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Recent studies demonstrated that the corticospinal pathway is one of the key nodes for the feedback control of human standing and that the excitability is flexibly changed according to the current state of posture. However, it has been unclear whether this pathway is also involved in a predictive control of human standing. Here, we investigated whether the corticospinal excitability of the soleus (SOL) and tibialis anterior (TA) muscles during standing would be modulated anticipatorily when perturbation was impending. We measured the motor-evoked potential (MEP) induced by transcranial magnetic stimulation over the motor cortex at six stimulus intensities. Three experimental conditions were set depending on predictabilities about perturbation occurrence and onset: No perturbation, No Cue, and Cue conditions. In the Cue condition, an acoustic signal was given as timing information of perturbation. The slope of the stimulus–response relation curve revealed that the TA-MEP was enhanced when postural perturbation was expected compared to when the perturbation was not expected (No Perturbation vs. No Cue, 0.023 ± 0.004 vs. 0.042 ± 0.007; No Perturbation vs. Cue, 0.023 ± 0.004 vs. 0.050 ± 0.009; Bonferroni correction, p = 0.01, respectively). In addition, two-way analysis of variance (intensity × condition) revealed the main effect of condition (F(1,13) = 6.31, p = 0.03) but not intensity and interaction when the MEP amplitude of the Cue and No Cue conditions was normalized by that in No Perturbation, suggesting the enhancement more apparent when timing information was given. The SOL-MEP was not modulated even when perturbation was expected, but it slightly reduced due to the timing information. The results of an additional experiment confirmed that the acoustic cue by itself did not affect the TA- and SOL-MEPs. Our findings suggest that a prediction of a future state of standing balance modulates the corticospinal excitability in the TA, and that the additional timing information facilitates this modulation. The corticospinal pathway thus appears to be involved in mechanisms of the predictive control as well as feedback control of standing posture.
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INTRODUCTION

It has been established that the corticospinal pathway is involved in the regulation of human bipedal standing. Several studies using transcranial magnetic stimulation (TMS) have demonstrated that the excitability of this pathway is modulated according to postural demands. The excitability of the corticospinal pathways in the tibialis anterior (TA) and soleus (SOL) muscles was enhanced while the subjects stood on an unstable rocking plate (Solopova et al., 2003), whereas it was decreased during supported standing (Tokuno et al., 2009). These findings suggest that the contribution of the corticospinal pathway increases when standing posture is exposed to unstable conditions.

Postural perturbation is thought to be one cause of unstable posture. Given that the excitability of the corticospinal pathways is enhanced under unstable conditions, we have speculated that the excitability would also be enhanced when a postural perturbation is predicted. However, it has not been known how the excitability would be modulated in response to an upcoming perturbation. There has been some research regarding the modulation of the long-latency electromyography (EMG) response with predictions to postural perturbation (Horak et al., 1989). Since the long-latency EMG response is mediated by the transcortical pathway (Petersen et al., 1998; Taube et al., 2006), the effects of prediction on the corticospinal pathway may be inferred in part based on the long-latency EMG response.

The long-latency EMG responses of the ankle plantar muscle and dorsiflexor muscle were reported to be enhanced when the posture was unstable (Christensen et al., 2001; Nakazawa et al., 2003). It was also demonstrated that the amplitude of these EMG responses was markedly reduced when an advance notification about the timing of perturbation onset was given to the subjects (Nakazawa et al., 2009; Fujio et al., 2016). It is thus plausible that the excitability of a corticospinal pathway would be enhanced when a subject can predict that a postural perturbation is to occur, and the enhanced excitability could be reduced when the subject can predict the timing of the perturbation.

The purpose of this study was to clarify whether the excitability of the corticospinal pathways in the ankle plantar and flexor muscles would be modulated just before postural perturbation. To this end, we applied TMS on the leg area of the subjects’ contralateral motor cortex and examined how the predictabilities of the occurrence and the timing of perturbation influenced the corticospinal excitability in the preparatory period. We compared the corticospinal excitability in the TA and the SOL during normal standing to that before perturbation with and without an acoustic timing cue. In an additional experiment (Experiment 2), we further investigated whether the acoustic cue affected the corticospinal excitability, since it was reported that an auditory stimulation enhanced the corticospinal excitability through changes in the subject’s arousal (Lofberg et al., 2014). Here, we attempted to reveal whether the corticospinal pathway contributes to the predictive control of posture. These findings will have important implications for clinical settings, especially for the assessments of the risk of falling.

