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Abstract
Non- noxious electrical stimulation to distinct locations of the foot sole evokes 
location- specific cutaneous reflex responses in lower limb muscles. These re-
flexes occur at latencies that may enable them to be mediated via a transcorti-
cal pathway. Corticospinal excitability to the plantarflexors and dorsiflexors was 
measured in 16 participants using motor evoked potentials (MEPs). Spinal excit-
ability was measured in eight of the original participants using cervicomedul-
lary motor evoked potentials (CMEPs). Measurements were collected with and 
without preceding cutaneous stimulus to either the heel (HEEL) or metatarsal 
(MET) locations of the foot sole, and evoked potentials were elicited to coincide 
with the arrival of the cutaneous volley at either the motor cortex or spinal cord. 
Plantarflexor MEPs and CMEPs were facilitated with cutaneous stimulation to 
the HEEL for MEPs (soleus p = 0.04, medial gastrocnemius (MG) p = 0.017) and 
CMEPs (soleus p = 0.047 and MG p = 0.015), but they were unchanged following 
MET stimulation for MEPs or CMEPs. Dorsiflexor MEPs were unchanged with 
cutaneous stimulation at either location, but dorsiflexor CMEPs increased with 
cutaneous stimulation (p = 0.05). In general, the increase in CMEP amplitudes 
was larger than the increase in MEP amplitudes, indicating that an increase in 
spinal excitability likely explains most of the increase in corticospinal excitabil-
ity. The larger change observed in the CMEP also indicates that excitability from 
supraspinal sources likely decreased, which could be due to a net change in the 
excitability of intracortical circuits. This study provides evidence that cutaneous 
reflexes from foot sole skin are likely influenced by a transcortical pathway.
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1  |  INTRODUCTION

Cutaneous afferent feedback from the soles of the feet is 
important for the control of balance (Kavounoudias et al., 
2001; Oddsson et al., 2004). Previous work has shown that 
a reduction in plantar skin feedback can impair standing 
balance (McKeon & Hertel, 2007; Nurse & Nigg, 2001; 
Perry et al., 2000) and alter gait parameters (Eils et al., 
2004), while enhancement of cutaneous afferent feedback 
from the feet has been shown to improve postural control 
(Galica et al., 2009; Perry et al., 2008; Priplata et al., 2003). 
These postural responses may be mediated through cuta-
neous reflexes, such as those highlighted by Fallon and 
colleagues (2005) where activation of cutaneous afferents 
from the foot sole reflexively modulates muscle activity in 
the lower limb. This study largely proposes reflex activa-
tion within spinal circuitry; however, transcortical path-
ways may also be involved.

When elicited through non- noxious electrical stim-
ulation, cutaneous reflexes commonly exhibit an initial 
increase in muscle activity (E1: thought to be mediated 
by an oligosynaptic spinal pathway), followed by a short 
period of inhibition (I1: also mediated at the spinal level, 
but dependent on descending signals), and then a second 
excitatory response (E2) (Issler & Stephens, 1983; Jenner 
& Stephens, 1982). With an approximate latency range of 
70– 110 ms in the lower limb, this later phase of the cu-
taneous reflex was proposed by Nielsen and colleagues 
(1997) to be at least partially transcortical in origin. In 
their study, subthreshold transcranial magnetic stimula-
tion (TMS), paired with cutaneous stimulation of periph-
eral nerves at the ankle, increased tibialis anterior (TA) 
motor unit discharge rates and facilitated H- reflex am-
plitudes. Importantly, these facilitatory effects were not 
present with electrical stimulation of the motor cortex, 
suggesting that the reflex pathway likely involved cortical 
circuits (Nielsen et al., 1997). This previous work focused 
on foot dorsum for purposes of dynamic stumbling cor-
rective responses from the activation of dorsal skin. The 
foot sole skin is differentially engaged during different 
phases of the gait cycle, and is known to modulate activity 
of the lower limb musculature (Zehr & Stein, 1999). The 
significance of a possible transcortical connection from 
the plantar sole to the lower limb is that it would support 
higher level integration in balance and propulsive loco-
motor activities.

Reflex work in the lower limb suggests that the influ-
ence of cutaneous afferent stimulation on corticospinal 
excitability is likely more complex than widespread in-
hibition. Nakajima et al. (2006) demonstrated that plan-
tarflexor (both soleus and medial gastrocnemius) muscle 
activity was facilitated following cutaneous stimulation 

of the heel but inhibited following forefoot (metatarsal) 
stimulation. In contrast, the tibialis anterior was facili-
tated and inhibited by forefoot and heel stimulation, 
respectively. This location specificity has also been ob-
served in studies utilizing the stretch and H- reflex; spi-
nal excitability to the soleus is facilitated with cutaneous 
stimulation of the heel (Sayenko et al., 2007, 2009) but 
inhibited with stimulation of the metatarsals (Knikou, 
2007; Sayenko et al., 2009). It is possible that cutaneous 
stimulation of the foot sole could also modulate corti-
cospinal excitability to lower limb muscles in a similar 
location- dependent manner; however, no such stud-
ies have been performed to date. If so, this would add 
important knowledge to the current understanding of 
how cutaneous activity influences locomotor outputs; 
cutaneous activity has been shown to aid in the produc-
tion of sensory steering during walking, but this effect 
is thought to occur via reflexes at the spinal cord level 
(Zehr et al., 2014). Should cutaneous reflexes, elicited by 
stimulation at the foot sole, include a transcortical com-
ponent, this would suggest cutaneous activity has a more 
sophisticated and complex involvement in the control 
and steering of locomotor outputs.

The purpose of the present study was therefore to ex-
amine corticospinal and spinal excitability to the plan-
tarflexors and dorsiflexors following cutaneous afferent 
stimulation at either the heel or metatarsal locations of 
the foot sole. Our hypotheses were twofold: (1) cutaneous 
afferent stimulation would modulate corticospinal and 
spinal excitability in a similar location- dependent man-
ner as has previously been demonstrated in EMG and 
stretch/H- reflex studies; and (2) the relative changes in 
corticospinal and spinal excitability following cutaneous 
afferent stimulation would not be equal, suggesting that 
supraspinal mechanisms contribute at least partially to 
the changes in corticospinal excitability.

2  |  METHODS

2.1 | Subjects

Sixteen healthy subjects (8 female) aged 19– 29  years 
(23  ±  3  years, mean  ±  SD) participated in this study. 
Subjects completed health history questionnaires and 
gave written informed consent prior to data collection. 
Subjects were free from neurological and musculoskeletal 
disorders. Subjects were excluded if they had a history of 
seizures, concussions, or lower limb injuries. All experi-
mental procedures conformed to the standards set by the 
Declaration of Helsinki and were approved by the research 
ethics board at the University of Guelph (REB#16- 12- 520).
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2.2 | Cutaneous stimulation

To evoke the cutaneous reflex responses, the heel and meta-
tarsal locations of the plantar foot sole were electrically stim-
ulated using a constant- current stimulator (Model DS7AH, 
Digitimer) and two pairs of Ag/AgCl stimulus electrodes (1 
inch diameter) placed on both the metatarsal and heel loca-
tions of the right plantar sole (Figure 1A). The metal tabs 
of the electrodes were left exposed on the lateral borders of 
the plantar sole locations to allow the stimulator leads to be 
connected, and the anode and cathode arrangement varied 
between participants to obtain local skin sensation across 
the target foot region (determined based on subject feed-
back). Electrode gel was applied on the electrodes to reduce 
impedance and lower the voltage necessary to maintain a 
constant current. Electrical stimulation consisted of a train 
of five constant- current rectangular pulses (each 1.0 ms du-
ration, inter- pulse interval 3 ms), with trains applied at a 
frequency of 200 Hz (Nakajima et al., 2006).

Perceptual threshold (PT), defined as the lowest stimulus 
intensity (current) that evoked detectable tactile sensations 
at the cutaneous site, was determined for each location. PT 
was measured with the subjects standing while the experi-
menter gradually decreased the stimulus voltage until the 
participant could barely discern the stimulus (identified as 
PT) on their plantar sole. Electrical stimulation intensity 

was set at 2 times the perceptual threshold (2.0 × PT) during 
testing to evoke a non- noxious cutaneous sensation during 
each trial. It was verbally confirmed by all subjects that the 
stimulation intensity was not painful.

