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Abstract

During submaximal isometric contraction, there are two different load types: maintenance of

a constant limb angle while supporting an inertial load (position task) and maintenance of a

constant force by pushing against a rigid restraint (force task). Previous studies demon-

strated that performing the position task requires more proprioceptive information. The pur-

pose of this study was to investigate whether there would be a difference in cutaneous

information processing between the position and force tasks by assessing the gating effect,

which is reduction of amplitude of somatosensory evoked potentials (SEPs), and cutaneo-

muscular reflex (CMR). Eighteen healthy adults participated in this study. They contracted

their right first dorsal interosseous muscle by abducting their index finger to produce a con-

stant force against a rigid restraint that was 20% maximum voluntary contraction (force

task), or to maintain a target position corresponding to 10˚ abduction of the metacarpopha-

langeal joint while supporting a load equivalent to 20% maximum voluntary contraction

(position task). During each task, electrical stimulation was applied to the digital nerves of

the right index finger, and SEPs and CMR were recorded from C3’ of the International 10–

20 system and the right first dorsal interosseous muscle, respectively. Reduction of the

amplitude of N33 component of SEPs was significantly larger during the force than position

task. In addition, the E2 amplitude of CMR was significantly greater for the force than posi-

tion task. These findings suggest that cutaneous information processing differs with load

type during static muscle contraction.

Introduction

Sensorimotor modulation is a process by which the motor system continuously elaborates sen-

sory afferents in order to enhance the execution of fine motor activities [1]. In particular,

somatosensory information, especially from group Ia and Aβ fibers, is essential for performing

daily tasks and dexterous manual movements. Group Ia fibers originate from muscle spindles
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and carry information about the position and velocity of a moving joint [2] while Aβ fibers

originate from cutaneous mechanoreceptors and carry information about skin strain, stretch,

and vibration [3,4]. As a practical example to show its importance, patients with sensory defi-

cits have impairments in maintaining constant motor output [5–7], resulting in a difficulty in

performing daily activities, such as writing with a pen and holding a cup. Previous studies have

demonstrated that improvements in sensory performance by somatosensory discrimination

training (discrimination of touch or limb position) after stroke can be observed with related

untrained stimuli from the same modality but not with ones from the other modalities [8,9].

Therefore, interventions for somatosensory impairments resulting from central nervous disor-

ders should target the modality which patients have impaired with. For this reason, it is impor-

tant to determine in what situation cutaneous information is required more than

proprioceptive information, and vice versa. However, in daily life, both Aβ and Ia fibers are

activated by movements [10] and these two kinds of information are important for precise

movement execution. Therefore, it is difficult to set up an assignment that isolates their respec-

tive contributions.

In experimental environments, modality-specific somatosensory information processing,

particularly proprioceptive information processing, has been assessed in isometric contraction

tasks with different load types, namely force and position tasks [11]. Force task requires sub-

jects to maintain a constant force by pushing against a rigid restraint. In contrast, position task

requires subjects to keep a constant limb angle while supporting an inertial load. Although

these two tasks require a similar net muscle torque, their underlying neural control mecha-

nisms have been shown to be different. For example, amplitudes of short latency reflex (SLR)

and long latency reflex (LLR) were larger in the position task as compared with the force task

[11–14]. Also, heteronymous monosynaptic Ia facilitation was greater while homonymous

inhibition was smaller in the position than force task [15–17]. Furthermore, the rate of motor

unit recruitments was greater during the position than force task [18,19]. These findings sug-

gest that maintaining a constant limb angle while supporting an inertial load may require pro-

prioceptive information more than cutaneous information [20]. Determining which task

requires more cutaneous information may contribute to providing basic data required for

developing effective exercise prescriptions for rehabilitation of patients with central nervous

disorders who suffer impaired superficial sensory perception. However, it is currently unclear

how cutaneous information processing differs between the position and force tasks.

Somatosensory evoked potentials (SEPs) or somatosensory evoked magnetic fields (SEFs),

and cutaneomuscular reflex (CMR) induced by digital nerve stimulation with ring-type elec-

trodes have been used to assess the processing of cutaneous information in the central nervous

system. Some previous studies have reported that amplitudes of short-latency components of

SEPs and SEFs were reduced during movements [21,22], which is known as "gating" [23–27].

The functional role of this SEP gating is considered to filter out irrelevant or redundant

somatosensory information, ensuring the processing of the relevant feedback [23,26,28]. Kiri-

moto et al. [14] demonstrated that reduction of amplitude of P45 component of SEPs was

larger during the position than force task with the index finger abductor muscles when the

ulnar nerve (innervating the agonist muscle in the task), but not the median nerve, was stimu-

lated. However, a difference in SEP gating with digital nerve stimulation between the position

and force tasks has yet to be explored.

Electrical stimulation of the digital nerves during sustained voluntary contraction can

induce reflex modulation of ongoing electromyographic (EMG) activity in the contracting

muscle, which is known as the CMR [29–32]. The CMR recorded from the first dorsal inter-

osseous (FDI) muscle typically consists of an early period of facilitation (E1, 30–40 ms) fol-

lowed by a period of inhibition (I1, 40–50 ms) and more prominent second facilitation (E2,
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50–80 ms) [31,33]. The E1 component of CMR is believed to be mediated via oligosynaptic

spinal pathway [30,34], whereas the I1 and E2 components are considered to involve a trans-

cortical pathway [30,32,35–38]. A unique feature of the E2 component is that it is strongly

modulated during movements in a task-dependent manner [21,31,39,40]. The functional role

of the CMR is thought to help execution of higher motor performance by reactively controlling

the muscle activity based on cutaneous feedback [40–42]. When static forces are applied to an

object by fingertips, a number of SA-I (slow-adapting type I) and SA-II afferents discharge

continuously, indicating that cutaneous information about the contact is provided to the cen-

tral nervous system [3]. Given this finding, it is reasonable to assume that, since changes in the

length of muscle and joint angle are minimal during the force task, maintaining a constant

force requires cutaneous more than proprioceptive information.

Accordingly, the purpose of this study was to determine whether cutaneous information

processing differs with load type. To this end, we recorded SEPs elicited by digital nerve stimu-

lation during the position and force control tasks with the index finger abduction, and com-

pared the magnitude of SEP gating. In addition, we compared the amplitude of CMR recorded

from the FDI muscle between these two tasks. We hypothesized that the magnitude of SEP gat-

ing and the amplitude of E2 component of CMR would be greater during the force than posi-

tion task.

Methods

Participants

Eighteen healthy adults (15 males and 3 females, 21–35 years old) participated in this study.

All participants were strongly right-handed according to the Oldfield inventory scores (score

range: 0.9–1.0) [43], and had normal or corrected-to-normal vision. Written informed consent

was obtained from all participants before beginning the experiment. This study was approved

by the Ethics Committee of Hiroshima University (No. E-2261) and was conducted following

the Declaration of Helsinki.

Experimental setup

Participants were seated in a chair with the right hand positioned in the custom-designed

apparatus, which was used in our previous study (Fig 1) [14]. The custom-designed device

consisted of a wheel connected to a force transducer (TU-QR, TEAC, Tokyo, Japan) or inertial

load by means of pulley and nylon line. The right shoulder was slightly abducted (10–20˚), the

right elbow joint was flexed at 110˚, and the right forearm and wrist were held in the neutral

position. The index finger was attached to a bar that was connected to the rotating wheel so

that the rotational axis of the metacarpophalangeal joint approximated that of the wheel [44].