MATERIALS AND METHODS

Study Participants

Fifteen healthy participants (age: 27.1 ± 1.7 years, all males) with no history of orthopedic, neurological, or cognitive disorders participated. All 15 participants participated in the first experiment (Experiment 1), and 6 of these participants (age: 30.2 ± 2.0 years) were recruited in the second experiment (Experiment 2). This study was carried out in accordance with the recommendations of the Ethics Review Committee for Experimental Research with Human Subjects of the Graduate School of Arts and Sciences, the University of Tokyo. All subjects gave written informed consent in accordance with the Declaration of Helsinki.

Apparatus and Task

Postural perturbations were applied by a six-degrees-of-freedom motion platform system actuated by an electric servomotor (Motion base MB-150, Cosmate, Tokyo, Japan). We programed the platform motion to translate anteriorly in the horizontal plane underneath the participant’s stance (total displacement: 6.0 cm, peak velocity: 25.0 cm/s, peak acceleration 3.2 m/s2).

In both of the experiments described below, the participant stood on a force plate (Kyowa, Tokyo, Japan) attached to this movable platform. The participant was allowed to decide his initial foot position, and this position was traced on the force plate so that it was maintained constantly throughout the experiment. The center of pressure (COP) was calculated during a trial and was monitored on a display 1.5 m in front of the participant.

At the beginning of the experiment, the COP displacement during the participant’s normal standing was measured to determine a target COP position, defined as an averaged anteroposterior and mediolateral trajectory. The participant was instructed not to move his head or any limb intentionally and to aim for the COP target to try to maintain the same posture until the perturbation onset in all trials. We suspected that it is important to consistently apply the same perturbation and for the participants to avoid marked changes of posture trial by trial before the perturbation onset. The participants were required to keep their feet in place against perturbation.

The ground reaction forces for calculating the COP were recorded at a 4-kHz sampling frequency and low-pass-filtered at 10 Hz (fourth-order zero-lag Butterworth filter). Ten practice trials were performed to familiarize the participants with the perturbation. We controlled the time courses of the platform motion, the TMS, and the COP feedback by using LabVIEW software (National Instruments, Austin, TX, United States).

EMG

Surface EMG activities were recorded from the TA and SOL muscles of the participants’ right leg. Bipolar electrodes (Ag-AgCl, 7 mm diameter) were placed 1.5 cm apart on the muscle belly of each muscle and wrapped with thin elastic bandages to hold the electrodes and lead lines stably. The EMG signals were amplified (MEG-6108 bioelectric amplifier, Nihon Kohden, Tokyo, Japan) with a bandpass filter (15–1000 Hz) and digitized at a sampling rate of 4 kHz. For the normalization of the EMG signals in each muscle, we obtained the M-max of the SOL and the TA by electrical stimulation (1-ms rectangular pulse) of the posterior tibial nerve and the common peroneal nerve, respectively.

For the stimulation of the posterior tibial nerve, the cathode was placed in the popliteal fossa, and the anode was placed on the patella. The common peroneal nerve was stimulated using bipolar surface electrodes below the neck of the fibula and the outer edge of the popliteal fossa. The intensity of stimulation was increased from the subthreshold level until the peak-to-peak amplitude of the M-response was increased no further.

Transcranial Magnetic Stimulation (TMS)

Single-pulse TMS was delivered over the left motor cortex via a Magstim-200 stimulator (Magstim, Whitland, United Kingdom) with a 110-mm double cone coil. An experimenter carefully held the coil away from the back so as not to prevent his natural postural sway. After the detection of an optimal stimulus site where the largest TA-motor evoked potential (MEP) could be evoked, the motor threshold (×1.0 TA-MT) was determined while the participant was standing as the minimal intensity for eliciting the peak-to-peak amplitude in the TA exceeding 50 μV in 5 of 10 consecutive stimulations. The same site could also yield the MEPs of the SOL muscles in the standing posture. The same stimulus intensity and site as the TA were applied for the SOL, and the MEPs of both muscles were obtained by the identical single TMS pulse.