2.3 | Transcranial magnetic stimulation

Transcranial magnetic stimulation (TMS) was used to 
investigate the influence of foot sole stimulation on cor-
ticospinal excitability. TMS was performed using two 
MagStim 200 stimulators connected to a Bistim module and 
a double cone coil (MagStim). The coil was placed over the 
right leg area of the motor cortex (slightly lateral to the ver-
tex). To locate the stimulation site, participants were seated 
with their legs relaxed and knees bent ~90° while stimuli 
were delivered through the coil. The stimulation site was 
identified as the location over which motor evoked poten-
tials (MEP) to the soleus could be evoked with the lowest 
stimulation intensity. Once the optimal site was identified, 
subjects stood for the experimental procedures. The TMS 
intensity (% of maximal stimulator output [%MSO]) was 
then adjusted in the standing position to produce reliable 
and repeatable MEPs of at least 100 μV peak- to- peak am-
plitude. During the experimental protocol, TMS was deliv-
ered as described below. A single pulse was applied using 

F I G U R E  1  (A) Locations of plantar sole stimulation over the metatarsal and heel regions. Circles represent placement of electrodes 
on the right foot sole for stimulation of either the metatarsal or heel locations. (B) Timing of cutaneous stimulation relative to cortical and 
cervicomedullary stimulation. a latency (ms) is the time to the peak reflex response (occurring between 70 and 110 ms) measured in the 
soleus (SOL) following 100 electrical stimulations to either the HEEL or MET skin locations on the foot sole. b latency (ms) is the time to 
the peak of the evoked potential in the SOL occurring with TMS or cervicomedullary stimulation (CMEP). This is the estimated efferent 
conduction time. The c (ms) value, which is the interstimulus interval between the train of electrical stimulation to the plantar sole and the 
TMS or CMEP pulse, is calculated by a − b. Thus, c is the estimated afferent conduction time from the foot sole to the motor cortex. cwas 
calculated separately for TMS and CMS as these techniques have different latencies.
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the MagStim stimulator (a range of 40%– 65% of maximal 
stimulator output was used across participants to elicit a 
100 μV amplitude MEP in the soleus).

2.4 | Cervicomedullary stimulation

The corticospinal tract was also stimulated noninvasively 
at the level of the cervicomedullary junction through 
transmastoid electrical stimulation (cervicomedullary 
stimulation, CMS) in 8 of the original 16 subjects. CMS was 
performed using a 200 μs electrical pulse (Model D7SAH, 
Digitimer) delivered through a pair of electrodes (Clear 
Trace, ConMed) fixed to the skin just posterior to the mas-
toid processes with the cathode on the left. Stimulation 
intensity was set at a level at which a cervicomedullary 
motor evoked potential (CMEP) could be observed in the 
soleus during standing. The stimulation intensity (200– 
300  mA) was adjusted to produce CMEPs to match the 
amplitude of the previously recorded unconditioned MEP 
amplitude of each participant (roughly100 μV).

2.5 | Muscle recordings

Both MEPs and CMEPs were recorded using surface elec-
tromyography (EMG). EMG was recorded on the right leg 
from the soleus (SOL), medial gastrocnemius (MG), and 
tibialis anterior (TA) muscles using pairs of surface Ag/
AgCl electrodes (Ambu Blue Sensor). Electrodes were 
placed in a monopolar arrangement with one electrode 
over the muscle belly and a second along the muscle- 
tendon interface of each muscle; for SOL the proximal 
electrode was placed laterally along the soleus border, 
with the distal electrode on the Achilles tendon, for TA, 
the proximal electrode was placed distal and lateral to the 
tibial tuberosity, over the proximal muscle belly, with the 
distal electrode where the tendon crosses over the tibia, 
and finally the MG electrodes were placed on the medial 
head of the gastrocnemius, and the proximal Achilles ten-
don. EMG signals were amplified (gain 500– 1000, band 
passed filtered between 10 to 1000  Hz; Bortec AMT- 8 
system, Bortec Biomedical Ltd), and digitized at 2048Hz 
(Spike 2 version 7, Cambridge Electronic Design).

2.6 | Study design

2.6.1 | Timing of cutaneous afferent 
stimulation relative to TMS and CMS

To coordinate the timing of TMS and CMS with the ar-
rival of the stimulated cutaneous input, cutaneous reflex 

responses to foot sole electrical stimulation were evoked 
and the latency of the cutaneous reflex in soleus was cal-
culated for each individual subject.

Cutaneous reflexes were evoked by stimulation of 
the metatarsal or heel locations of the right plantar sole 
while subjects stood upright on a stable surface with their 
eyes open. In order to obtain stable and clear cutaneous 
reflexes, 100 stimulations were applied at each location 
(heel or metatarsal), with a 3- min resting period between 
locations. The amplified soleus EMG signal was digitally 
rectified, and averaged to the stimulus onset to calculate 
latency. A reflex response was considered present if it rose 
above or fell below three standard deviations of the mean 
background EMG for at least 8 ms (Nakajima et al., 2006). 
The time of the reflex in the soleus muscle in response to 
the electrical stimulation of the plantar sole (occurring in 
the range of 70– 110 ms) was calculated as the time of the 
first peak, whether inhibitory or excitatory. This measure-
ment was performed for reflex responses occurring fol-
lowing stimulation to both heel and metatarsal locations.

To estimate efferent conduction time from the motor 
cortex to the muscle, the average latency (to the first peak) 
of 5 soleus MEPs was calculated during standing. For the 
cervicomedullary protocol, efferent conduction time from 
the brainstem to the muscle was calculated from the av-
erage latency (to the first peak) of 5 CMEPs in the soleus.

Interstimulus intervals (ISIs) between cutaneous stim-
ulation of the plantar sole and TMS (or CMS; calculations 
performed separately as MEPs and CMEPs demonstrate 
unique latencies) were calculated by subtracting MEP (or 
CMEP) latency from the latency of the cutaneous reflex. If 
the cutaneous reflex is transcortical, this timing coincides 
delivery of TMS with any motor cortical response to the 
cutaneous input. Whatever the pathway of the cutaneous 
reflex, the timing coincides the arrival of descending vol-
leys elicited by TMS or CMS with the response of the mo-
toneurons to the cutaneous input (Figure 1B).

2.6.2 | Experiment 1: Effect of foot sole 
stimulation on corticospinal excitability

In 16 subjects, we investigated the effect of foot sole cu-
taneous afferent stimulation on ankle plantarflexor and 
dorsiflexor MEPs during quiet stance. Data were collected 
while subjects stood with a natural base of support and 
eyes open. Participants received block randomized plantar 
stimulation at either the heel (HEEL) or metatarsal loca-
tions (MET) with an independent set of control trials com-
pleted for each location. In total 40 MEPs were elicited at 
each location: 20 control MEPs with no foot sole stimula-
tion, and 20 MEPs with cutaneous electrical stimulation 
paired with TMS. The timing of the cutaneous— TMS ISI 
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was based on the latencies of responses in soleus and was 
calculated for each subject (range 48– 60 ms; see above). 
For all trials, the time between consecutive TMS pulses 
was 10 s. A 5- min seated resting period was imposed be-
tween locations (HEEL or MET) to avoid a confounding 
effect arising from fatigue.

2.6.3 | Experiment 2: Effect of foot sole 
stimulation on spinal excitability

We also examined the effect of foot sole stimulation on 
evoked responses from direct activation of the corticospinal 
tract in 8 of the original 16 subjects (in separate experimental 
sessions). This was to establish if the observed MEP changes 
were supraspinal in origin. Data were again collected while 
subjects remained standing with their eyes open and main-
tained a natural base of support. Stimulations were elicited 
in the same two locations as the TMS session; HEEL stim 
and MET stim (randomized). Each location consisted of 
15 randomized trials: 5 control CMEPs without cutaneous 
stimulation and 10 CMEPs paired with cutaneous stimula-
tion. Interstimulus intervals were calculated specifically for 
each participant (range 57– 68 ms).

2.7 | Data analysis and statistics

The size of the MEPs and CMEPs were measured as the 
peak- to- peak amplitudes of the non- rectified responses. 
Evoked potentials were analyzed in Signal Software ver-
sion 6 (Cambridge Electronic Design; both MEP and 
CMEP). For CMEP amplitudes only, the 5 control CMEPs 
for the Heel trials and the 5 control CMEPs for the MET tri-
als were averaged into a single control value. Background 
RMS EMG activity was measured from the EMG over a 
50- ms period before the stimulus to ensure there was a 
comparable level of EMG activity across conditions for 
each muscle. Statistical analysis was performed on the raw 
MEP and CMEP responses and those expressed as a per-
centage of difference from the NO FOOT STIM condition.

For the first hypothesis, two- way repeated measures 
ANOVAs for each muscle (SOL, MG and TA) and for each 
potential (MEPs and CMEPs) assessed differences in evoked 
potential amplitudes that resulted from electrical stimula-
tion of the plantar sole during standing. The two within- 
subject factors (independent variables) were stimulation 
condition (NO FOOT STIM and FOOT STIM) and location 
(HEEL or MET). Peak- to- peak amplitudes for the raw MEPs 
(n = 16) and CMEPs (n = 8) of each muscle were analysed.