Furthermore, the extension-flexion movements of the metacarpophalangeal and interphalan-

geal joints of the index finger were restricted; thus, the participants were allowed to perform

only abduction-adduction of the metacarpophalangeal joint. The thumb was restrained at 45˚

of abduction, and the middle, ring and little fingers were fixed to the device with the metacar-

pophalangeal and interphalangeal joints fully extended. All participants performed two sub-

maximal contraction tasks at a similar torque level. In the force task (Fig 1A), 20% maximum

voluntary contraction (MVC) force level was maintained with the metacarpophalangeal joint

at 10˚ of abduction. Meanwhile, in the position task (Fig 1B), the metacarpophalangeal joint

angle was not fixed, and participants were required to maintain a target position correspond-

ing to 10˚ abduction of the metacarpophalangeal joint while supporting a load equivalent to

20% MVC. The abduction angle of the metacarpophalangeal joint during the position task was

measured with an electro-goniometer (SG65, Biometrics, Gwent, UK) taped to the dorsal
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surface of the right hand. Visual feedbacks of the joint angle and the abduction force were dis-

played on a monitor during the position and force tasks, respectively. The gain of the visual

feedback was equal to 2.5%/cm of the maximal performance range, operationally defined as a

MVC for the force task and full range of motion about the metacarpophalangeal joint for the

position task [14,45].

Signals from the force transducer and the electro-goniometer were low-pass filtered at 50

Hz, digitized at 10 kHz (PowerLab, AD Instruments, New South Wales, Australia), and stored

on a personal computer for off-line analysis (LabChart 8, AD Instruments, New South Wales,

Australia).

Protocol

At the beginning of the session, we assessed MVC of the right index finger abduction. Partici-

pants were instructed to gradually increase force from 0 to maximum over 3 s, and then to

hold the maximum force for 3 s with verbal encouragement. MVC was recorded at least three

times with resting periods of 90 s between trials. If MVC forces were within 5% of each other,

we adopted the highest value as the maximum. If not, additional trials were performed until

the 5% criterion was achieved. The maximum value was used as a reference for the submaxi-

mal contractions and for the EMG normalization. Then, subjects executed the position and

force tasks for approximately 90 s (divided into three blocks of 30 s). These data were used to

confirm the reliability of the EMG activity of the right FDI muscle between both tasks.

After the assessment of the reliability of the EMG activity, SEP from C3’ (2 cm posterior to

C3 of the International 10–20 system) and CMR from the right FDI muscle were recorded.

Both SEP and CMR were elicited by digital nerve stimulation to the right index finger. The

SEP was recorded during three conditions: resting (as control) and the position and force

tasks. The CMR was recorded during two conditions: the position and force tasks. The mea-

surements of SEP and CMR were conducted in separate submaximal contraction trials. Each

trial lasted approximately 50–60 s and was separated by 60 s of rest to avoid fatigue (Fig 2). Par-

ticipants performed each of the three conditions three times for the SEP measurement, and

each of the two conditions once for the CMR measurement. The order of the conditions was

randomized across participants. To minimize the influence of transient force fluctuations, sti-

muli were delivered when the force and position signals reached their respective targets and

Fig 1. Illustration of the experimental setup for the force task (A) and the position task (B). The right hand was placed

on the custom-designed apparatus which consisted of a wheel connected to a force transducer (A) or inertial load (B)

by means of pulley and nylon line. The abduction angle of the metacarpophalangeal joint during the position task was

measured with an electro-goniometer taped to the dorsal surface of the right hand.

https://doi.org/10.1371/journal.pone.0279477.g001
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were maintained at a steady state for at least 1 s [14]. During the recordings of SEPs and CMR,

we monitored the EMG activity of the right FDI muscle to ensure that it remained equal

between the two tasks.

Recordings of SEPs

The digital nerve of the right index finger was electrically stimulated with ring-type electrodes.

The anode and cathode were attached to the intermediate phalanx and proximal phalanx,

respectively. The ground electrode was attached to the right wrist using a disposable gel elec-

trode. Stimulus intensity was adjusted to approximately 3 times each participant’s sensory

threshold. The sensory threshold was defined as the lowest intensity that consistently produces

the subtle tactile sensation on the index finger skin. Square-wave pulses with a 0.2 ms pulse

width were delivered at a rate of 2 Hz (A total of 300 responses were averaged for each condi-

tion) using a constant-current electrical stimulator (Digitimer DS7, Digitimer, Welwyn Gar-

den City, UK). The stimulator was controlled by the LabChart stimulator system (LabChart 8,

AD Instruments).

A silver-silver chloride electrode was placed 2 cm posterior to C3 (C3’), based on the Inter-

national 10–20 system. A reference electrode was placed on the right earlobe. The evoked

potentials were amplified (FA-DL-160, 4 Assist, Tokyo, Japan) and bandpass filtered at 1.6–

500 Hz, digitized at 10 kHz (PowerLab, AD Instruments), and stored on a personal computer

for offline analysis. SEP waveforms were evaluated for 100 ms with a pre-stimulus period of 20

ms.

Recordings of CMR

CMR responses to the digital nerve stimulation were recorded from the right FDI muscle. The

positions of stimulating and ground electrodes were same as the SEP recording. Stimulus

intensity was adjusted to approximately 3 times each participant’s sensory threshold. Square-

Fig 2. Experimental procedure. Experimental procedure for SEP (A) and CMR recordings (B). Digital nerve stimuli

were delivered a total of 300 and 250 times during SEP and CMR recordings, respectively.

https://doi.org/10.1371/journal.pone.0279477.g002

PLOS ONE Cutaneous information processing differs with load type

PLOS ONE | https://doi.org/10.1371/journal.pone.0279477 December 22, 2022 5 / 14

https://doi.org/10.1371/journal.pone.0279477.g002
https://doi.org/10.1371/journal.pone.0279477


wave pulses with a 0.2 ms pulse width were delivered at a rate of 5 Hz (A total of 250 responses

were averaged for each condition). The electrical stimulation was performed by the same sys-

tem as in the SEP recording. Surface EMG signals from the right FDI muscle were recorded

with disposable silver-silver chloride surface electrodes (1.0 cm diameter). The electrodes were

placed over the muscle-belly and distal tendon. EMG signals were amplified (FA-DL-140, 4

Assist, Tokyo, Japan), bandpass filtered at 5–500 Hz, digitized at 10 kHz (PowerLab, AD

Instruments), and stored on a personal computer for offline analysis. CMR waveforms were

evaluated for 200 ms with a pre-stimulus period of 50 ms.