An optimal stimulation site on the scalp was marked with a felt pen to ensure consistent positioning of the coil over the hot spot. The coil position was also monitored online by a custom-built navigation system using a 3D motion capture system collected at 100 Hz (OptiTrack V100:R2, NaturalPoint, Corvallis, OR, United States). Three reflective markers each (for the subject’s head and the coil) were attached to determine the coil position relative to the participant’s head. An examiner referred to the marked position to guide the coil and adjust the direction in accord with the navigation system. All experiments were conducted by a single examiner who guided the coil position behind the participant and constantly supported the coil weight. The single-pulse TMS was delivered at 50 ms before the perturbation onset in all conditions.

Experimental Conditions

We performed the following two experiments, carried out on separate days.

Experiment 1

Experiment 1 consisted of three experimental conditions in separated blocks. In the No Perturbation condition, a perturbation was not applied and the TA- and SOL-MEPs were measured during normal standing. In the No Cue condition, the anterior surface translation was applied suddenly without any prior information being given to the participant. In the Cue condition, an acoustic signal was provided 1.0–1.3 s before the perturbation was given as timing information. The interval between trials was randomized from 5 to 12 s in all conditions. Figure 1 illustrates the scene of the experiment and the time course of a single trial.
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FIGURE 1. The experimental setup and the time course of TMS and anterior-surface translation in a single trial. (A) The devices and scene of the experiment. The site of the coil is guided using the 3D motion capture system. (B) Top, middle upper, middle lower, and bottom waveforms show the TA-EMG, SOL-EMG, displacement of the platform, and the force from the surface, respectively. Zero millisecond corresponds to the perturbation onset. The EMG response evoked at around 100 ms in the TA is more pronounced compared to the SOL response. The TMS is delivered 50 ms before the perturbation onset. The interesting range for analyzing the MEP amplitude is 40 ms after TMS onset. An acoustic cue is provided 1.0–1.3 ms before perturbation in the Cue condition as timing information. The BGA was calculated by the EMG activity from –50 to 0 ms. TA, tibialis anterior muscle; SOL, soleus muscle; Fy, net force in the anteroposterior component recorded from the force plate.



To estimate the relationship between the mean MEP amplitude and the stimulus intensities, we measured the stimulus–response relation curves. Six intensities of TMS from 80% TA-MT to 130% TA-MT were chosen for each condition. The highest intensity was set to 130% TA-MT because the standing posture was disturbed in larger intensity due to TMS pulse. Each participant performed six sets with different stimulus intensities in each condition, and a single set consisted of 10 trials (6 sets × 10 trials/set). A total of 180 trials were performed (3 conditions × 60 trials/condition). The order of three experimental conditions (No Perturbation, No Cue, and Cue) and the six stimulus intensities was randomized to make the order effects equal for every participant.

Experiment 2

An acoustic tone by itself might have an effect on the corticospinal excitability through an arousal enhancement that is independent of postural changes (Lofberg et al., 2014). To exclude this possibility, we further examined how the TA and the SOL excitability would be modulated with an acoustic cue preceding TMS without postural perturbation. In Experiment 2, we compared stimulus–response relation curves with and without temporal cues (No Perturbation with Cue and No Perturbation, respectively). All MEPs were induced in normal standing, and no perturbation was applied. The participants performed six blocks with different stimulus intensities (80–130% TA-MT) the same as in Experiment 1. Ten trials were performed for every set, and the orders of conditions and stimulus intensities were randomized to avoid order effects.

Data Analysis

The peak-to-peak amplitude of each MEP from all recorded data was calculated within 40 ms after the stimulus onset. All MEPs were normalized by the M-max of each muscle. We plotted the mean MEP amplitude relative to the stimulus intensities in all three conditions and fitted them to data points using linear regression analysis. We assessed the slopes of the linear regression as a gain parameter of each stimulus–response relation curve.