For the second hypothesis, MEPs and CMEPs (n = 8) 
responses, expressed as a percent difference from the NO 
FOOT STIM condition, were compared in a three- way 

repeated measures ANOVA with independent variables 
of potential (MEP vs. CMEP), location (HEEL or MET), 
and muscle (Soleus, MG, and TA). Additionally, an a pri-
ori comparison was run to compare percent differences 
between MEP and CMEP within the HEEL location and 
within the MET location.

For all ANOVAs, normality and sphericity of response 
amplitudes were evaluated using Shapiro– Wilk and 
Mauchley's tests, respectively. If a violation of normality 
occurred, the data were log transformed prior to conduct-
ing the statistical analyses. Significance level was set as 
p < 0.05 for all analyses. Estimated effect sizes were cal-
culated as partial eta squared (ηp2). Bonferroni post hoc 
analysis was applied for significant effects. All statistical 
analyses were performed using SPSS version 25 (IBM ).

3  |  RESULTS

3.1 | Background EMG

The level of background EMG activity was quantified for all 
muscles (SOL, MG, and TA) during the 50- ms period prior 
to the cutaneous stimulation onset. Background EMG was 
assessed to ensure there was a comparable level of EMG ac-
tivity across stimulation conditions (NO FOOT STIM and 
FOOT STIM). There were no statistical differences in aver-
age background EMG for experiment 1 between NO FOOT 
STIM and FOOT STIM for the SOL (Heel: p = 0.129, MET: 
p = 0.316), MG (Heel: p = 0.109, MET: p = 0.129), or TA 
(Heel: p = 0.981, MET: p = 0.665), nor were there any dif-
ferences in background EMG for experiment 2 between NO 
FOOT STIM and FOOT STIM for the SOL (Heel: p = 0.728, 
MET: p = 0.212), MG (Heel: p = 0.708, MET: p = 0.298), or 
TA (Heel: p = 0.467, MET: p = 0.829).

3.2 | Experiment 1: Effect of foot sole 
stimulation on corticospinal excitability

MEPs from all three muscles from a representative in-
dividual are shown in Figure 2. For this individual, SOL 
and MG MEPs were larger when preceded by cutaneous 
stimulation at the heel location. In all other conditions, 
stimulation resulted in decreased MEP amplitudes. For 
group data, MEPs were non- normally distributed, so 
were log transformed. Electrical stimulation of the foot 
sole modulated the peak- to- peak amplitude of MEPs of 
the plantarflexor muscles (Figure 3). SOL MEPs showed 
a significant interaction for location by stimulation con-
dition (F(1,15) = 17.383, p = 0.001, ηp2 = 0.537). Changes 
in excitability differed with stimulation at the two loca-
tions. Post- hoc comparisons determined that SOL MEP 
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amplitudes significantly increased from NO FOOT STIM 
(0.32 ±0.22 mV) to FOOT STIM (0.43 ± 0.32 mV) at the 
HEEL location (Figure 3a; p = 0.04), but MEP amplitudes 

were unchanged from NO FOOT STIM (0.33 ± 0.23 mV) 
to FOOT STIM (0.29  ±  0.23  mV) at the MET location 
(Figure 3b; p = 0.077).

F I G U R E  3  Group averages 
(means ± SD, n = 16) of MEP amplitudes 
elicited in the soleus (SOL), medial 
gastrocnemius (MG), and tibialis anterior 
(TA) with (white bars) or without 
(gray bars) preceding cutaneous foot 
sole stimulation. Individual data are 
represented by black circles. Foot sole 
stimulation was delivered at the heel (a) 
and the metatarsal (MET) locations (b). * 
indicates a significant difference between 
no foot stim and foot stim (*p < 0.05).

F I G U R E  2  Average motor evoked potentials (MEPs) recorded from the soleus (SOL), medial gastrocnemius (MG) and the tibialis 
anterior (TA) of a representative individual during standing. Each trace is the average of 20 potentials. Solid black lines depict MEPs that 
were elicited following cutaneous foot sole stimulation; dashed gray lines depict MEPs that were elicited without preceding stimulation.
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A significant interaction between location and stimula-
tion condition was also found for MEP amplitudes for the 
MG (F(1,15) = p = 0.002, ηp2 = 0.494). Similar to the soleus, 
post- hoc comparisons revealed a significant increase in 
amplitude with stimulation at the HEEL location (Figure 
3a; NO FOOT STIM: 0.11 ± 0.06 mV, FOOT STIM: 0.17± 
0.12 mV; p = 0.017), but there was no significant change in 
MEP amplitudes when stimulus was applied to the MET 
location (Figure 3b; NO FOOT STIM: 0.12  ±  0.10  mV, 
FOOT STIM: 0.11 ± 0.08 mV; p = 0.053).

Electrical stimulation of the foot sole did not signifi-
cantly modify the size of the MEPs of the TA. There was 
no significant interaction for location by stimulation con-
dition (F(1,15) = 0.169, p = 0.687, ηp2 = 0.011). While there 
was a slight decrease from NO FOOT STIM to FOOT STIM 
at both HEEL (0.44  ±  0.41  mV to 0.38  ±  0.36  mV) and 
MET (0.44 ± 0.41 mV to 0.42 ± 0.42 mV) locations (Figure 
3a,b), there were no significant main effects for location 
(F(1,15) = 0.130, p = 0.724, ηp2 = 0.009) or stimulation con-
dition (F(1,15) = 1.708, p = 0.211, ηp2 = 0.102).

3.3 | Experiment 2: Effect of foot sole 
stimulation on spinal excitability

CMEPs from all three muscles from a representative indi-
vidual are shown in Figure 4. For this individual, CMEPs 
were larger in all muscles following cutaneous stimulation 
at the heel location; CMEPs were only larger in the soleus 

and TA for stimulation at the MET location. For SOL group 
data (Figure 5), there was no interaction between location 
and stimulation condition on CMEP amplitudes; however 
there was a significant main effect of stimulation condi-
tion (F(1,7) = 8.456, p = 0.023, ηp2 = 0.547). The increase in 
amplitude from NO STIM to FOOT STIM was significant 
for HEEL (Figure 5a; 0.13 ± 0.07 mV to 0.32 ± 0.27 mV, 
p = 0.047), but not for MET (Figure 5b; 0.13 ± 0.07 mV to 
0.17 ± 0.08 mV, p = 0.146).

For MG CMEP amplitude, a significant interaction of 
location by stimulation condition was found (F(1,7) = 7.567, 
p = 0.028, ηp2 = 0.519). Post hoc comparisons revealed a sig-
nificant increase in CMEP amplitude with stimulation at the 
HEEL location (Figure 5a; NO FOOT STIM: 0.05 ± 0.04 mV, 
FOOT STIM: 0.12 ± 0.09 mV; p = 0.015), and no change at the 
MET location (Figure 5b; NO FOOT STIM: 0.05 ± 0.04 mV, 
FOOT STIM: 0.04 ± 0.03 mV; p = 0.506).

For TA CMEP amplitude, there was no significant in-
teraction of location by stimulation condition; however a 
significant main effect of stimulation condition (F(1,7)= 
5.616, p  =  0.05, ηp2  =  0.445) was found, where CMEP 
amplitude increased following cutaneous stimulation. 
Although FOOT STIM significantly increased the CMEP 
when grouped, post- hoc comparisons revealed no differ-
ence in CMEP amplitudes between stimulus conditions 
at either the HEEL (0.03 ± 0.02 mV to 0.08 ± 0.08 mV, 
p  =  0.059) or the MET locations (0.03  ±  0.02  mV to 
0.07 ± 0.07 mV, p = 0.052) although they approached sta-
tistical significance.

F I G U R E  4  Average cervicomedullary motor evoked potentials (CMEPs) of the soleus (SOL), medial gastrocnemius (MG) and the 
tibialis anterior (TA) of a representative individual during standing. Each trace is an average of 10 potentials. Solid black lines depict CMEPs 
that occurred following cutaneous foot sole stimulation; dashed gray lines depict CMEPs that occurred without preceding stimulation.
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3.4 | Effect of foot sole stimulation on 
MEPs versus CMEPs

To determine whether the changes in corticospinal ex-
citability following foot sole stimulation were driven by 
changes at the supraspinal or spinal level, we compared 

the percent change (relative to NO STIM trials) in condi-
tioned MEPs and CMEPs in the eight subjects who par-
ticipated in both protocols. We first used paired t- tests 
to examine whether there were differences between the 
average MEP NO FOOT STIM amplitude and the CMEP 
NO FOOT STIM responses for each muscle. MEPs were 

F I G U R E  5  Group averages 
(means ± SD, n = 8) of CMEP amplitudes 
elicited in the soleus (SOL), medial 
gastrocnemius (MG), and tibialis anterior 
(TA) with (white bars) or without 
(gray bars) preceding sucutaneous foot 
sole stimulation. Individual data are 
represented by black circles. Foot sole 
stimulation was delivered at the heel (a) 
and the metatarsal (MET) locations (b). * 
indicates a significant difference between 
no foot stim and foot stim (*p < 0.05). # 
indicates a significant main effect across 
both stimulation locations (p < 0.05)

F I G U R E  6  Group averages (means ± SD, n = 8) of MEP and CMEP amplitudes, expressed as a percent change from control (no foot 
stimulation) trials, elicited in the soleus (SOL), medial gastrocnemius (MG), and tibialis anterior (TA). Gray and white bars depict MEP 
amplitudes and CMEP amplitudes, respectively, in panel a. Gray and white bars depict cutaneous foot sole stimulation at either the heel or 
metatarsal (MET) location, respectively, in panel b. Individual data are represented by black circles. Results are collapsed across location 
(a) and potential (b) to depict findings from 3- way repeated measures ANOVA. * indicates a significant difference between either potentials 
(MEPs vs. CMEPs) or between locations (HEEL vs. MET) within a given muscle (*p < 0.05)
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significantly larger than CMEPs for the SOL (Heel: 
p = 0.03, MET: p = 0.022) and the TA (Heel: p = 0.001, 
MET: p = 0.014). There were no significant differences for 
MG (Heel: p = 0.242, MET: p = 0.222).