Data and statistical analyses

To quantify the maximum EMG activity of the right FDI muscle, EMG activity during MVC

trials was rectified and then averaged over a 0.5 s interval centered about the peak EMG. For

SEPs, we used the 20 ms period preceding stimulation as the baseline. The peak-to-peak ampli-

tudes of four cortical SEP components (N20, P25, N33 and P45) were analyzed. The amplitude

of each component was calculated from the preceding peaks (e.g. the amplitude of P25 was cal-

culated N20-P25 peak-to-peak amplitude). EMG activity during the CMR recording was recti-

fied and averaged for each condition. The magnitude of each of the reflex components (E1, I1

and E2) was calculated by subtracting the mean background EMG (bEMG) activity from the

peak amplitude (baseline to peak), and thus was expressed as a percentage of the bEMG activ-

ity (%EMG) [46]. The mean bEMG activity was calculated by averaging EMG activity over a

50 ms pre-stimulus period. The bEMG was normalized according to the EMG amplitude at

MVC (%MVC).

All data were expressed as the mean ± SEM. SPSS Statistics software version 21 (SPSS; IBM

Corp., NY, United States) was used for statistical analysis. Normal distribution of the data was

assessed with Shapiro-Wilk test, and if not normal, non-parametric statistical tests were used.

The magnitude of bEMG, and amplitudes of E1, I1, and E2 components of the CMR were

compared between the position and force tasks using a paired t-test (parametric) or Wilcoxon

signed-rank test (non-parametric). The amplitudes of the four SEP components were com-

pared among conditions (rest, and position and force tasks) using a repeated-measures analy-

sis of variance (ANOVA). The sphericity of the data was tested with Mauchly’s test when

conducting ANOVA. Degree of freedom was corrected using Greenhouse-Geisser estimates if

sphericity was lacking. Post-hoc analysis was performed with Bonferroni’s correction for multi-

ple comparisons. Significant level was set at p< 0.05.

Results

Fig 3A shows the grand averaged waveforms of SEPs during the resting, and the position and

force tasks. Fig 3B–3E show the mean amplitude of each of the SEP components (N20, P25,

N33 and P45). One-way ANOVA revealed a significant main effect of condition for the N20

and N33 components (N20: F (2,34) = 3.372, p = 0.046, η2 = 0.166; N33: F (2,34) = 4.506,

p = 0.033, η2 = 0.210), but for the P25 and P45 components (P25: F (2,34) = 0.840, p = 0.441, η2

= 0.047; P45: F (2,34) = 2.296, p = 0.116, η2 = 0.119). Post-hoc analysis showed that the amplitude

of N20 component did not differ significantly between conditions (rest vs. position, p = 0.288;

rest vs. force, p = 1.000; position vs. force, p = 0.073). On the other hand, post-hoc analysis

showed that the N33 component was significantly smaller during the force than position task

(1.12 ± 0.12 μV and 1.40 ± 0.10 μV, respectively; p = 0.008). There was no significant difference

between the rest and position task (p = 1.000), or the rest and force task (p = 0.076).

Fig 4A shows the representative waveforms of CMR responses during the position and

force tasks. A paired t-test revealed that the bEMG activity did not differ between the position
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and force tasks (17.6 ± 1.1%MVC and 18.0 ± 0.8%MVC, respectively; p = 0.618) (Fig 4B). Fig

4C–4E show the mean amplitude of each of the CMR components (E1, I1 and E2). The ampli-

tudes of E1 and I1 components did not differ between the position and force tasks (E1:

p = 0.306, Wilcoxon signed-rank test; I1: p = 0.170, paired t-test). In contrast, the amplitude of

E2 component was significantly greater during the force than position task (36.4 ± 3.3%EMG

and 24.5 ± 2.3%EMG, respectively; p< 0.001, Wilcoxon signed-rank test).

Fig 3. SEP waveforms and amplitudes of SEP components. (A) Grand averaged SEP waveforms recorded from C3’

during the resting condition (dotted line), and the position (red line) and force tasks (blue line). (B-E) Mean amplitude

of each SEP component. Error bars indicate the standard error of the mean. The asterisk indicates significant

difference (p< 0.05).

https://doi.org/10.1371/journal.pone.0279477.g003
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Discussion

In this study, we compared cutaneous information processing between the position and force

tasks. As a results, reduction of the SEP amplitude (N33) was significantly larger during the

force than position task. In addition, the E2 amplitude of CMR was significantly greater for the

force than position task. These findings suggest that cutaneous information processing in the

central nervous system differs with load type during static muscle contraction.

Fig 4. CMR waveforms and amplitudes of background EMG and CMR components. (A) Representative CMR

waveforms recorded from the right FDI muscle during the position (red line) and force tasks (blue line). (B) Mean

amplitude of the background EMG activity. (C-E) Mean amplitude of each CMR component. Error bars indicate the

standard error of the mean. The asterisk indicates significant difference (p< 0.05).

https://doi.org/10.1371/journal.pone.0279477.g004
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The gating of SEP amplitude during movement could occur in two possible ways. The first

possibility is that the suppression is brought about by interaction between the given sensory

signals and the afferent proprioceptive feedback from the muscles, joints, and skin induced by

movement, called centripetal gating [26,47,48]. The second possibility is that the suppression

occurs as a result of interaction between the given sensory signals and the efferent signals from

the motor-related cortical regions, such as the primary and supplementary motor area, called

centrifugal gating [27,49]. As combined action of these mechanisms may result in SEP gating

in anywhere along the ascending somatosensory pathway and cerebral cortex, it is important

to consider both centripetal and centrifugal mechanisms to address our findings. In the pres-

ent study, gating of the N33 amplitude was greater during the force than position task. This

agrees with previous findings showing that the magnitude of SEP gating changed according to

the nature and characteristics of the motor task [50–52]. It has been demonstrated that the

amplitude of short-latency SEP component is modulated by the centrifugal mechanism

depending on the kinesthetic requirements to control movement execution [26,53,54]. Borich

et al. [50] proposed that sensitivity to sensory information unrelated to a performing task will

be decreased with an increase in demands of task-related sensory processing in order to suc-

cessfully execute the task. These findings suggest that somatosensory information processing is

regulated in a task- and environment-dependent manner. In this study, while we found that

the SEP gating of the N33 component was more pronounced during the force task than the

position task, more SEP gating of the P45 component was observed during the position task

[14]. The N33 component of SEPs can reflect activation of area 1 [55,56]. Furthermore, in the

non-human primate cortex, nearly all neurons in area 1 respond to cutaneous stimulation

(90% or more), whereas areas 3a and 2 primarily respond to proprioceptive stimulation (for a

review see [57]). Therefore, the difference in hierarchical processing between cutaneous and

proprioceptive afferents in the primary somatosensory cortex may explain the difference

between our present and previous findings. The physiological significance of SEP gating is

considered to filter the sensory input that is not related to movement execution in order to

improve the signal-to-noise ratio and to perform fine movements [23,54]. In the present study,

it is reasonable to assume that, since changes in the length of muscle and joint angle are mini-

mal during the force task, maintaining a constant force requires cutaneous more than proprio-

ceptive information. Thus, the gating of the N33 component during the force task may reflect

suppression of the sensory input that is not related to movement execution in order to main-

tain a constant muscle strength, and receive more pressure information to be applied to the

force sensor. In other words, it is thought that SEP gating contributes to the effective use of

neural resources [52,58,59]. Similarly, Staines et al. [60] revealed that amplitudes of SEPs from

cutaneous afferents (sural nerve) and muscle afferents (tibial nerve) can be selectively modu-

lated depending on the somatosensory information required for the task. These series of stud-

ies propose that amplitudes of SEP components are modulated by modality-specific manner

depending on the somatosensory feedback needed for task performance. Alternatively, our

finding may be ascribed to the centripetal mechanism. When changing the applied force, rela-

tively more information regarding the joint angle and muscle length can be provided to the

central nervous system during the position task, while relatively more information about the

contact surface occurring at the skin can be provided to the central nervous system during the

force task.

