fiber groups Ia, Ib, and Ⅱ) and the 428 

insufficient activation of sensorimotor nerve fibers during the rhythmic contraction and 429 

relaxation of muscles[22, 23]. Thus, the SMC can be greatly activated by the 430 

introduction of proprioceptive, then via transcallosal or subcortical interhemispheric 431 

facilitation pathway to influenced contralateral[24]. Sato et al.[25] considered that right 432 

proprioceptors stimulated by PMS flowed into the left SMC within 1s, and the influx 433 

of proprioceptive signals causes excitation of the left cerebral cortex. Cortical 434 

excitability then produces inhibitory actions in response to proprioceptive-influx-435 

induced facilitation. The ultimate performance effect depends on the superposition of 436 

inhibition and excitation. NMES works by recruiting superficial cutaneous receptors. 437 

Electrical current via peripheral nerve transmission activates the contraction muscle 438 

fiber Ib through the depolarization of the motor axons, so that the sensory axons with 439 

lower activation threshold in the mixed nerve bundle are activated first. When the 440 

electrical stimulation intensity exceeds the MT, the muscle fiber Ia is activated. That is, 441 

sensory mediated stimulation induces excitability changes in the sensory network. Then, 442 

secondary restimulation is caused by muscle contractions[26], Furthermore, the 443 

tingling sensation will generated during NMES condition, and this meaningless sensory 444 

conduction can distract the excitability and activation of the motor cortex, and even 445 

inhibit the excitability and activation of other areas of the cortex[27]. In this study, 446 

differences were observed in the effects of PMS and NMES on cortical activation. This 447 

may be because PMS mainly activates deep proprioception, while NMES mainly 448 

recruits superficial cutaneous receptors, which produce inefficient effects and even 449 

inhibit the primary motor cortex[13, 24]. 450 

As we know, high frequency TMS increases the excitability of the ipsilateral cortex 451 

and decreases the excitability of the contralateral cortex, whereas low frequency TMS 452 

decreases the excitability of the ipsilateral cortex and increases the contralateral 453 
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cortex[28, 29]. Numerous studies have demonstrated there is a positive correlation 454 

between cortical excitability measured by TMS and HbO activation measured by fNIRS. 455 

Park et al.[30] reported that during the application of 1Hz rTMS to the left M1, the 456 

concentration of HbO over the right M1 increased and the change lasted for 20 min 457 

after stimulation. Mochizuki et al.[31] applied inhibitory theta burst stimulation over 458 

the left S1, and the results showed a decrease in oxygenated hemoglobin and an 459 

inhibition of MEP amplitude in both the right M1 and S1. Our current study shows that 460 

both NMES and PMS applied to the wrist extensor muscles will increase the MEP 461 

amplitude of left M1. However, there was no statistical difference compared with pre-462 

intervention, nor was there any significant difference in cortical excitability between 463 

conditions. Corresponding to changes in cortical excitability, during repeated passive 464 

wrist movements induced by PMS and NMES, HbO activation in the left forearm motor 465 

cortex of the SMC increased slightly but not significantly, accompanied by a 466 

significant decrease of HbO activation in the right. 467 

Previous studies have demonstrated that peripheral stimulation over nerves or 468 

muscles can modulate cortical excitability[5, 32, 33]. The increase or decrease of motor 469 

cortical excitability after NMES[34] and PMS application is related to the frequency 470 

and intensity of stimulation. The intensity of NMES above the motor threshold (MT) 471 

increases cortical excitability[6, 32, 35] and decreases excitability at sensory 472 

intensities[5, 36, 37]. In particular, high-frequency of PMS facilitates motor cortical 473 

excitability[23, 25], while low frequency suppresses motor cortical excitability[25, 38]. 474 

In the present study, the intensity of NMES was above the MT, and the intensity of 475 

PMS was at a high frequency of 10Hz. Our study did not provide a significant 476 

regulatory effect of NMES and PMS on the cortex, which could be related to a 477 

combination of many factors, such as the anatomic site of the stimulus, the stimulus 478 

parameters, and the timing of the test [32, 39]. Referring to previous studies, we 479 

hypothesized that the differences in the parameters used in the study may lead to a 480 

discrepancy between the results of our study and those of previous studies [40, 41]. So 481 

far, there is no consensus on the best parameters for NMES and PMS application. 482 

A strong dose-dependent relationship exists between the intensity of NMES and 483 

cortical excitability. When NMES was applied for median nerve stimulation at 4 s on 484 

and 6 s off duty cycle and 30 Hz for 20min, the MEP amplitude could be increased with 485 