We first performed the Jarque–Bera test to check the normality of the MEP distribution at each stimulus intensity, and we observed that 4.0% of the TA-MEP data and 11.0% of the SOL-MEP data were identified as outliers in Experiment 1. We therefore excluded outliers with the non-parametric method, in which the discarded data were defined as deviating more than 1.5 × the interquartile range (IQR) from the 75% quartile and below 1.5 × the IQR from the 25% quartile (Papegaaij et al., 2014). Additionally, the first trial in every block was discarded from the subsequent analysis because it was known that this MEP tended to be higher compared to those in subsequent trials and that the postural response was influenced by a first trial effect (Allum et al., 2011).

We computed the pre-stimulus root mean square of the EMG activity (BGA) for 50 ms before the TMS. Trials were also discarded when the BGA exceeded the mean value plus two times its standard deviation (BGA + 2SD). In Experiment 1, we further calculated the relative difference of the MEP amplitude (MEP ratio) between the No Cue and Cue conditions. To compare the changes from the No Perturbation condition, we normalized the MEP amplitude in the No Cue and Cue conditions by the mean amplitude in the No Perturbation condition.

We compared the slopes of the response–stimulus relation curves among different conditions with a one-way analysis of variance (ANOVA) with repeated measures. For Experiment 2, we performed t-tests to determine whether the slopes showed significant differences between the No Perturbation with Cue and No Perturbation conditions. Both the MEP ratio and BGA were compared with two-way repeated-measures ANOVA with conditions and stimulus intensities. When the sphericity could not be assumed, a Greenhouse-Geisser correction was applied. In cases with a significant effect, we used Bonferroni correction for post hoc comparisons to assess the differences among conditions. The significance value for all conditions was set at p < 0.05, and the averaged data are presented as the mean ± standard error of the mean (SE). Interaction effects are reported only when significant.

RESULTS

Experiment 1: Effects of the Predictions of Postural Perturbation on the Excitability of the Corticospinal Pathway in the TA and SOL Muscles

All participants completed Experiment 1 without taking any steps or falling, and all stimulus–response curves were obtained for the TA and the SOL muscles. Figure 2 shows the ensemble-averaged MEPs of a representative participant in Experiment 1. In the No Cue and Cue conditions, the TA-MEPs were clearly enhanced compared to those in the No Perturbation condition, whereas no significant difference was found in the SOL-MEPs. In the averaged group data, the one-way repeated-measures ANOVA demonstrated a significant main effect of condition on the slopes of the TA-MEP (F(1.2,17.1) = 11.9, p = 0.01, Figure 3). The subsequent post hoc test revealed that the slopes of the TA-MEP in the No Cue and Cue conditions were both significantly larger than that in the No Perturbation condition (No Perturbation 0.023 ± 0.004 vs. No Cue 0.042 ± 0.007, p = 0.01; No Perturbation 0.023 ± 0.004 vs. Cue 0.050 ± 0.009, p = 0.01), whereas no significant difference was observed in the slope of the TA-MEP between the No Cue and Cue conditions (No Cue vs. Cue, p = 0.14). The rates of discarded data were 6.2% of the TA-MEPs and 5.3% of the SOL-MEPs. In contrast, the slopes of the SOL-MEPs did not change significantly (F(1.3,18.1) = 0.31, p = 0.83). The linear regression fitting to the stimulus–response relation curve showed high coefficients of determination (TA: mean R2 = 0.86 [0.65–0.97], SOL: mean R2 = 0.82 [0.56–0.98]). There was a significant effect of condition on the MEP ratio revealed by the two-way repeated-measures ANOVA in Experiment 1 (TA-MEP conditions: F(1,13) = 6.31, p = 0.03; stimulus intensities: F(2.9,38.3) = 0.99, p = 0.38; SOL-MEP conditions: F(1,13) = 12.5, p = 0.004; intensities: F(5,65) = 1.02, p = 0.41, Figure 4). The ratio of the TA-MEP in the Cue condition was significantly larger than that in No Cue condition (Cue vs. No Cue, p = 0.03), whereas that of the SOL-MEP in the Cue condition was significantly reduced compared to that in the No Cue condition (Cue vs. No Cue, p = 0.004).
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FIGURE 2. The ensemble-averaged MEPs of a representative participant in Experiment 1. Note that the TA-MEP is larger in the No Cue and Cue conditions compared to that in the No Perturbation condition, whereas the SOL-MEP is almost equal among the four conditions. TA-MT, the motor threshold of the MEP in the TA; No Perturbation, normal standing without any perturbations; No Cue, exposing perturbations without timing cue; Cue, exposing perturbations with timing cue.
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FIGURE 3. Response–stimulus relation curves of the TA- and SOL-MEP and BGA activities in each stimulus condition (80% TA-MT–130% TA-MT). Dotted lines represent regression lines in each curve. The values of MEPs were normalized by M-max. Each point is presented as the mean ± SEM. Bars represent values of slopes fitted by linear regression (∗p < 0.05 between conditions). For the TA-MEP (A), the mean amplitude above 100% of the stimulus intensity and the values of the slopes are larger in the No Cue and Cue conditions compared to those in the No Perturbation condition. For the SOL-MEP (B), those parameters tended to be smaller in the Cue condition than in any other condition. The BGA is similar among all conditions, both in the TA (C) and the SOL (D). No Perturbation, normal standing without any perturbations; No Cue, exposing perturbations without timing cue; Cue, exposing perturbations with timing cue.
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FIGURE 4. The ratio of changes in the TA- and the SOL-MEP from the mean amplitude in the No Perturbation condition. Each point represents the value of MEP in all trials divided by the mean amplitude in the No Perturbation condition for a representative subject (A: TA-MEP and B: SOL-MEP). The mean values of the MEP ratio in all subjects. “100%” corresponds to the averaged values in the No Perturbation condition of each stimulus intensity (C: TA-MEP ratio and D: SOL-MEP ratio). No Perturbation, normal standing without any perturbations; No Cue, exposing perturbations without timing cue; Cue, exposing perturbations with timing cue.