An interesting finding of this study was that the E2 amplitude of CMR was significantly

greater during the force than position task. In previous studies, modulation of CMR amplitude

with voluntary movements occurred primarily in the E2 component and depended on the con-

text of the motor task [21,31,39,40]. Tuner et al. [21] demonstrated that the E2 amplitude of

CMR recorded from the FDI muscle and the amplitude of SEPs (N20/P25) were smaller
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during an isometric index finger abduction with self-paced tapping than the isometric contrac-

tion alone. They concluded that the reduction of the E2 amplitude resulted from gating of the

digital nerve input. In the present study, gating of the SEP amplitude was larger during the

force than position task, possibly indicating that the greater amplitude of the E2 component

during the force task is not directly associated with the amount of skin afferent input. Mean-

while, the amplitude of the E2 component recorded from the FDI muscle was found to depend

on the level of bEMG activity [40]; however, we found no significant difference in the bEMG

activity between the position and force tasks. An alternative explanation for our finding could

be a difference in cortical demands between the two tasks. Gibbs et al. [61] demonstrated that

the E2 amplitude of CMR recorded from the tibialis anterior and soleus muscles was larger

during voluntary activation of these muscles than quiet standing. This result implies that the

E2 component can be larger during voluntary movements, which are controlled mainly by

supraspinal pathway, as compared to during postural maintenance, which is mainly controlled

at the spinal level. Thus, because cortical demands have been demonstrated to be greater in the

force than position task [62,63], it is possible that the greater cortical demand during the force

task resulted in the greater E2 amplitude of CMR. In addition, the task-dependent facilitatory

and inhibitory modulations of the E2 component are supposed to contribute to the successful

task performance by regulating muscles responses to cutaneous inputs [21,31,39,40,42]. For

example, the E2 amplitude was enhanced during fatiguing contraction, indicating a compensa-

tion for decreased force producing capacity during the fatiguing contraction [42]. Therefore,

the greater amplitude of the E2 component during the force task observed in this study may

have contributed to the fast regulation of force via the cutaneomuscular reflex circuit. Addi-

tional studies are needed to clarify the more detailed relationship between the CMR and force

control.

A limitation of this study is that EMG recording was limited to the FDI. Although we con-

firmed that activity level of the FDI muscle was similar between the force and postural tasks,

we cannot completely deny a possibility that activities of the other auxiliary muscles, such as

the finger extensor and palmar interosseous muscles, could have caused the difference in sen-

sory gating between the two tasks, because sensory gating could increase with an increase in

muscle activity [51].

Before closing, we would like to discuss potential clinical implications of our findings.

Although isometric exercises are helpful for patients with central nervous disorders, exercise

prescriptions are commonly provided without consideration of a difference in load type. In an

animal study, cutaneous inputs are suppressed at the spinal level during a task that combines

two load types [64]. On the other hand, in the present study that examined two load types sep-

arately, we found that gating of the N33 component was greater during the force than position

task, which possibly indicates a relatively high use of task-related cutaneous information in the

force task. Therefore, maintaining a constant force by pushing against a rigid restraint may be

useful to improve the cutaneous information processing in patients with cutaneous sensory

impairments. Furthermore, the neural circuits of CMR are known to be modulated by a short

period of motor learning [46], a long-term badminton training [65], and an extensive piano

training [66]. Thus, although more detailed studies are needed, repeated training may lead to

improvements in force control.

In conclusion, we demonstrated that the reduction of the N33 amplitude of SEPs during

the force task was significantly larger than that during the position task. Furthermore, the E2

amplitude of CMR was significantly greater during the force than position task. These findings

suggest that cutaneous information processing differs with the load type during static muscle

contraction.

PLOS ONE Cutaneous information processing differs with load type

PLOS ONE | https://doi.org/10.1371/journal.pone.0279477 December 22, 2022 10 / 14

https://doi.org/10.1371/journal.pone.0279477


Supporting information

S1 Dataset. Raw data.

(XLSX)

Acknowledgments

We would like to thank study participants who devoted their time and efforts.

Author Contributions

Conceptualization: Hikari Kirimoto.

Data curation: Keisuke Yunoki.

Formal analysis: Keisuke Yunoki.

Funding acquisition: Tatsunori Watanabe, Takuya Matsumoto, Hikari Kirimoto.

Investigation: Keisuke Yunoki, Takuya Matsumoto, Takayuki Kuwabara, Takayuki Horinou-

chi, Kanami Ito, Haruki Ishida.

Methodology: Keisuke Yunoki, Hikari Kirimoto.

Project administration: Keisuke Yunoki, Hikari Kirimoto.

Resources: Keisuke Yunoki, Takuya Matsumoto, Takayuki Kuwabara, Takayuki Horinouchi,

Kanami Ito, Haruki Ishida.

Supervision: Hikari Kirimoto.

Validation: Keisuke Yunoki.

Visualization: Keisuke Yunoki.

Writing – original draft: Keisuke Yunoki, Tatsunori Watanabe, Hikari Kirimoto.

Writing – review & editing: Keisuke Yunoki, Tatsunori Watanabe, Hikari Kirimoto.

References
1. Evarts E, Fromm C. Sensory responses in motor cortex neurons during precise motor control. Neurosci

Lett. 1977; 5: 267–272. https://doi.org/10.1016/0304-3940(77)90077-5 PMID: 19605005

2. Proske U, Gandevia SC. The proprioceptive senses: Their roles in signaling body shape, body position

and movement, and muscle force. Physiol Rev. 2012; 92: 1651–1697. https://doi.org/10.1152/physrev.

00048.2011 PMID: 23073629

3. Johansson RS, Flanagan JR. Coding and use of tactile signals from the fingertips in object manipulation

tasks. Nat Rev Neurosci. 2009; 10: 345–359. https://doi.org/10.1038/nrn2621 PMID: 19352402

4. Abraira VE, Ginty DD. The sensory neurons of touch. Neuron. 2013; 79: 618–639. https://doi.org/10.

1016/j.neuron.2013.07.051 PMID: 23972592

5. Rothwell JC, Traub MM, Day BL, Obeso JA, Thomas PK, Marsden CD. Manual motor performance in a

deafferented man. Brain. 1982; 105: 515–542. https://doi.org/10.1093/brain/105.3.515 PMID: 6286035

6. Blennerhassett JM, Matyas TA, Carey LM. Impaired discrimination of surface friction contributes to

pinch grip deficit after stroke. Neurorehabil Neural Repair. 2007; 21: 263–272. https://doi.org/10.1177/

1545968306295560 PMID: 17351081

7. Enders LR, Seo NJ. Effects of Sensory Deficit on Phalanx Force Deviation During Power Grip Post

Stroke. J Mot Behav. 2017; 49: 55–66. https://doi.org/10.1080/00222895.2016.1191416 PMID:

27592686

8. Carey LM, Matyas TA, Oke LE. Sensory loss in stroke patients: Effective training of tactile and proprio-

ceptive discrimination. Arch Phys Med Rehabil. 1993; 74: 602–611. https://doi.org/10.1016/0003-9993