110% MT, but no changes were found in 90%[42]. This result is consistent with the 486 

conclusion obtained by fNIRS and fMRI[21, 43-45]. For instance, Huang et al.[45] used 487 

fNIRS to measure transient tissue oxygenation and deoxygenation changes at 10, 15, 488 

20, 25, 30, and 35 mA in 43 healthy young adults during NMES. Tissue HbO and total 489 

hemoglobin concentrations were found to increase immediately after NMES in a dose-490 
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dependent manner when the current was set to <30 mA, a significant increase in HbO 491 

was observed when the current intensity was greater than 20mA. In our study, the 492 

intensity of electrical stimulation was relatively mild, averaging at 12.3 mA, which was 493 

a low-intensity level compared with Huang et al.’s study, so that no significant changes 494 

in cortical excitability and cortical activation were observed. Muthalib et al.[21] 495 

observed that high current intensities (up to and slightly over the individual maximal 496 

tolerated intensity) of NMES can activate a greater area of the contralateral 497 

sensorimotor network than voluntary wrist extension movements, and balance 498 

hemispheric excitability and inhibition. In addition, the duration of NMES is an 499 

important factor affecting its effect on cortical excitability. According to a study, 20 500 

and 40 min of NMES at 30Hz intensity were strong enough to produce a “voluntary” 501 

contraction of the muscles, resulting in cortical excitability facilitation[46]. A short 10-502 

min NMES intervention in our experiment could temporarily alter HbO levels and 503 

activate brain regions, but it had no lasting effect. More studies have shown that 2 h of 504 

supra-motor threshold intensity NMES can not only increase the signal intensity of S1, 505 

M1, and PMd of the brain, but also last for 60min after the stimulation is stopped[47]. 506 

In previous PMS studies, different frequencies were used. Most studies agree that 507 

higher high-frequency can produce stronger and lasting effects than lower high-508 

frequency. Studies revealed that PMS can effectively improve upper limb motor 509 

performance and facilitates corticospinal excitability when applied with 20 and 25 Hz 510 

rPMS[33, 48-50]. By contrast, there was no significant ability to alter corticospinal 511 

excitability when using lower high-frequency (10 or 15 Hz)[25, 51]. Furthermore, 512 

studies have compared the effects of different rPMS frequencies. Gallasch et al.[12] 513 

reported that 25 Hz can induce more effective LTP-like plasticity in the sensorimotor 514 

cortex when compared with 10 Hz, and no difference was found between the effect of 515 

30 and 20 Hz on MEP amplitude[52]. The neuromodulation effect of PMS should not 516 

increase indefinitely with increasing frequency. There may be a level above which the 517 

effect on cortical excitability does not change, similar to NMES[45]. As we used 10 Hz 518 

frequency, we also observed a slight increase in MEP amplitude in both conditions, but 519 

no significant difference was observed compared with pre-intervention. Notably, 520 

increased activation of the left motor cortex by 10 Hz PMS was observed with fNIRS. 521 

Based on the above findings, we concluded that higher than motor threshold (up to the 522 

maximum tolerated current intensity), appropriate stimulation frequency, and sufficient 523 

stimulation dose are needed to induce a change in cortical excitability.  524 

 525 

Limitations 526 
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There are still some limitations in our research. First, after the intervention, fNIRS was 527 

not used to observe cerebral blood flow, and TMS was only used to assess the 528 

immediate effects of the stimulus. According to previous studies, MEP amplitude, HbO 529 

and HbR concentration also changed with time after stimulation. Second, magnetic 530 

stimulation equipment has the function of protecting the brain and preventing the coil 531 

from overheating that limits our choice of optimal parameters for peripheral stimulation. 532 

Also, while the parameters of NMES and PMS need to be similar, real-time fNIRS 533 

measurement is also required. The short stimulus time and insufficient intensity in our 534 

study were the main reasons for the absence of observed cortical excitability in TMS 535 

assessment. In our research, we have obtained some meaningful results, and we firmly 536 

believe that this is important to the promotion of NMES and PMS in the field of brain 537 

rehabilitation. In addition, we will perfect the experimental design to further explore 538 

the effects of NMES and PMS on the cortical activity and motor function of patients 539 

with brain injury. 540 

 541 

Conclusions 542 

In conclusion, this study investigated the cortical excitability and cortical activation 543 

patterns induced by different peripheral stimulation techniques. NMES and PMS 544 

applied to the right wrist extensor muscle did not modulate the cortical excitability of 545 

the M1. fNIRS detected a trend of activation in the left motor cortex during NMES and 546 

PMS stimulation period, HbO increased more with PMS compared to NMES over left 547 

SMC. Furthermore, PMS targeted to increases the activity of the contralateral SMC, 548 

while NMES increased contralateral SMC activity and negatively activated the PFC 549 

and OC. 550 
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Figures

Figure 1

TMS-MEP and resting state fNIRS were assessed at the beginning of each condition, then one of the two
muscle stimulation interventions (i.e. NMES or PMS) was applied, and fNIRS was also assessed during
stimulation. After the intervention, cortical excitability was reassessed.