There were no significant differences in the BGA in the TA muscle among the different conditions and stimulus intensities (conditions: F(1.1,13.0) = 0.56, p = 0.47; stimulus intensities: F(2.1,13.0) = 1.03, p = 0.33; the averaged value of all trials: No Perturbation, 2.83 ± 0.34 μV; No Cue, 2.80 ± 0.23 μV; Cue, 2.30 ± 0.29 μV). The two-way repeated-measures ANOVA showed a significant main effect of stimulus intensity on the BGA of the SOL (F(5.0,65.0) = 3.41, p < 0.05; No Perturbation: 19.62 ± 0.46 μV; No Cue: 23.68 ± 0.29 μV; Cue: 19.62 ± 0.52 μV). Because no significant difference was found related to the condition (F(2.0,26.0) = 0.73, p = 0.49), we concluded that the difference in the BGA in the SOL was unlikely to have caused any MEP modulation.

Experiment 2: Effects of Temporal Prediction on TMS While Standing

For both the TA- and SOL-MEP amplitudes, the two-way repeated-measures ANOVA did not reveal significant differences between the No Perturbation and No Perturbation with Cue conditions (TA-MEP conditions: F(1,5) = 0.84, p = 0.40; stimulus intensities: F(1.5,7.3) = 1.25, p = 0.32; SOL conditions: F(1,5) = 0.53, p = 0.50; stimulus intensities: F(5,25) = 1.28, p = 0.30, Figure 5). The rates of discarded data were 4.4% of the TA-MEPs and 4.7% of the SOL-MEPs. In Experiment 2, the BGA of both the TA and the SOL was not significantly different between conditions (TA conditions: F(1,5) = 1.37, p = 0.30; stimulus intensities: F(1.5,7.5) = 21.30, p = 0.001; No Perturbation: 1.90 ± 0.05 μV; No Perturbation with Cue: 1.82 ± 0.03 μV; SOL conditions: F(1,5) = 4.64, p = 0.08; stimulus intensities: F(5,25) = 29.03, p < 0.001; No Perturbation: 12.66 ± 0.40 μV; No Perturbation with Cue: 12.27 ± 0.22 μV).
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FIGURE 5. The response–stimulus relation curves of the TA- and SOL-MEP and BGA activities in Experiment 2 (80% TA-MT–130% TA-MT). Each point is presented as the mean ± SEM. Bars represent the values of the slopes fitted by linear regression. The values of MEPs were normalized by M-max. For both the TA- (A) and the SOL-MEP (B), the mean amplitude and the values of the slopes are not different between the two conditions. The BGA is also almost the same in the two conditions (C: TA, D: SOL). No Perturbation, normal standing without any perturbations; No Perturbation with Cue, normal standing without any perturbations but with cue.