(93)90158-7 PMID: 8503750

PLOS ONE Cutaneous information processing differs with load type

PLOS ONE | https://doi.org/10.1371/journal.pone.0279477 December 22, 2022 11 / 14

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0279477.s001
https://doi.org/10.1016/0304-3940%2877%2990077-5
http://www.ncbi.nlm.nih.gov/pubmed/19605005
https://doi.org/10.1152/physrev.00048.2011
https://doi.org/10.1152/physrev.00048.2011
http://www.ncbi.nlm.nih.gov/pubmed/23073629
https://doi.org/10.1038/nrn2621
http://www.ncbi.nlm.nih.gov/pubmed/19352402
https://doi.org/10.1016/j.neuron.2013.07.051
https://doi.org/10.1016/j.neuron.2013.07.051
http://www.ncbi.nlm.nih.gov/pubmed/23972592
https://doi.org/10.1093/brain/105.3.515
http://www.ncbi.nlm.nih.gov/pubmed/6286035
https://doi.org/10.1177/1545968306295560
https://doi.org/10.1177/1545968306295560
http://www.ncbi.nlm.nih.gov/pubmed/17351081
https://doi.org/10.1080/00222895.2016.1191416
http://www.ncbi.nlm.nih.gov/pubmed/27592686
https://doi.org/10.1016/0003-9993%2893%2990158-7
https://doi.org/10.1016/0003-9993%2893%2990158-7
http://www.ncbi.nlm.nih.gov/pubmed/8503750
https://doi.org/10.1371/journal.pone.0279477


9. Carey LM, Matyas TA. Training of somatosensory discrimination after stroke: Facilitation of stimulus

generalization. Am J Phys Med Rehabil. 2005; 84: 428–442. https://doi.org/10.1097/01.phm.

0000159971.12096.7f PMID: 15905657

10. Prattichizzo D, Pacchierotti C, Rosati G. Cutaneous force feedback as a sensory subtraction technique

in haptics. IEEE Trans Haptics. 2012; 5: 289–300. https://doi.org/10.1109/TOH.2012.15 PMID:

26964127

11. Akazawa K, Milner TE, Stein RB. Modulation of reflex EMG and stiffness in response to stretch of

human finger muscle. J Neurophysiol. 1983; 49: 16–27. https://doi.org/10.1152/jn.1983.49.1.16 PMID:

6827293

12. Maluf KS, Barry BK, Riley ZA, Enoka RM. Reflex responsiveness of a human hand muscle when con-

trolling isometric force and joint position. Clin Neurophysiol. 2007; 118: 2063–2071. https://doi.org/10.

1016/j.clinph.2007.06.009 PMID: 17646129

13. Baudry S, Jordan K, Enoka RM. Heteronymous reflex responses in a hand muscle when maintaining

constant finger force or position at different contraction intensities. Clin Neurophysiol. 2009; 120: 210–

217. https://doi.org/10.1016/j.clinph.2008.10.013 PMID: 19026590

14. Kirimoto H, Tamaki H, Suzuki M, Matsumoto T, Sugawara K, Kojima S, et al. Sensorimotor modulation

differs with load type during constant finger force or position. PLoS One. 2014;9. https://doi.org/10.

1371/journal.pone.0108058 PMID: 25233353

15. Baudry S, Enoka RM. Influence of load type on presynaptic modulation of Ia afferent input onto two syn-

ergist muscles. Exp Brain Res. 2009; 199: 83–88. https://doi.org/10.1007/s00221-009-1951-x PMID:

19639306

16. Baudry S, Maerz AH, Enoka RM. Presynaptic modulation of Ia afferents in young and old adults when

performing force and position control. J Neurophysiol. 2010; 103: 623–631. https://doi.org/10.1152/jn.

00839.2009 PMID: 19939955

17. Magalhães FH, Elias LA, da Silva CR, de Lima FF, de Toledo DR, Kohn AF. D1 and D2 inhibitions of

the soleus H-reflex are differentially modulated during plantarflexion force and position tasks. PLoS

One. 2015; 10: 1–17. https://doi.org/10.1371/journal.pone.0143862 PMID: 26599909

18. Mottram CJ, Jakobi JM, Semmler JG, Enoka RM. Motor-unit activity differs with load type during a

fatiguing contraction. J Neurophysiol. 2005; 93: 1381–1392. https://doi.org/10.1152/jn.00837.2004

PMID: 15483059

19. Baudry S, Rudroff T, Pierpoint LA, Enoka RM. Load type influences motor unit recruitment in biceps bra-

chii during a sustained contraction. J Neurophysiol. 2009; 102: 1725–1735. https://doi.org/10.1152/jn.

00382.2009 PMID: 19625539

20. Enoka RM, Baudry S, Rudroff T, Farina D, Klass M, Duchateau J. Unraveling the neurophysiology of

muscle fatigue. J Electromyogr and Kinesiol. 2011; 21: 208–219. https://doi.org/10.1016/j.jelekin.2010.

10.006 PMID: 21071242

21. Turner LC, Harrison LM, Stephens JA. Finger movement is associated with attenuated cutaneous

reflexes recorded from human first dorsal interosseous muscle. J Physiol. 2002; 542: 559–566. https://

doi.org/10.1113/jphysiol.2002.023846 PMID: 12122153

22. Wasaka T, Kida T, Nakata H, Akatsuka K, Kakigi R. Characteristics of sensori-motor interaction in the

primary and secondary somatosensory cortices in humans: A magnetoencephalography study. Neuro-

science. 2007; 149: 446–456. https://doi.org/10.1016/j.neuroscience.2007.07.040 PMID: 17869442

23. Rauch R, Angel RW, Boylls CC. Velocity-dependent suppression of somatosensory evoked potentials

during movement. Electroencephalogr and Clin Neurophysiol. 1985; 62: 421–425. https://doi.org/10.

1016/0168-5597(85)90051-6 PMID: 2415337

24. Cheron G, Borenstein S. Specific gating of the early somatosensory evoked potentials during active

movement. Electroencephalogr Clin Neurophysiol. 1987; 67: 537–548. https://doi.org/10.1016/0013-

4694(87)90056-3 PMID: 2445546

25. Tapia MC, Cohen LG, Starr A. Selectivity of attenuation (i.e., gating) of somatosensory potentials during

voluntary movement in humans. Electroencephalogr Clin Neurophysiol. 1987; 68: 226–230. https://doi.

org/10.1016/0168-5597(87)90031-1 PMID: 2436883

26. Staines WR, Brooke JD, Cheng J, Misiaszek JE, MacKay WA. Movement-induced gain modulation of

somatosensory potentials and soleus H-reflexes evoked from the leg. I. Kinaesthetic task demands.