For each subject, conditioned MEPs and CMEPs 
were expressed as the percent change from the match-
ing NO FOOT STIM values (Figure 6). Although there 
was no three- way interaction between muscle, location, 
and potential, there were two- way interactions for both 
potential × muscle and muscle × location (see Table 1 
for full three- way ANOVA results). For the two- way in-
teraction for potential × muscle, post- hoc paired t- tests 
between potentials (MEPs vs. CMEPs) for each muscle 
showed that stimulation- related increases in CMEP am-
plitudes were significantly larger than those in MEPs 
for the TA (186% ± 147% vs. 15% ± 50%, p = 0.003), but 
there were no differences between potentials for either 
SOL or MG. For the muscle × location interaction, post 
hoc paired t- tests between locations (HEEL vs. MET) 
for each muscle showed that HEEL stimulation re-
sulted in larger evoked potential increases than MET 
for the SOL (114% ± 108% vs. 19% ± 38%, p = 0.047) and 
MG (112% ± 85% vs. −4% ± 30%, p = 0.01), but not for 
the TA (Figure 6).

Finally, a priori planned comparisons between the 
changes in the conditioned MEP and CMEP amplitudes 
(% of NO STIM) were performed. For SOL, the conditioned 
CMEP was significantly larger than the conditioned MEP 
for MET (45%  ±  64% increase vs. 7%  ±  21% decrease, 
p = 0.04; Figure 7a) but not for HEEL (165% ± 180% in-
crease vs. 63% ± 90% increase, p = 0.156).

For MG for a priori planned comparisons, there were 
no significant differences between conditioned MEP vs. 
CMEP (HEEL: 102% ± 117% increase vs. 120% ± 79% in-
crease, p = 0.647; MET: 16% ± 28% decrease vs. 7% ± 48% 
increase, p = 0.24; Figure 7b).

Finally, for TA, the conditioned CMEP was significantly 
larger than the conditioned MEP for HEEL (165% ± 135% 
increase vs. 2% ± 32% decrease, p = 0.012; Figure 7c), but 
not for MET (206%  ±  251% increase vs. 33%  ±  89% in-
crease, p = 0.069).

4  |  DISCUSSION

Our findings demonstrate that foot sole cutaneous stimu-
lation at two different functionally important locations 
(heel and metatarsal) modulates both cortical and spinal 
excitability to the plantarflexors and dorsiflexors of the 
ankle. Stimulation of the heel location of the foot sole sig-
nificantly increased MEP amplitudes in the plantarflexor 
muscles, whereas stimulation to the metatarsal location 
resulted in no significant differences; dorsiflexor MEPs 
were unchanged following stimulation at either foot lo-
cation. The subcortically evoked CMEPs were similarly 
modulated, with CMEP amplitudes to the plantarflexors 
larger following heel stimulation but unchanged follow-
ing metatarsal stimulation. The differences between the 
relative MEP and CMEP changes suggests that the modu-
lation of corticospinal excitability to the plantarflexors 
and dorsiflexors is likely mediated at both spinal and su-
praspinal levels.

4.1 | Foot sole cutaneous stimulation and 
corticospinal excitability

The stimulation of cutaneous afferents has been shown to 
evoke a complex reflex that consists of multiple excitatory 
and inhibitory phases, each with their own latency (Aniss 
et al., 1992; Delwaide et al., 1981; Gibbs et al., 1995). The 
long latency response to dorsiflexors has been suggested 
to be mediated, at least in part, by a transcortical pathway 
(Nielsen et al., 1997). If true, it should be expected that 
the stimulation of cutaneous afferents is capable of alter-
ing corticospinal excitability, and in upper limb studies 
using TMS, this has been demonstrated (there is a scar-
city of similar investigations in the lower limb). Across 
this upper limb research, many studies have shown that 
corticospinal excitability decreases following cutaneous 
afferent stimulation (Clouston et al., 1995; Inghilleri et al., 
1995; Maertens de Noordhout et al., 1992; Manganotti 
et al., 1997; Rogić Vidaković et al., 2020; Tamburin et al., 
2001), although some have shown no effect (Komori et al., 

F statistic p- value
Effect 
size

Muscle F(2,14) = 2.240 0.143 0.242

Potential F(1,7) = 15.880 0.005* 0.694

Location F(1,7) = 3.003 0.127 0.300

Muscle × potential F(2,14) = 5.684 0.016* 0.448

Muscle × location F(2,14) = 8.141 0.005* 0.538

Potential × location F(1,7) = 0.063 0.809 0.009

Muscle × potential × location F(2,14) = 0.241 0.789 0.033

T A B L E  1  Summary of results 
from the three- way repeated measures 
ANOVA. Muscle (SOL, MG, TA), Location 
(HEEL, MET) and Potential (MEP, 
CMEP). Astrick indicates a significant 
p- value equal to or less than 0.05.
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1992). Intuitively, it therefore could have been hypothe-
sized in the present study that foot sole simulation would 
simply inhibit corticospinal excitability to the plantar-
flexors and dorsiflexors. However, upper and lower limbs 
have different functional roles, and in non- TMS studies of 
the lower limb, the cutaneous reflex response is far more 
complex than widespread inhibition. Nakajima et al. 
(2006) demonstrated that plantarflexor (both soleus and 
medial gastrocnemius) muscle activity was facilitated fol-
lowing cutaneous stimulation of the heel but inhibited fol-
lowing forefoot (metatarsal) stimulation. In contrast, the 
tibialis anterior was facilitated by forefoot stimulation and 
inhibited by heel stimulation. It was suggested that this 
location dependent response serves a functional role, such 
as during different phases of the gait cycle, where during 
heel contact or push off, specific activation of skin regions 
would reflexively engage appropriate muscles (Nakajima 
et al., 2006; Yang & Stein, 1990). This is supported by fur-
ther work by Nakajima and colleagues (Nakajima et al., 
2016), where phase specific modulation of lower limb 
muscles was demonstrated following cutaneous stimula-
tion over foot sole regions.

Given that muscle activity represents the net output 
of the motor pathway, and is sometimes even used as a 

surrogate measure of corticospinal function, it was hy-
pothesized that MEP amplitudes in the present study 
would demonstrate a similar behaviour to the previously 
documented EMG reflex responses (Nakajima et al., 
2006). This hypothesis was partially confirmed; both 
plantarflexors, SOL and MG, demonstrated increased 
corticospinal excitability following heel stimulation. 
However, the reductions in MEP amplitude following 
MET stimulation were not significant, and MEP ampli-
tudes of the TA were unchanged with either stimulus 
location. The increased excitation of the plantarflexors 
following heel stimulation could function as a contrib-
utor to effective gait function, as has been previously 
proposed (Nakajima et al., 2006; Yang & Stein, 1990); 
heel stimulation could signal initial heel contact during 
walking and facilitate plantarflexor motoneurons to 
support the stance phase. However, this fails to explain 
why there were no changes in MEP amplitudes follow-
ing MET stimulation, nor does it explain why cortico-
spinal excitability to the TA was unchanged with either 
stimulus location.