DISCUSSION

Subliminal enhancements of the corticospinal excitability have been reported in the TA and the SOL when the subject’s posture was exposed to the more unstable environment (Solopova et al., 2003; Tokuno et al., 2009). In the present study, we observed that the TA-MEP was enhanced when the subjects knew about an upcoming perturbation compared to when they did not know, and the difference was more apparent when a timing cue was given. On the other hand, the SOL-MEP tended to be decreased slightly when a timing cue was given, whereas it was no significantly different between the conditions when the subjects knew of the upcoming perturbation versus when they did not know. These results suggest that excitability of the corticospinal pathway, especially in the ankle dorsiflexor muscle, is modulated according to not only the current posture but also the future state.

Implication of Enhanced Corticospinal Excitability in the TA before Perturbation

The corticospinal excitability in the TA has been reported to be enhanced when walking or standing posture is exposed to more unstable conditions (Christensen et al., 2001; Obata et al., 2009; Baudry et al., 2015). In walking, the amplitude of TA-MEP was shown to be larger in the stance phase than in the swing phase (Christensen et al., 2001). Notably, the amplitude of the stretch reflex was also increased in the stance phase in which the ankle joint was likely to be unstable. Similarly, the corticospinal excitability and the stretch reflex were enhanced in standing compared to in a supine posture (Nakazawa et al., 2003; Obata et al., 2009; Baudry et al., 2015). From the viewpoint of functional significance, these modulations could be related to a safeguarding of the ankle joint stability through the facilitation of the long-latency EMG response. Since this reflex is partially mediated by the transcortical pathway, an enhanced excitability of the corticospinal pathway would amplify the reflex response. Therefore, the present finding of enhanced TA-MEP before perturbation may reflect a presetting of the EMG response at a higher level when perturbation is expected. In regard to the mechanisms of this enhancement, the autonomic response is one of the candidates in addition to prediction. It is well known that fear, unpleasant emotions, and elevated arousal can enhance corticospinal excitability (Baumgartner et al., 2007; Hajcak et al., 2007; Giovannelli et al., 2013). Cortical and subcortical routes through the emotion-processing regions, such as the amygdala and the anterior cingulate cortex, are regarded as primary sources for these modulations (Grezes et al., 2007). If postural perturbations induce changes in such psychological states, corticospinal excitability might be altered regardless of predictions. To explore this possibility in greater detail, future studies should pay attention to the relationship between these excitability and autonomic responses, such as the skin conductance response, heart rate, and pupil diameter.

The Effect of Temporal Prediction on Corticospinal Excitability in the TA

Electroencephalography (EEG) studies have demonstrated that temporal prediction of the onset of postural perturbation changes the cortical activities in the motor-related area (Jacobs et al., 2008; Mochizuki et al., 2009). Jacobs et al. (2008) reported that the contingent negative variation at Cz and Pz was modulated by a timing cue in the preparatory period for a perturbation, and the extent of modulation was correlated with the COP displacement. Our present observations of the corticospinal pathways support those findings, in that a preceding auditory cue affects the state of the motor area.

As a neural basis of this modulation in the motor area, the cerebellum is thought to be a key region. The cerebellum has been shown to contribute to the recalibration of the estimated timing for a moving target to disappear temporally (Roth et al., 2013). In fact, cerebellar patients are known to have disrupted temporal aspects of their upper limb movements, as occurs with an adjustment of anticipatory muscle activities (Lang and Bastian, 1999) and the sequence of the long-latency EMG response (Horak and Diener, 1994; Jacobs et al., 2008). Considering that TMS of the cerebellum suppresses the motor cortex through cerebellar-motor connectivity (Ugawa et al., 1995; Pinto and Chen, 2001), it is conceivable that projections from the cerebellum affect the modulations of corticospinal excitability with the temporal prediction.