Exp Brain Res. 1997; 115: 147–155. https://doi.org/10.1007/pl00005674 PMID: 9224842

27. Wasaka T, Hoshiyama M, Nakata H, Nishihira Y, Kakigi R. Gating of somatosensory evoked magnetic

fields during the preparatory period of self-initiated finger movement. Neuroimage. 2003; 20: 1830–

1838. https://doi.org/10.1016/s1053-8119(03)00442-7 PMID: 14642492

28. Azim E, Seki K. Gain control in the sensorimotor system. Curr Opin Physiol. 2019; 8: 177–187. https://

doi.org/10.1016/j.cophys.2019.03.005 PMID: 31403088

PLOS ONE Cutaneous information processing differs with load type

PLOS ONE | https://doi.org/10.1371/journal.pone.0279477 December 22, 2022 12 / 14

https://doi.org/10.1097/01.phm.0000159971.12096.7f
https://doi.org/10.1097/01.phm.0000159971.12096.7f
http://www.ncbi.nlm.nih.gov/pubmed/15905657
https://doi.org/10.1109/TOH.2012.15
http://www.ncbi.nlm.nih.gov/pubmed/26964127
https://doi.org/10.1152/jn.1983.49.1.16
http://www.ncbi.nlm.nih.gov/pubmed/6827293
https://doi.org/10.1016/j.clinph.2007.06.009
https://doi.org/10.1016/j.clinph.2007.06.009
http://www.ncbi.nlm.nih.gov/pubmed/17646129
https://doi.org/10.1016/j.clinph.2008.10.013
http://www.ncbi.nlm.nih.gov/pubmed/19026590
https://doi.org/10.1371/journal.pone.0108058
https://doi.org/10.1371/journal.pone.0108058
http://www.ncbi.nlm.nih.gov/pubmed/25233353
https://doi.org/10.1007/s00221-009-1951-x
http://www.ncbi.nlm.nih.gov/pubmed/19639306
https://doi.org/10.1152/jn.00839.2009
https://doi.org/10.1152/jn.00839.2009
http://www.ncbi.nlm.nih.gov/pubmed/19939955
https://doi.org/10.1371/journal.pone.0143862
http://www.ncbi.nlm.nih.gov/pubmed/26599909
https://doi.org/10.1152/jn.00837.2004
http://www.ncbi.nlm.nih.gov/pubmed/15483059
https://doi.org/10.1152/jn.00382.2009
https://doi.org/10.1152/jn.00382.2009
http://www.ncbi.nlm.nih.gov/pubmed/19625539
https://doi.org/10.1016/j.jelekin.2010.10.006
https://doi.org/10.1016/j.jelekin.2010.10.006
http://www.ncbi.nlm.nih.gov/pubmed/21071242
https://doi.org/10.1113/jphysiol.2002.023846
https://doi.org/10.1113/jphysiol.2002.023846
http://www.ncbi.nlm.nih.gov/pubmed/12122153
https://doi.org/10.1016/j.neuroscience.2007.07.040
http://www.ncbi.nlm.nih.gov/pubmed/17869442
https://doi.org/10.1016/0168-5597%2885%2990051-6
https://doi.org/10.1016/0168-5597%2885%2990051-6
http://www.ncbi.nlm.nih.gov/pubmed/2415337
https://doi.org/10.1016/0013-4694%2887%2990056-3
https://doi.org/10.1016/0013-4694%2887%2990056-3
http://www.ncbi.nlm.nih.gov/pubmed/2445546
https://doi.org/10.1016/0168-5597%2887%2990031-1
https://doi.org/10.1016/0168-5597%2887%2990031-1
http://www.ncbi.nlm.nih.gov/pubmed/2436883
https://doi.org/10.1007/pl00005674
http://www.ncbi.nlm.nih.gov/pubmed/9224842
https://doi.org/10.1016/s1053-8119%2803%2900442-7
http://www.ncbi.nlm.nih.gov/pubmed/14642492
https://doi.org/10.1016/j.cophys.2019.03.005
https://doi.org/10.1016/j.cophys.2019.03.005
http://www.ncbi.nlm.nih.gov/pubmed/31403088
https://doi.org/10.1371/journal.pone.0279477


29. Caccia MR, McComas AJ, Upton ARM, Blogg T. Cutaneous reflexes in small muscles of the hand. J

Neurol Neurosurg Psychiatry. 1973; 36: 960–977. https://doi.org/10.1136/jnnp.36.6.960 PMID:

4272546

30. Jenner JR, Stephens JA. Cutaneous reflex responses and their central nervous pathways studied in

man. J Physiol. 1982; 333: 405–419. https://doi.org/10.1113/jphysiol.1982.sp014461 PMID: 7182471

31. Evans AL, Harrison LM, Stephens JA. Task-dependent changes in cutaneous reflexes recorded from

various muscles controlling finger movement in man. J Physiol. 1989; 418: 1–12. https://doi.org/10.

1113/jphysiol.1989.sp017825 PMID: 2621613

32. Tokimura H, di Lazzaro V, Tokimura Y, Oliviero A, Profice P, Insola A, et al. Short latency inhibition of

human hand motor cortex by somatosensory input from the hand. J Physiol. 2000; 523: 503–513.

https://doi.org/10.1111/j.1469-7793.2000.t01-1-00503.x PMID: 10699092

33. Kojima S, Onishi H, Sugawara K, Miyaguchi S, Kirimoto H, Tamaki H, et al. No relation between afferent

facilitation induced by digital nerve stimulation and the latency of cutaneomuscular reflexes and somato-

sensory evoked magnetic fields. Front Hum Neurosci. 2014; 8: 1–8. https://doi.org/10.3389/fnhum.

2014.01023 PMID: 25566038

34. Issler H, Stephens JA. The maturation of cutaneous reflexes studied in the upper limb in man. J Physiol.

1983; 335: 643–654. https://doi.org/10.1113/jphysiol.1983.sp014556 PMID: 6875895

35. Ohki Y, Suzuki T, Ugawa Y, Uesaka Y, Sakai K, Kanazawa I. Excitation of the motor cortex associated

with the E2 phase of cutaneous reflexes in man. Brain Res. 1994; 633: 343–347. https://doi.org/10.

1016/0006-8993(94)91559-8 PMID: 8137169

36. Mayston MJ, Harrison LM, Quinton R, Stephens JA, Krams M, Bouloux P-MG. Mirror movements in X-

linked Kallmann’s syndrome I. A neurophysiological study. Brain. 1997; 120: 1199–1216. https://doi.

org/10.1093/brain/120.7.1199 PMID: 9236631

37. Mayston MJ, Harrison LM, Stephens JA. A neurophysiological study of mirror movements in adults and

children. Ann Neurol. 1999; 45: 583–594. https://doi.org/10.1002/1531-8249(199905)45:5<583::aid-

ana6>3.0.co;2-w PMID: 10319880

38. Ohtsuka H, Sasada S, Nakajima T, Futatsubashi G, Shimizu E, Komiyama T. Tuning of the excitability

of transcortical cutaneous reflex pathways during mirror-like activity. Exp Brain Res. 2012; 216: 135–

144. https://doi.org/10.1007/s00221-011-2917-3 PMID: 22076404

39. Evans AL, Harrison LM, Stephens JA. Maturation of the cutaneomuscular reflex recorded from the first

dorsal interosseous muscle in man. J Physiol. 1990; 428: 425–440. https://doi.org/10.1113/jphysiol.