One possible explanation is the influence of discrete 
stimulation location on the amplitude and polarity of 
the cutaneous reflex responses. While Nakajima and 

F I G U R E  7  Group averages (means ± SD, n = 8) of MEP and CMEP amplitudes, expressed as a percent change from control (no foot 
stimulation) trials, elicited in (a) the soleus (SOL), (b) medial gastrocnemius (MG), and (c) tibialis anterior (TA). Gray and white bars 
depict MEP amplitudes (from experiment 1 data) and CMEP amplitudes (from experiment 2 data), respectively, following cutaneous foot 
sole stimulation at either the heel or metatarsal (MET) locations. Individual data are represented by black circles. * indicates a significant 
difference between potentials (MEPs vs. CMEPs) at a single location, determined via a priori planned paired t- tests
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colleagues (2006) reported that stimulation of the heel 
resulted in excitation of plantarflexors and metatarsal 
stimulation resulted in inhibition, they also demon-
strated a progression of reflex amplitude and polarity, 
based on discrete steps from distal to proximal or me-
dial to lateral locations across the foot sole. In particular, 
they found that stimulation over the medial metatarsals 
evoked the largest reflex responses and a progressive 
decline in amplitude, and even reflex reversal, occurred 
with movement toward the lateral metatarsal. In the 
current study, we confirmed that participants were per-
ceiving the stimulation under the region of interest, 
to ensure that we were activating mechanoreceptors 
underlying our target area. However, we did not spe-
cifically ask participants to identify the sensation in a 
medial- lateral location, which may have led to variabil-
ity in the population of mechanoreceptors that were 
contributing to the reflex response to metatarsal stimu-
lation. Since our electrodes were placed over the 1st and 
5th metatarsal heads, it is possible that the mechano-
receptors targeted were toward the middle or even lat-
eral metatarsal region, which is where previous reports 
have shown reduced or absent reflexes (Nakajima et al., 
2006). The decrease or absence of cutaneous reflex re-
sponses evoked with metatarsal stimulation would re-
duce the ability to see any change in MEP or CMEP in 
the FOOT STIM condition. Future studies examining a 
medial- lateral progression of stimulation over the meta-
tarsals, and its subsequent effects on MEP and CMEP 
amplitudes, would shed light on this possibility.

4.2 | Foot sole cutaneous stimulation and 
spinal excitability

To discern excitability at the different levels of the path-
way (cortical vs. spinal), we examined the influence of 
foot sole cutaneous stimulation on cervicomedullary 
motor evoked potentials (CMEPs). Previous research has 
shown that both the stretch reflex and the H- reflex of the 
soleus are facilitated with cutaneous stimulation of the 
heel (Sayenko et al., 2007, 2009) but inhibited with cutane-
ous stimulation of the metatarsals (Knikou, 2007; Sayenko 
et al., 2009) or big and small toes (Pierrot- Deseilligny et al., 
1973). It has been suggested that the modulation of these 
reflexes following cutaneous stimulation could occur 
through connections with other afferent pathways, such 
as the withdrawal reflex (Sayenko et al., 2007). Regardless 
of the mechanism, these findings match remarkably well 
with the findings of Nakajima et al. (2006), whereby foot 
sole stimulation resulted in reflex reversals of the plantar-
flexors and dorsiflexors depending on stimulus location. 
It is not altogether surprising that these findings are so 

similar; stretch and H- reflexes are strongly influenced by 
the excitability of motoneurons, while EMG is produced 
by the discharge properties of these recruited motor units. 
Thus, it could be expected that studies measuring spinal 
excitability would closely match studies measuring EMG. 
Indeed, given these collective muscle activity and spinal 
excitability findings, it was hypothesized in the present 
study that plantarflexor CMEPs would be facilitated with 
heel stimulation but inhibited with MET stimulation; the 
TA would demonstrate opposite behaviour. However, 
this was only partially confirmed. Although SOL and MG 
CMEP amplitudes did increase with heel stimulation, 
they were unaffected by MET stimulation; TA CMEPs, 
while increased with cutaneous stimulation, showed no 
location specificity.

There are several potential reasons why the present 
findings are not in full agreement with previous work, the 
first being that the aforementioned stretch reflex and H- 
reflex studies were all conducted during sitting (Knikou, 
2007; Pierrot- Deseilligny et al., 1973; Sayenko et al., 2007, 
2009). Similar to our MEP amplitude results, there may 
be task- dependent factors that influence the effect of cu-
taneous stimulation on CMEP amplitudes. Second, while 
CMEPs and the H- reflex are both used as measures of spi-
nal excitability, CMEPs are believed to be not affected by 
the same presynaptic inhibitory inputs which can strongly 
influence stretch/H- reflexes (Nielsen & Petersen, 1994; 
Taylor, 2006). Third, although CMEP amplitudes often do 
change in the same direction as changes in muscle activ-
ity, there are numerous examples of dissociation between 
the two measures (Collins et al., 2017; Forman et al., 2014, 
2015, 2016; Lockyer et al., 2020; Spence et al., 2016). As 
mentioned previously, EMG is produced by the discharge 
properties of recruited motor units; CMEPs reflect the ex-
citability of both active and inactive motor units within 
the motoneuron pool. As an example, it is possible that the 
soleus cutaneous reflex was indeed lower (reduced mus-
cle activity compared to the no stimulation conditions) 
following MET stimulation in the present study (the low 
threshold motoneurons were inhibited), but stimulation 
at the MET site may not have inhibited the motoneurons 
that had not yet reached firing threshold. Thus, when 
these higher threshold motoneurons were activated by 
cervicomedullary electrical stimulation, no change in 
CMEP amplitudes was observed. This notion is supported 
by evidence that input from cutaneous afferents is not 
spread equally across the motoneuron pool. Cutaneous 
afferents have been shown to have differential effects on 
high and low threshold motoneurons (Aniss et al., 1992; 
Kanda et al., 1977; LaBella et al., 1989), meaning that their 
activity might uniquely influence experimental measures 
depending on what portion of the available motor pool 
is being investigated. It should be noted, however, that 
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cutaneous reflexes were not in fact measured in the pres-
ent study; all discussion of CMEP and EMG dissociation is 
made under the assumption that cutaneous reflex changes 
would have been similar to that in the study by Nakajima 
et al. (2006). Future investigations examining both EMG 
cutaneous reflexes and evoked potentials would be a novel 
advancement on this work.

4.3 | Supraspinal mechanisms

Although corticospinal excitability was modulated in the 
present study, TMS alone is incapable of identifying the 
source of these changes. For this reason, CMEPs were also 
elicited to help decipher changes in corticospinal excit-
ability as being driven by supraspinal pathways, spinal 
pathways, or perhaps a combination of both. For the SOL 
at the MET location, and the TA at both locations, the 
increase in CMEP amplitude following stimulation was 
larger than the change in the MEP amplitude (Figure 7). 
If spinal excitability increases despite no change in cor-
ticospinal excitability, or it increases significantly more 
than a modest increase in corticospinal excitability, this 
likely indicates that excitability from supraspinal sources 
decreased. In contrast, the relative changes in the MEP 
and CMEP amplitudes for the MG were not significantly 
different, which could mean that the change in spinal ex-
citability accounts for most, if not all, of the change in cor-
ticospinal excitability.

Although evidence is growing that a transcortical path-
way contributes to at least part of the cutaneous reflex, it is 
still unclear how cutaneous stimulation of the foot influ-
ences the corticospinal tract. Work by Nielsen et al. (1997) 
found that magnetic stimulation, but not electric stimula-
tion of the motor cortex, exhibited additive facilitation of 
the H- reflex following cutaneous afferent stimulation of 
the nerves supplying the dorsum of the foot (Nielsen et al., 
1997). Transcranial electric stimulation (TES) is believed 
to activate the corticospinal tract fibers directly, within 
millimeters of the cell body, while TMS tends to activate 
the corticospinal neurons trans- synaptically through 
more superficial cortical neurons (Day et al., 1989; Di 
Lazzaro et al., 1998; Edgley et al., 1990; Nielsen et al., 
1995). Thus, facilitation of TMS, but not TES, suggests an 
increase of cortical excitability following stimulation of 
cutaneous afferents from the dorsum of the foot. In the 
present study, stimulation of the sole of the foot resulted 
in apparent reduction in supraspinal excitability. This 
could potentially be explained by changes in intracorti-
cal pathways, but literature on this topic does not seem 
to support it. In upper limb studies, although MEP ampli-
tudes decrease following cutaneous stimulation (Clouston 
et al., 1995; Inghilleri et al., 1995; Maertens de Noordhout 

et al., 1992; Manganotti et al., 1997; Rogić Vidaković et al., 
2020; Tamburin et al., 2001), cutaneous stimulation ap-
pears to consistently result in decreased short- interval 
intracortical inhibition (SICI) and increased intracortical 
facilitation (ICF) (Aimonetti & Nielsen, 2001; McDonnell 
et al., 2007; Ridding et al., 2005; Ridding & Rothwell, 1999; 
Smith et al., 2011), which would seemingly oppose a net 
decrease in supraspinal excitability. However, as men-
tioned, the above studies were all performed in the distal 
upper limb; we are unaware of any similar investigations 
performed in the lower limb. Future lower limb work 
using paired- pulse TMS techniques alongside preceding 
cutaneous stimulation would be an important next step in 
this area of research.