Our present analyses demonstrated that the corticospinal excitability in the TA was enhanced when the timing cue was given. This result is inconsistent with previous studies of the stretch reflex that reported the reduced amplitude of the long-latency response (Nakazawa et al., 2009; Fujio et al., 2016). We suspect that this discrepancy is due to the difference in perturbation types. In those experiments, the stretch reflex in the TA was evoked by rotation of the ankle joint (i.e., plantar flexion) or landing from a low stand in which the TA response is not required in order to maintain the standing posture. On the contrary, the TA response evoked by an anterior-surface translation contributes to recovery from the posterior sway. Therefore, our observation of enhanced TA-MEP, which would enhance the TA response, is reasonable with respect to the context for the postural recovery.

The Different Changes in Corticospinal Excitability between the TA and the SOL

Unlike the pronounced facilitations in the TA muscle, the SOL-MEP was slightly reduced only when the timing cue was provided. This result is consistent with a previous report (Walchli et al., 2017). We propose that this discrepancy is related to differences in the functional and physiological features of these muscles.

First, as mentioned above, the manner of perturbation used in this study should be taken into consideration. Types and directions of perturbation are determinants for EMG responses (Moore et al., 1988). When anterior surface translation is applied, the TA activation is evoked predominantly to compensate for posterior body sway, whereas the SOL activation is likely to deteriorate posterior-swayed posture rather than compensate for it. We suspect that if the modulation observed before perturbation is related to the postural response, the subliminal enhancement of TA-MEP would be reasonable for the selective activation of the TA. In this regard, Walchli et al. (2017) reported that the SOL-MEP was not modulated before posterior translation was applied. In this case, the SOL activity is thought to contribute to postural recovery from anterior body sway. It suggests that the manner of perturbation has little influence on the difference between the TA and the SOL.

Second, the susceptibility of the corticospinal pathway to the TMS could be a reason explaining the difference between the TA and the SOL. It has been reported that the MEP of the TA was more easily elicited than that of the SOL, in both sitting and supine postures (Brouwer and Ashby, 1990; Lavoie et al., 1995; Bawa et al., 2002; Obata et al., 2009). The inhibitory projection of the corticospinal pathway to spinal motoneurons in the SOL was reported to be richer than that in the TA (Hudson et al., 2013). The inconsistency between muscles may be attributable to such different proportions of the excitatory and inhibitory projections. In support of this, review by Dietz (1992) suggested that the SOL is more influenced by spinal proprioceptive feedback whereas cortical control is dominant in the TA during landing and standing.

Third, the reciprocal inhibition could involve the slight reduction of the SOL excitability with temporal prediction. It has been known that the motoneurons of the TA and the SOL receive input from interneurons of the reciprocal inhibition, which are driven by the motor cortex through the corticospinal pathway (Geertsen et al., 2010). The ratio of the enhancement in the prime mover was larger relative to that of the inhibition in the antagonist muscles (Gerachshenko and Stinear, 2007). This is consistent with our present finding that the reduction of the SOL excitability was observed only when the larger TA-MEPs were elicited with temporal prediction.

Limitations

There are some limitations regarding the interpretation of the present results. First, the site and the intensity of the TMS were adjusted for the TA but not for the SOL. Although the hot spot of the SOL is thought to be almost the same as that of the TA, we cannot exclude the possibility that the subtle difference of the stimulus site might affect the results in the SOL. We observed little changes of the SOL-MEP despite the application of wide range of stimulus intensities. However, it is still possible that the TMS intensity relative to the motor threshold of the TA masked the modulation in the SOL. Second, we used one perturbation through experiment because we focused on the temporal prediction only in this study. It is still unclear about the effects of predictions on direction and intensity of perturbation. Further studies are needed to clarify in this regard. Third, as mentioned above, we could not divide the influence of autonomic response from the effects of prediction. In order to test our results more rigorously, other measurements to assess the dynamics of the autonomic nervous system must be added to the experimental protocol.

CONCLUSION

We sought to clarify the effects of the prediction of postural perturbation on the excitability of corticospinal pathways in the TA and SOL muscles. We observed that TA excitability was enhanced just before perturbation. Specifically, when a timing cue was provided, the enhancement of the TA excitability was more remarkable, whereas the SOL excitability was slightly reduced. These results imply that prediction of the postural state is one modulator of the excitability of corticospinal pathways. We propose that TA excitability is sensitive to potential risks to posture security and that an accurate temporal preparation is available to preset the TA excitability to upcoming perturbation.
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