1990.sp018220 PMID: 2231421

40. Nakajima T, Sakamoto M, Endoh T, Komiyama T. Location-specific and task-dependent modulation of

cutaneous reflexes in intrinsic human hand muscles. Clin Neurophysiol. 2006; 117: 420–429. https://

doi.org/10.1016/j.clinph.2005.09.017 PMID: 16376142

41. Zehr EP, Stein RB. What functions do reflexes serve during human locomotion? Prog Neurobiol. 1999;

58: 185–205. https://doi.org/10.1016/s0301-0082(98)00081-1 PMID: 10338359

42. Nakajima T, Endoh T, Sakamoto M, Komiyama T. Nerve specific modulation of somatosensory inflow

to cerebral cortex during submaximal sustained contraction in first dorsal interosseous muscle. Brain

Res. 2005; 1053: 146–153. https://doi.org/10.1016/j.brainres.2005.06.033 PMID: 16026769

43. Oldfield RC. The assessment and analysis of handedness: the Edinburgh inventory. Neuropsychologia.

1971; 9: 97–113. https://doi.org/10.1016/0028-3932(71)90067-4 PMID: 5146491

44. Tamaki H, Kirimoto H, Yotani K, Takekura H. Frequent alternate muscle activity of plantar flexor syner-

gists and muscle endurance during low-level static contractions as a function of ankle position. J Physiol

Sci. 2011; 61: 411–419. https://doi.org/10.1007/s12576-011-0157-8 PMID: 21656343

45. Maluf KS, Shinohara M, Stephenson JL, Enoka RM. Muscle activation and time to task failure differ with

load type and contraction intensity for a human hand muscle. Exp Brain Res. 2005; 167: 165–177.

https://doi.org/10.1007/s00221-005-0017-y PMID: 16044306

46. Nadler MA, Harrison LM, Stephens JA. Acquisition of a new motor skill is accompanied by changes

incutaneomuscular reflex responses recorded from finger muscles in man. Exp Brain Res. 2000; 134:

246–254. https://doi.org/10.1007/s002210000453 PMID: 11037292

47. Abbruzzese G, Ratto S, Favale E, Abbruzzese M. Proprioceptive modulation of somatosensory evoked

potentials during active or passive finger movements in man. J Neurol Neurosurg Psychiatry. 1981; 44:

942–949. https://doi.org/10.1136/jnnp.44.10.942 PMID: 7310412

48. Nakata H, Inui K, Wasaka T, Tamura Y, Tran TD, Qiu Y, et al. Movements modulate cortical activities

evoked by noxious stimulation. Pain. 2004; 107: 91–98. https://doi.org/10.1016/j.pain.2003.10.001

PMID: 14715394

PLOS ONE Cutaneous information processing differs with load type

PLOS ONE | https://doi.org/10.1371/journal.pone.0279477 December 22, 2022 13 / 14

https://doi.org/10.1136/jnnp.36.6.960
http://www.ncbi.nlm.nih.gov/pubmed/4272546
https://doi.org/10.1113/jphysiol.1982.sp014461
http://www.ncbi.nlm.nih.gov/pubmed/7182471
https://doi.org/10.1113/jphysiol.1989.sp017825
https://doi.org/10.1113/jphysiol.1989.sp017825
http://www.ncbi.nlm.nih.gov/pubmed/2621613
https://doi.org/10.1111/j.1469-7793.2000.t01-1-00503.x
http://www.ncbi.nlm.nih.gov/pubmed/10699092
https://doi.org/10.3389/fnhum.2014.01023
https://doi.org/10.3389/fnhum.2014.01023
http://www.ncbi.nlm.nih.gov/pubmed/25566038
https://doi.org/10.1113/jphysiol.1983.sp014556
http://www.ncbi.nlm.nih.gov/pubmed/6875895
https://doi.org/10.1016/0006-8993%2894%2991559-8
https://doi.org/10.1016/0006-8993%2894%2991559-8
http://www.ncbi.nlm.nih.gov/pubmed/8137169
https://doi.org/10.1093/brain/120.7.1199
https://doi.org/10.1093/brain/120.7.1199
http://www.ncbi.nlm.nih.gov/pubmed/9236631
https://doi.org/10.1002/1531-8249%28199905%2945%3A5%26lt%3B583%3A%3Aaid-ana6%26gt%3B3.0.co%3B2-w
https://doi.org/10.1002/1531-8249%28199905%2945%3A5%26lt%3B583%3A%3Aaid-ana6%26gt%3B3.0.co%3B2-w
http://www.ncbi.nlm.nih.gov/pubmed/10319880
https://doi.org/10.1007/s00221-011-2917-3
http://www.ncbi.nlm.nih.gov/pubmed/22076404
https://doi.org/10.1113/jphysiol.1990.sp018220
https://doi.org/10.1113/jphysiol.1990.sp018220
http://www.ncbi.nlm.nih.gov/pubmed/2231421
https://doi.org/10.1016/j.clinph.2005.09.017
https://doi.org/10.1016/j.clinph.2005.09.017
http://www.ncbi.nlm.nih.gov/pubmed/16376142
https://doi.org/10.1016/s0301-0082%2898%2900081-1
http://www.ncbi.nlm.nih.gov/pubmed/10338359
https://doi.org/10.1016/j.brainres.2005.06.033
http://www.ncbi.nlm.nih.gov/pubmed/16026769
https://doi.org/10.1016/0028-3932%2871%2990067-4
http://www.ncbi.nlm.nih.gov/pubmed/5146491
https://doi.org/10.1007/s12576-011-0157-8
http://www.ncbi.nlm.nih.gov/pubmed/21656343
https://doi.org/10.1007/s00221-005-0017-y
http://www.ncbi.nlm.nih.gov/pubmed/16044306
https://doi.org/10.1007/s002210000453
http://www.ncbi.nlm.nih.gov/pubmed/11037292
https://doi.org/10.1136/jnnp.44.10.942
http://www.ncbi.nlm.nih.gov/pubmed/7310412
https://doi.org/10.1016/j.pain.2003.10.001
http://www.ncbi.nlm.nih.gov/pubmed/14715394
https://doi.org/10.1371/journal.pone.0279477


49. Jones SJ, Halonen JP, Shawkat F. Centrifugal and centripetal mechanisms involved in the “gating” of

cortical SEPs during movement. Electroencephalogr Clin Neurophysiol. 1989; 74: 36–45. https://doi.

org/10.1016/0168-5597(89)90049-x PMID: 2463147

50. Borich MR, Brodie SM, Gray WA, Ionta S, Boyd LA. Understanding the role of the primary somatosen-

sory cortex: Opportunities for rehabilitation. Neuropsychologia. 2015; 79: 246–255. https://doi.org/10.

1016/j.neuropsychologia.2015.07.007 PMID: 26164474

51. Sugawara K, Onishi H, Yamashiro K, Kotan S, Kojima S, Miyaguchi S, et al. Effect of muscle contraction

strength on gating of somatosensory magnetic fields. Exp Brain Res. 2016; 234: 3389–3398. https://

doi.org/10.1007/s00221-016-4736-z PMID: 27435203

52. Lei Y, Ozdemir RA, Perez MA. Gating of sensory input at subcortical and cortical levels during grasping

in humans. J Neurosci. 2018; 38: 7237–7247. https://doi.org/10.1523/JNEUROSCI.0545-18.2018

PMID: 29976624

53. Nelson AJ, Brooke JD, McIlroy WE, Bishop DC, Norrie RG. The gain of initial somatosensory evoked

potentials alters with practice of an accurate motor task. Brain Res. 2001; 890: 272–279. https://doi.org/

10.1016/s0006-8993(00)03136-x PMID: 11164793

54. Wasaka T, Kida T, Kakigi R. Dexterous manual movement facilitates information processing in the pri-

mary somatosensory cortex: A magnetoencephalographic study. Eur J Neurosci. 2021; 4638–4648.

https://doi.org/10.1111/ejn.15310 PMID: 33987876

55. Jones EG, Coulter JD, Hendry SHC. Intracortical connectivity of architectonic fields in the somatic sen-

sory, motor and parietal cortex of monkeys. J Comp Neurol. 1978; 181: 291–347. https://doi.org/10.