4.4 | Functional significance

This study provides evidence that reflexes in lower leg 
muscles evoked by stimulation of cutaneous afferents of 
the foot sole are influenced by a transcortical pathway. 
During standing, there appears to be a withdrawal of cor-
tical drive, which is dependent on the muscle assessed and 
the location of foot sole stimulation. These findings not 
only demonstrate the importance of cutaneous inputs in 
human motor control but also offer new possibilities in 
rehabilitation for neurological patients, as they highlight 
the potential for greater cortical control in tasks such as 
quiet standing. The motor cortex has generally been ac-
cepted to play a minor role in postural control; posture has 
been thought to be largely regulated by subcortical struc-
tures (Prentice & Drew, 2001). Given the evidence that 
a transcortical pathway likely contributes to part of the 
cutaneous reflex, current rehabilitation strategies for peo-
ple suffering from impaired postural control may benefit 
from optimizing a more inclusive target for adaptations 
in this cutaneous reflex pathway. Such modifications to 
current rehabilitative guidelines could lead to improved 
functional outcomes, although more research is needed 
on this topic.

Additionally, the influence of sensory information, 
including that provided by cutaneous receptors, on the 
control (or steering) of locomotor outputs such as walk-
ing have long been thought to act primarily at the spinal 
cord level (Zehr et al., 2014). The results of the present 
study that a transcortical pathway is likely involved in 
the production of a cutaneous reflex suggest that cutane-
ous activity may have a more complex and sophisticated 
influence on the control of locomotor outputs. It is possi-
ble that this sensory information is integrated with other 
sensory sources, such as spindle activity and vision, in 
higher brain structures to aid in step adjustments during 
walking.
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4.5 | Methodological considerations

Unconditioned MEP and CMEP amplitudes (NO FOOT 
STIM) were significantly different in the SOL and the TA, 
meaning that the two measures were likely examining 
different portions of the available motor pool. Given that 
cutaneous afferents can differentially affect high and low 
threshold motoneurons (Aniss et al., 1992; Kanda et al., 
1977; LaBella et al., 1989), the larger MEPs (Figure 3) may 
have been influenced differently compared to the smaller 
CMEPs (Figure 5) following the same cutaneous affer-
ent stimulation. However, it should be noted that, while 
the unconditioned MEPs and CMEPs were statistically 
different, all the evoked potentials in the present study 
were quite small (group means <0.5 mV). It is therefore 
unlikely that a nonuniform effect of cutaneous afferent 
activity would have been a major contributing factor in 
the present findings.

Additionally, it should be clarified that, while the 
present findings may have implications for the control 
of locomotor outputs (the possibility of cutaneous ac-
tivity influencing gait was an important rationale for 
conducting this investigation), this study was conducted 
while participants were standing statically. Given that 
cutaneous reflexes demonstrate certain task- dependent 
behaviours (Nakajima et al., 2006), it is possible that re-
sults found during standing may not manifest similarly 
in other tasks, namely gait. This point should be consid-
ered while interpreting the present study's findings.

5  |  CONCLUSION

Both corticospinal and spinal excitability to the plantar-
flexors and dorsiflexors were modulated by cutaneous 
stimulation of the foot sole, an effect that was specific to 
the location of applied stimulation. The mechanisms be-
hind these changes likely occurred at both a supraspinal 
and spinal level, and it is possible that intracortical path-
ways may have been involved. Not only do these findings 
provide additional evidence that a transcortical pathway 
likely contributes to part of the foot sole cutaneous re-
flex, but they also demonstrate a possible functional im-
portance of cutaneous stimulation in motor control; the 
withdrawal of cortical drive following cutaneous affer-
ent stimulation could allow for other pathways to better 
respond to cutaneous stimulation originating at the foot 
sole. Further research is needed to elucidate the specific 
mechanisms behind these processes.

ACKNOWLEDGMENT
The authors thank Dr. Chris McNeil for early input on the 
protocol.

CONFLICT OF INTERESTS
The authors declare no conflict of interests.

ETHICS STATEMENT
All experimental procedures were approved by the re-
search ethics board at the University of Guelph (REB#16- 
12- 520). All subjects provided their written consent prior 
to participation in the study.

AUTHOR CONTRIBUTIONS
All experiments were conducted in Dr. Leah Bent‘s labo-
ratory on the University of Guelph campus. GG and LRB 
contributed to the design of the work and to the acquisi-
tion, analysis, and interpretation for the work. DAF, JR, 
and JLT contributed to the analysis and interpretation of 
the work. All authors contributed to drafting the work and 
revising it critically for important intellectual content.

ORCID
Leah R. Bent   https://orcid.org/0000-0002-8951-8783 

REFERENCES
Aimonetti, J., & Nielsen, J. B. (2001). Changes in intracorti-

cal excitability induced by stimulation of wrist afferents in 
man. The Journal of Physiology, 534, 891– 902. https://doi.
org/10.1111/j.1469- 7793.2001.00891.x

Aniss, A. M., Gandevia, S. C., & Burke, D. (1992). Reflex responses 
in active muscles elicited by stimulation of low- threshold af-
ferents from the human foot. Journal of Neurophysiology, 67, 
1375– 1384.

Clouston, P. D., Kiers, L., Menkes, D., Sander, H., Chiappa, K., & 
Cros, D. (1995). Modulation of motor activity by cutaneous 
input: Inhibition of the magnetic motor evoked potential by 
digital electrical stimulation. Electroencephalography and 
Clinical Neurophysiology/Electromyography and Motor Control, 
97, 114– 125. https://doi.org/10.1016/0924- 980X(94)00310 - 4

Collins, B. W., Cadigan, E. W. J., Stefanelli, L., & Button, D. C. (2017). 
Corticospinal excitability of the biceps brachii is shoulder po-
sition dependent. Journal of Neurophysiology, 118, 3242– 3251. 
https://doi.org/10.1152/jn.00527.2017

Day, B. L., Dressler, D., Maertens de Noordhout, A., Marsden, C. D., 
Nakashima, K., Rothwell, J. C., & Thompson, P. D. (1989). Electric 
and magnetic stimulation of human motor cortex: Surface EMG 
and single motor unit responses. Journal of Physiology, 412, 449– 
473. https://doi.org/10.1113/jphys iol.1989.sp017626

Delwaide, P. J., Crenna, P., & Fleron, M. H. (1981). Cutaneous nerve 
stimulation and motoneuronal excitability: I, soleus and tibia-
lis anterior excitability after ipsilateral and contralateral sural 
nerve stimulation. Journal of Neurology, Neurosurgery and 
Psychiatry, 44, 699– 707.

Di Lazzaro, V., Oliviero, A., Profice, P., Saturno, E., Pilato, F., Insola, 
A., Mazzone, P., Tonali, P., & Rothwell, J. C. (1998). Comparison 
of descending volleys evoked by transcranial magnetic and elec-
tric stimulation in conscious humans. Electroencephalography 
and Clinical Neurophysiology/Electromyography and Motor 
Control. 109, 397– 401. https://doi.org/10.1016/S0924 - 980X(98) 
00038 - 1

https://orcid.org/0000-0002-8951-8783
https://orcid.org/0000-0002-8951-8783
https://doi.org/10.1111/j.1469-7793.2001.00891.x
https://doi.org/10.1111/j.1469-7793.2001.00891.x
https://doi.org/10.1016/0924-980X(94)00310-4
https://doi.org/10.1152/jn.00527.2017
https://doi.org/10.1113/jphysiol.1989.sp017626
https://doi.org/10.1016/S0924-980X(98)00038-1
https://doi.org/10.1016/S0924-980X(98)00038-1


14 of 15 |   GILL et al.

Edgley, S. A., Eyre, J. A., Lemon, R. N., & Miller, S. (1990). Excitation 
of the corticospinal tract by electromagnetic and electri-
cal stimulation of the scalp in the macaque monkey. Journal 
of Physiology, 425, 301– 320. https://doi.org/10.1113/jphys 
iol.1990.sp018104

Eils, E., Behrens, S., Mers, O., Thorwesten, L., Völker, K., & 
Rosenbaum, D. (2004). Reduced plantar sensation causes a 
cautious walking pattern. Gait & Posture, 20, 54– 60. https://doi.
org/10.1016/S0966 - 6362(03)00095 - X

Fallon, J. B., Bent, L. R., McNulty, P. A., & Macefield, V. G. (2005). 
Evidence for strong synaptic coupling between single tactile 
afferents from the sole of the foot and motoneurons supplying 
leg muscles. Journal of Neurophysiology, 94, 3795– 3804. https://
doi.org/10.1152/jn.00359.2005

Forman, D. A., Philpott, D. T. G., Button, D. C., & Power, K. E. (2015). 
Cadence- dependent changes in corticospinal excitability of the 
biceps brachii during arm cycling. Journal of Neurophysiology, 
114, 2285– 2294. https://doi.org/10.1152/jn.00418.2015