Figure 2

Probes placement. The locations of fNIRS detectors and sources are indicated by the blue and red circles,
respectively, and the numbers between the circles indicate the channel numbers. The distance between
the luminous source and the detector is 3 cm. According to the MNI spatial coordinates, the channels in
the green region are located in the PFC, the channels in the blue region are located in the SMC, and the
channels in the yellow region are located in the OC. Channels 23 and 35 correspond to the left forearm
motor cortexchannels18 and 30 correspond to the right forearm motor cortex. There are 64 channels in
total, and only 40 channels in the color covered area are used for observation and analysis.



Figure 3

Changes in MEPs induced by NMES and PMS over the right wrist extensor muscle. a MEP amplitude
before and after NMES and PMS. Black bars show MEP amplitude by NMES. Gray bars show MEP
amplitude by PMS (shown as mean with standard error). b Correlations of changes in MEP between
NMES and PMS.



Figure 4

Averaged Hemodynamics response (0-40 s) for HbO (red) and HbR (blue) of whole channels. a during
NMES condition, HbO in PFC, right SMC and OC regions were decreased; after multiple comparisons
correction, there were signi�cant differences in ch8 (pcorrected = 0.042), ch13 (pcorrected = 0.031), ch11
(pcorrected = 0.048) of the left PFC; ch1 (pcorrected = 0.047), and ch14 (pcorrected = 0.044) of the right
PFC; ch20 (pcorrected = 0.027), and ch24 (pcorrected = 0.048) of the left SMC; ch17 (pcorrected = 0.032),
ch28 (pcorrected = 0.032),ch29 (pcorrected = 0.049), and ch33 (pcorrected = 0.044) of the right SMC;
ch51 (pcorrected = 0.035), ch56 (pcorrected = 0.049), ch61 (pcorrected = 0.043), ch62 (pcorrected =
0.024), and ch63 (pcorrected = 0.049) of the left OC; ch43 (pcorrected = 0.047), ch45 (pcorrected = 0.049),



ch47 (pcorrected = 0.045), ch49 (pcorrected = 0.034), ch50 (pcorrected = 0.028), and ch58 (pcorrected =
0.043) of the right OC. b during PMS condition, HbO increased in the left forearm motor cortex, while
decreased in right SMC and OC regions. However, there was not signi�cant after Benjamini-Hochberg
multiple comparisons correction (left SMC: ch35 (p = 0.014, pcorrected = 0.540); right SMC: ch29 (p =
0.038, pcorrected = 0.303), ch30 (p = 0.029, pcorrected = 0.292); left OC: ch51 (p = 0.026, pcorrected =
0.341), ch56 (p = 0.016, pcorrected = 0.314)); The HbR value of ch23 (pcorrected = 0.014), ch26
(pcorrected = 0.012), ch27 (pcorrected = 0.011), ch31 (pcorrected = 0.005), and ch35 (pcorrected =
0.005)). According to the MNI coordinates, channels without channel labels are not in our observation
area and are not used for statistical analysis. P-values were adjusted for multiple comparisons using the
Benjamini-Hochberg correction method. *pHbO < 0.05, #pHbR < 0.05.

Figure 5

Hemoglobin time-series diagram. Comparison block-average hemodynamic response in channels 23, 35,
18, and 30 between NMES and PMS conditions. a HbO and HbR values of the left forearm motor cortex
(ch23, ch25) in NMES condition. b HbO and HbR values of the left forearm motor cortex (ch23, ch25) in
PMS condition. c HbO and HbR values of the right forearm motor cortex (ch18, ch30) in NMES condition.
d HbO and HbR values of the right forearm motor cortex (ch18, ch30) in PMS condition. The solid line
represents the change in HbO and the dashed line represents the change in HbR. -5 to 0 s corresponds to
the baseline period, 0 to10 s corresponds to the stimulation period, 10 to 40 s corresponds to the rest
period.



Figure 6

Cortical activation maps. HbO activation (beta scores) maps during a NMES and b PMS tasks. The
picture comes from the group GLM analysis of the fNIRS data during stimulation task using Nirspark.



Figure 7

Seed-based correlation analysis. Comparison of the number of functional connection edges between (a-
d) NMES and (e-h) PMS conditions at thresholds of 0.5, 0.6, 0.7, and 0.8.