1002/cne.901810206 PMID: 99458

56. Allison T, McCarthy G, Wood CC, Jones SJ. Potentials evoked in human and monkey cerebral cortex

by stimulation of the median nerve. A review of scalp and intracranial recordings. Brain. 1991; 114:

2465–2503. https://doi.org/10.1093/brain/114.6.2465 PMID: 1782527

57. Delhaye BP, Long KH, Bensmaia SJ. Neural Basis of Touch and Proprioception in Primate Cortex.

Compr Physiol. 2018; 8: 1575–1602. https://doi.org/10.1002/cphy.c170033 PMID: 30215864

58. Ogata K, Okamoto T, Yamasaki T, Shigeto H, Tobimatsu S. Pre-movement gating of somatosensory-

evoked potentials by self-initiated movements: The effects of ageing and its implication. Clin Neurophy-

siol. 2009; 120: 1143–1148. https://doi.org/10.1016/j.clinph.2009.01.020 PMID: 19435674

59. Lei Y, Perez MA. Cortical contributions to sensory gating in the ipsilateral somatosensory cortex during

voluntary activity. J Physiol. 2017; 595: 6203–6217. https://doi.org/10.1113/JP274504 PMID:

28513860

60. Staines WR, Brooke JD, Mcllroy WE. Task-relevant selective modulation of somatosensory afferent

paths from the lower limb. Neuroreport. 2000; 11: 1713–1719. https://doi.org/10.1097/00001756-

200006050-00024 PMID: 10852231

61. Gibbs J, Harrison LM, Stephens JA. Cutaneomuscular reflexes recorded from the lower limb in man

during different tasks. J Physiol. 1995; 487: 237–242. https://doi.org/10.1113/jphysiol.1995.sp020874

PMID: 7473252

62. Poortvliet PC, Tucker KJ, Finnigan S, Scott D, Sowman P, Hodges PW. Cortical activity differs between

position- and force-control knee extension tasks. Exp Brain Res. 2015; 233: 3447–3457. https://doi.org/

10.1007/s00221-015-4404-8 PMID: 26292962

63. Poortvliet PC, Tucker KJ, Finnigan S, Scott D, Hodges PW. Experimental Pain Decreases Corticomus-

cular Coherence in a Force- But Not a Position-Control Task. J Pain. 2019; 20: 192–200. https://doi.org/

10.1016/j.jpain.2018.08.012 PMID: 30266268

64. Confais J, Kim G, Tomatsu S, Takei T, Seki K. Nerve-specific input modulation to spinal neurons during

a motor task in the monkey. J Neurosci. 2017; 37: 2612–2626. https://doi.org/10.1523/JNEUROSCI.

2561-16.2017 PMID: 28159911

65. Komiyama T, Tatematsu M, Nakajima T, Sakamoto M, Tazoe T, Omori S. Middle Latency Cutaneous

Reflexes in Intrinsic Human Hand Muscles are Modulated in Badminton Player. Advances in Exercise &

Sports Physiology. 2008; 14: 63–69. Available: http://search.ebscohost.com/login.aspx?direct=

true&db=sph&AN=47530136&site=ehost-live.

66. Hirano M, Kimoto Y, Furuya S. Specialized Somatosensory-Motor Integration Functions in Musicians.

Cerebral Cortex. 2020; 30: 1148–1158. https://doi.org/10.1093/cercor/bhz154 PMID: 31342056

PLOS ONE Cutaneous information processing differs with load type

PLOS ONE | https://doi.org/10.1371/journal.pone.0279477 December 22, 2022 14 / 14

https://doi.org/10.1016/0168-5597%2889%2990049-x
https://doi.org/10.1016/0168-5597%2889%2990049-x
http://www.ncbi.nlm.nih.gov/pubmed/2463147
https://doi.org/10.1016/j.neuropsychologia.2015.07.007
https://doi.org/10.1016/j.neuropsychologia.2015.07.007
http://www.ncbi.nlm.nih.gov/pubmed/26164474
https://doi.org/10.1007/s00221-016-4736-z
https://doi.org/10.1007/s00221-016-4736-z
http://www.ncbi.nlm.nih.gov/pubmed/27435203
https://doi.org/10.1523/JNEUROSCI.0545-18.2018
http://www.ncbi.nlm.nih.gov/pubmed/29976624
https://doi.org/10.1016/s0006-8993%2800%2903136-x
https://doi.org/10.1016/s0006-8993%2800%2903136-x
http://www.ncbi.nlm.nih.gov/pubmed/11164793
https://doi.org/10.1111/ejn.15310
http://www.ncbi.nlm.nih.gov/pubmed/33987876
https://doi.org/10.1002/cne.901810206
https://doi.org/10.1002/cne.901810206
http://www.ncbi.nlm.nih.gov/pubmed/99458
https://doi.org/10.1093/brain/114.6.2465
http://www.ncbi.nlm.nih.gov/pubmed/1782527
https://doi.org/10.1002/cphy.c170033
http://www.ncbi.nlm.nih.gov/pubmed/30215864
https://doi.org/10.1016/j.clinph.2009.01.020
http://www.ncbi.nlm.nih.gov/pubmed/19435674
https://doi.org/10.1113/JP274504
http://www.ncbi.nlm.nih.gov/pubmed/28513860
https://doi.org/10.1097/00001756-200006050-00024
https://doi.org/10.1097/00001756-200006050-00024
http://www.ncbi.nlm.nih.gov/pubmed/10852231
https://doi.org/10.1113/jphysiol.1995.sp020874
http://www.ncbi.nlm.nih.gov/pubmed/7473252
https://doi.org/10.1007/s00221-015-4404-8
https://doi.org/10.1007/s00221-015-4404-8
http://www.ncbi.nlm.nih.gov/pubmed/26292962
https://doi.org/10.1016/j.jpain.2018.08.012
https://doi.org/10.1016/j.jpain.2018.08.012
http://www.ncbi.nlm.nih.gov/pubmed/30266268
https://doi.org/10.1523/JNEUROSCI.2561-16.2017
https://doi.org/10.1523/JNEUROSCI.2561-16.2017
http://www.ncbi.nlm.nih.gov/pubmed/28159911
http://search.ebscohost.com/login.aspx?direct=true&db=sph&AN=47530136&site=ehost-live
http://search.ebscohost.com/login.aspx?direct=true&db=sph&AN=47530136&site=ehost-live
https://doi.org/10.1093/cercor/bhz154
http://www.ncbi.nlm.nih.gov/pubmed/31342056
https://doi.org/10.1371/journal.pone.0279477