Forman, D., Raj, A., Button, D. C., & Power, K. E. (2014). Corticospinal 
excitability of the biceps brachii is higher during arm cy-
cling than an intensity- matched tonic contraction. Journal 
of Neurophysiology, 112, 1142– 1151. https://doi.org/10.1152/
jn.00210.2014

Forman, D. A., Richards, M., Forman, G. N., Holmes, M. W. R., & 
Power, K. E. (2016). Changes in corticospinal and spinal excit-
ability to the biceps brachii with a neutral vs. pronated handgrip 
position differ between arm cycling and tonic elbow flexion. 
Frontiers in Human Neuroscience, 10. https://doi.org/10.3389/
fnhum.2016.00543

Galica, A. M., Kang, H. G., Priplata, A. A., D’Andrea, S. E., 
Starobinets, O. V., Sorond, F. A., Cupples, L. A., & Lipsitz, L. A. 
(2009). Subsensory vibrations to the feet reduce gait variabil-
ity in elderly fallers. Gait & Posture, 30, 383– 387. https://doi.
org/10.1016/j.gaitp ost.2009.07.005

Gibbs, J., Harrison, L. M., & Stephens, J. A. (1995). Cutaneomuscular 
reflexes recorded from the lower limb in man during different 
tasks. The Journal of Physiology, 487, 237– 242. https://doi.
org/10.1113/jphys iol.1995.sp020874

Inghilleri, M., Berardelli, A., Cruccu, G., Manfredi, M., Priori, 
A., & Rothwell, J. C. (1995). Inhibition of hand muscle mo-
toneurones by peripheral nerve stimulation in the relaxed 
human subject. Antidromic versus orthodromic input. 
Electroencephalography and Clinical Neurophysiology/
Electromyography and Motor Control. 97, 63– 68. https://doi.
org/10.1016/0924- 980X(94)00225 - V

Issler, H., & Stephens, J. A. (1983). The maturation of cutane-
ous reflexes studied in the upper limb in man. The Journal 
of Physiology, 335, 643– 654. https://doi.org/10.1113/jphys 
iol.1983.sp014556

Jenner, J. R., & Stephens, J. A. (1982). Cutaneous reflex responses 
and their central nervous pathways studied in man. The Journal 
of Physiology, 333, 405– 419. https://doi.org/10.1113/jphys 
iol.1982.sp014461

Kanda, K., Burke, R. E., & Walmsley, B. (1977). Differential con-
trol of fast and slow twitch motor units in the decerebrate 
cat. Experimental Brain Research, 29, 57– 74. https://doi.
org/10.1007/BF002 36875

Kavounoudias, A., Roll, R., & Roll, J. P. (2001). Foot sole and ankle 
muscle inputs contribute jointly to human erect posture 

regulation. Journal of Physiology, 532, 869– 878. https://doi.
org/10.1111/j.1469- 7793.2001.0869e.x

Knikou, M. (2007). Plantar cutaneous input modulates differently 
spinal reflexes in subjects with intact and injured spinal cord. 
Spinal Cord, 45, 69– 77. https://doi.org/10.1038/sj.sc.3101917

Komori, T., Watson, B. V., & Brown, W. F. (1992). Influence of pe-
ripheral afferents on cortical and spinal motoneuron excit-
ability. Muscle and Nerve, 15, 48– 51. https://doi.org/10.1002/
mus.88015 0109

LaBella, L. A., Kehler, J. P., & McCrea, D. A. (1989). A differential syn-
aptic input to the motor nuclei of triceps surae from the caudal 
and lateral cutaneous sural nerves. Journal of Neurophysiology, 
61, 291– 301.

Lockyer, E. J., Soran, N., & Power, K. E. (2020). Modulation of cortico-
spinal excitability with contralateral arm cycling. Neuroscience, 
449, 88– 98.

Maertens de Noordhout, A., Rothwell, J. C., Day, B. L., Dressler, 
D., Nakashima, K., Thompson, P. D., & Marsden, C. D. (1992). 
Effect of digital nerve stimuli on responses to electrical or 
magnetic stimulation of the human brain. The Journal of 
Physiology, 447, 535– 548. https://doi.org/10.1113/jphys 
iol.1992.sp019016

Manganotti, P., Zanette, G., Bonato, C., Tinazzi, M., Polo, A., & 
Fiaschi, A. (1997). Crossed and direct effects of digital nerves 
stimulation on motor evoked potential: A study with mag-
netic brain stimulation. Electroencephalography and Clinical 
Neurophysiology, 105, 280– 289. https://doi.org/10.1016/S0924 
- 980X(97)00018 - 0

McDonnell, M. N., Thompson, P. D., & Ridding, M. C. (2007). The ef-
fect of cutaneous input on intracortical inhibition in focal task- 
specific dystonia. Movement Disorders, 22, 1286– 1292.

McKeon, P. O., & Hertel, J. (2007). Diminished plantar cutaneous 
sensation and postural control. Perceptual and Motor Skills, 
104, 56– 66. https://doi.org/10.2466/pms.104.1.56- 66

Nakajima, T., Sakamoto, M., Tazoe, T., Endoh, T., & Komiyama, T. 
(2006). Location specificity of plantar cutaneous reflexes involv-
ing lower limb muscles in humans. Experimental Brain Research, 
175, 514– 525. https://doi.org/10.1007/s0022 1- 006- 0568- 6

Nakajima, T., Suzuki, S., Futatsubashi, G., Ohtsuska, H., Mezzarane, 
R. A., Barss, T. S., Klarner, T., Zehr, E. P., & Komiyama, T. 
(2016). Regionally distinct cutaneous afferent populations con-
tribute to reflex modulation evoked by stimulation of the tibial 
nerve during walking. Journal of Neurophysiology, 116, 183– 
190. https://doi.org/10.1152/jn.01011.2015

Nielsen, J., & Petersen, N. (1994). Is presynaptic inhibition distrib-
uted to corticospinal fibres in man? Journal of Physiology, 477, 
47– 58. https://doi.org/10.1113/jphys iol.1994.sp020170

Nielsen, J., Petersen, N., & Ballegaard, M. (1995). Latency of effects 
evoked by electrical and magnetic brain stimulation in lower 
limb motoneurones in man. Journal of Physiology, 484(Pt 3), 
791– 802. https://doi.org/10.1113/jphys iol.1995.sp020704

Nielsen, J., Petersen, N., & Fedirchuk, B. (1997). Evidence suggesting 
a transcortical pathway from cutaneous foot afferents to tibialis 
anterior motoneurones in man. The Journal of Physiology, 501, 
473– 484. https://doi.org/10.1111/j.1469- 7793.1997.473bn.x

Nurse, M. A., & Nigg, B. M. (2001). The effect of changes in foot 
sensation on plantar pressure and muscle activity. Clinical 
Biomechanics, 16, 719– 727. https://doi.org/10.1016/S0268 
- 0033(01)00090 - 0

https://doi.org/10.1113/jphysiol.1990.sp018104
https://doi.org/10.1113/jphysiol.1990.sp018104
https://doi.org/10.1016/S0966-6362(03)00095-X
https://doi.org/10.1016/S0966-6362(03)00095-X
https://doi.org/10.1152/jn.00359.2005
https://doi.org/10.1152/jn.00359.2005
https://doi.org/10.1152/jn.00418.2015
https://doi.org/10.1152/jn.00210.2014
https://doi.org/10.1152/jn.00210.2014
https://doi.org/10.3389/fnhum.2016.00543
https://doi.org/10.3389/fnhum.2016.00543
https://doi.org/10.1016/j.gaitpost.2009.07.005
https://doi.org/10.1016/j.gaitpost.2009.07.005
https://doi.org/10.1113/jphysiol.1995.sp020874
https://doi.org/10.1113/jphysiol.1995.sp020874
https://doi.org/10.1016/0924-980X(94)00225-V
https://doi.org/10.1016/0924-980X(94)00225-V
https://doi.org/10.1113/jphysiol.1983.sp014556
https://doi.org/10.1113/jphysiol.1983.sp014556
https://doi.org/10.1113/jphysiol.1982.sp014461
https://doi.org/10.1113/jphysiol.1982.sp014461
https://doi.org/10.1007/BF00236875
https://doi.org/10.1007/BF00236875
https://doi.org/10.1111/j.1469-7793.2001.0869e.x
https://doi.org/10.1111/j.1469-7793.2001.0869e.x
https://doi.org/10.1038/sj.sc.3101917
https://doi.org/10.1002/mus.880150109
https://doi.org/10.1002/mus.880150109
https://doi.org/10.1113/jphysiol.1992.sp019016
https://doi.org/10.1113/jphysiol.1992.sp019016
https://doi.org/10.1016/S0924-980X(97)00018-0
https://doi.org/10.1016/S0924-980X(97)00018-0
https://doi.org/10.2466/pms.104.1.56-66
https://doi.org/10.1007/s00221-006-0568-6
https://doi.org/10.1152/jn.01011.2015
https://doi.org/10.1113/jphysiol.1994.sp020170
https://doi.org/10.1113/jphysiol.1995.sp020704
https://doi.org/10.1111/j.1469-7793.1997.473bn.x
https://doi.org/10.1016/S0268-0033(01)00090-0
https://doi.org/10.1016/S0268-0033(01)00090-0


   | 15 of 15GILL et al.

Oddsson, L. I. E., De Luca, C. J., & Meyer, P. F. (2004). The role of plan-
tar cutaneous sensation in unperturbed stance. Experimental 
Brain Research, 156, 505– 512.

Perry, S. D., McIlroy, W. E., & Maki, B. E. (2000). The role of plantar 
cutaneous mechanoreceptors in the control of compensatory 
stepping reactions evoked by unpredictable, multi- directional 
perturbation. Brain Research, 877, 401– 406.

Perry, S. D., Radtke, A., McIlroy, W. E., Fernie, G. R., & Maki, B. E. 
(2008). Efficacy and effectiveness of a balance- enhancing insole. 
Journals of Gerontology. Series A, Biological Sciences and Medical 
Sciences, 63, 595– 602. https://doi.org/10.1093/geron a/63.6.595

Pierrot- Deseilligny, E., Bussel, B., Sideri, G., Cathala, H. P., & 
Castaigne, P. (1973). Effect of voluntary contraction on H re-
flex changes induced by cutaneous stimulation in normal man. 
Electroencephalography and Clinical Neurophysiology, 34, 185– 
192. https://doi.org/10.1016/0013- 4694(73)90046 - 1

Prentice, S. D., & Drew, T. (2001). Contributions of the reticulospinal 
system to the postural adjustments occurring during voluntary 
gait modifications. Journal of Neurophysiology, 85, 679– 698. 
https://doi.org/10.1152/jn.2001.85.2.679

Priplata, A. A., Niemi, J. B., Harry, J. D., Lipsitz, L. A., & Collins, J. 
J. (2003). Vibrating insoles and balance control in elderly peo-
ple. The Lancet, 362, 1123– 1124. https://doi.org/10.1016/S0140 
- 6736(03)14470 - 4

Ridding, M. C., Pearce, S. L., & Flavel, S. C. (2005). Modulation of 
intracortical excitability in human hand motor areas. The effect 
of cutaneous stimulation and its topographical arrangement. 
Experimental Brain Research, 163, 335– 343.

Ridding, M. C., & Rothwell, J. C. (1999). Afferent input and cortical 
organisation: A study with magnetic stimulation. Experimental 
Brain Research, 126, 536– 544. https://doi.org/10.1007/s0022 
10050762

Rogić Vidaković, M., Kostović, A., Jerković, A., Šoda, J., Russo, 
M., Stella, M., Knežić, A., Vujović, I., Mihalj, M., Baban, J., 
Ljubenkov, D., Peko, M., Benzon, B., Hagelien, M. V., & Đogaš, 
Z. (2020). Using cutaneous receptor vibration to uncover the 
effect of transcranial magnetic stimulation (TMS) on motor 
cortical excitability. Medical Science Monitor, 26. https://doi.
org/10.12659/ MSM.923166

Sayenko, D. G., Vette, A. H., Kamibayashi, K., Nakajima, T., Akai, M., 
& Nakazawa, K. (2007). Facilitation of the soleus stretch reflex 
induced by electrical excitation of plantar cutaneous afferents 
located around the heel. Neuroscience Letters, 415, 294– 298. 
https://doi.org/10.1016/j.neulet.2007.01.037

Sayenko, D. G., Vette, A. H., Obata, H., Alekhina, M. I., Akai, M., & 
Nakazawa, K. (2009). Differential effects of plantar cutaneous 
afferent excitation on soleus stretch and H- reflex. Muscle and 
Nerve, 39, 761– 769. https://doi.org/10.1002/mus.21254

Smith, A. E., Ridding, M. C., Higgins, R. D., Wittert, G. A., & Pitcher, 
J. B. (2011). Cutaneous afferent input does not modulate motor 
intracortical inhibition in ageing men: Ageing and cortical mod-
ulation of afferent input. European Journal of Neuroscience, 34, 
1461– 1469. https://doi.org/10.1111/j.1460- 9568.2011.07869.x

Spence, A.- J., Alcock, L., Lockyer, E., Button, D., & Power, K. (2016). 
Phase-  and workload- dependent changes in corticospinal ex-
citability to the biceps and triceps brachii during arm cycling. 
Brain Sciences, 6, 60.

Tamburin, S., Manganotti, P., Zanette, G., & Fiaschi, A. (2001). 
Cutaneomotor integration in human hand motor areas: 
Somatotopic effect and interaction of afferents. Experimental Brain 
Research, 141, 232– 241. https://doi.org/10.1007/s0022 10100859

Taylor, J. L. (2006). Stimulation at the cervicomedullary junction in 
human subjects. Journal of Electromyography and Kinesiology, 
16, 215– 223. https://doi.org/10.1016/j.jelek in.2005.07.001

Yang, J. F., & Stein, R. B. (1990). Phase- dependent reflex reversal in 
human leg muscles during walking. Journal of Neurophysiology, 
63, 1109– 1117. https://doi.org/10.1152/jn.1990.63.5.1109

Zehr, E. P., Nakajima, T., Barss, T., Klarner, T., Miklosovic, S., 
Mezzarane, R. A., Nurse, M., & Komiyama, T. (2014). 
Cutaneous stimulation of discrete regions of the sole during 
locomotion produces “sensory steering” of the foot. BMC 
Sports Science, Medicine and Rehabilitation, 6, 33. https://doi.
org/10.1186/2052- 1847- 6- 33

Zehr, E. P., & Stein, R. B. (1999). What functions do reflexes serve 
during human locomotion. Progress in Neurobiology, 58(2), 
185– 205. https://doi.org/10.1016/s0301 - 0082(98)00081 - 1

How to cite this article: Gill, G., Forman, D. A., 
Reeves, J. E., Taylor, J. L., & Bent, L. R. (2022). 
Location- specific cutaneous electrical stimulation 
of the footsole modulates corticospinal excitability 
to the plantarflexors and dorsiflexors during 
standing. Physiological Reports, 10, e15240. https://
doi.org/10.14814/ phy2.15240

https://doi.org/10.1093/gerona/63.6.595
https://doi.org/10.1016/0013-4694(73)90046-1
https://doi.org/10.1152/jn.2001.85.2.679
https://doi.org/10.1016/S0140-6736(03)14470-4
https://doi.org/10.1016/S0140-6736(03)14470-4
https://doi.org/10.1007/s002210050762
https://doi.org/10.1007/s002210050762
https://doi.org/10.12659/MSM.923166
https://doi.org/10.12659/MSM.923166
https://doi.org/10.1016/j.neulet.2007.01.037
https://doi.org/10.1002/mus.21254
https://doi.org/10.1111/j.1460-9568.2011.07869.x
https://doi.org/10.1007/s002210100859
https://doi.org/10.1016/j.jelekin.2005.07.001
https://doi.org/10.1152/jn.1990.63.5.1109
https://doi.org/10.1186/2052-1847-6-33
https://doi.org/10.1186/2052-1847-6-33
https://doi.org/10.1016/s0301-0082(98)00081-1
https://doi.org/10.14814/phy2.15240
https://doi.org/10.14814/phy2.15240

	Location-specific cutaneous electrical stimulation of the footsole modulates corticospinal excitability to the plantarflexors and dorsiflexors during standing
	Abstract
	1|INTRODUCTION
	2|METHODS
	2.1|Subjects
	2.2|Cutaneous stimulation
	2.3|Transcranial magnetic stimulation
	2.4|Cervicomedullary stimulation
	2.5|Muscle recordings
	2.6|Study design
	2.6.1|Timing of cutaneous afferent stimulation relative to TMS and CMS
	2.6.2|Experiment 1: Effect of foot sole stimulation on corticospinal excitability
	2.6.3|Experiment 2: Effect of foot sole stimulation on spinal excitability

	2.7|Data analysis and statistics

	3|RESULTS
	3.1|Background EMG
	3.2|Experiment 1: Effect of foot sole stimulation on corticospinal excitability
	3.3|Experiment 2: Effect of foot sole stimulation on spinal excitability
	3.4|Effect of foot sole stimulation on MEPs versus CMEPs

	4|DISCUSSION
	4.1|Foot sole cutaneous stimulation and corticospinal excitability
	4.2|Foot sole cutaneous stimulation and spinal excitability
	4.3|Supraspinal mechanisms
	4.4|Functional significance
	4.5|Methodological considerations

	5|CONCLUSION
	ACKNOWLEDGMENT
	CONFLICT OF INTERESTS
	ETHICS STATEMENT
	AUTHOR CONTRIBUTIONS
	REFERENCES


