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Key points

*  We examined the influence of cutaneous feedback from the heel and metatarsal regions of
the foot sole on the soleus stretch reflex pathway during standing.

*  We found that heel electrical stimuli suppressed and metatarsal stimuli enhanced the
soleus vibration response.

» Follow up experiments indicated that the interaction between foot sole cutaneous
feedback and the soleus vibration response was likely not mediated by presynaptic

inhibition and was contingent upon a modulation at the a-motoneuron pool level.

» The spatially organized interaction between cutaneous feedback from the foot sole and
the soleus vibration response provides information about how somatosensory information

is combined to appropriately respond to perturbations during standing.



Abstract

Cutaneous feedback from the foot sole provides balance relevant information and has
the potential to interact with spinal reflex pathways. In this study, we examined how
cutaneous feedback from the foot sole (heel and metatarsals) influenced the soleus response
to proprioceptive stimuli during standing. We delivered noisy vibration (10-115 Hz) to the
right Achilles tendon while we intermittently applied electrical pulse trains (five 1 ms pulses
at 200 Hz, every 0.8-1.0 s) to the skin under the heel or metatarsals of the ipsilateral foot
sole. We analyzed time-dependent (referenced to cutaneous stimuli) coherence and cross-
correlations between the vibration acceleration and rectified soleus EMG. Vibration-EMG
coherence was observed across a bandwidth of ~10-80 Hz, and coherence was suppressed by
heel but enhanced by metatarsal cutaneous stimuli. Cross-correlations showed soleus EMG
was correlated with the vibration (~40 ms lag) and cross-correlations were also suppressed by
heel (from 104-155 ms) but enhanced by metatarsal (from 76-128 ms) stimuli. To examine
the neural mechanisms mediating this reflex interaction, we conducted two experiments to

probe potential contributions from 1) presynaptic inhibition, and 2) modulations at the a- and

y-motoneuron pools. Results suggest the cutaneous interactions with the stretch reflex

pathway required a modulation at the a-motoneuron pool and were likely not mediated by
presynaptic inhibition. These findings demonstrate that foot sole cutaneous information
functionally tunes the stretch reflex pathway during the control of upright posture and

balance.



Introduction

Cutaneous afferents that innervate the foot sole can contribute to the control of
standing balance. For example, reducing cutaneous feedback from the foot sole has been
shown to impair balance (Meyer et al. 2004; Wang et al. 2016), while facilitating cutaneous
feedback from the boundaries of the feet has been shown to improve stability (Maki et al.
1999). The postural (Kavounoudias 1998, 1999) and muscle responses that are evoked by
cutaneous stimuli are spatially and temporally organized (Aniss et al., 1992; Nakajima et al.,
2006). Specifically, stimuli applied under the heel facilitate ankle plantar flexor muscle
activity and inhibit dorsiflexor muscle activity, whereas stimuli applied under the metatarsals
evoke responses of opposite polarity (Aniss et al., 1992; Nakajima et al., 2006). Muscle
responses evoked by cutaneous stimuli are also modulated in a task dependent manner.
Cutaneous reflex gain is lower during standing relative to sitting (Aniss et al., 1992) and
reflex polarity can reverse during different phases of the gait cycle (Zehr et al., 1997, 2012,
2014). Low threshold (tactile) cutaneous afferents have dispersed projections to the spinal
cord; there is evidence they interact with Ia and Ib inhibitory interneurons (Lundberg et al.,
1977; Bergego et al., 1981; Pierrot-Deseilligny et al., 1981; Rossi and Mazzocchio, 1988),

primary afferent depolarization (PAD) interneurons (Iles, 1996), as well as y-motoneurons

(Hunt et al., 1951; Alnaes et al., 1965; Appelberg et al., 1977; Aniss et al., 1988, 1990).
While the net cutaneous reflex is spatially organized according to the skin region stimulated
(Aniss et al., 1992; Nakajima et al., 2006), less is known about the spatial organization of
cutaneous interactions with other spinal reflex pathways during standing.

The interactions between two different sensory inputs to the spinal cord can be
assessed using a condition-test paradigm, where a conditioning stimulus (e.g., cutaneous
electrical pulses) is delivered at a pre-defined interval relative to a test stimulus (e.g., mixed
nerve stimulation to evoke the H-reflex). Using this paradigm, electrical stimulation of the
skin under the metatarsals has been shown to inhibit the soleus H-reflex at short condition-
test intervals (6-60 ms, Knikou et al., 2007; 25-40 ms, Sayenko et al., 2009; 45 ms, Lowrey
and Bent, 2009) while stimulation of the skin under the heel has been shown to facilitate the

soleus H-reflex at a 50 ms condition-test interval (Sayenko et al. 2009). Although presynaptic



inhibition via PAD interneurons has been speculated as a potential mechanism of cutaneous-
H-reflex interaction, confirming the presence of other properties of presynaptic inhibition
would further support this theory. Specifically, reflex amplitude modulations induced by
presynaptic inhibition should be dissociated from modulations in a-motoneuron pool
excitability, occur early and have a prolonged duration, and preferentially affect low
frequency responses (Eccles et al., 1962; Morita et al., 1998, 2001; Rudomin and Schmidt,
1999; Pierrot-Deseilligny and Burke, 2012). The condition-test stimulus approach, however,
does not provide information about the response frequency characteristics and the pre-
defined condition-test intervals provide poor temporal resolution. In addition, mixed nerve
stimuli (e.g. H-reflex) and tendon taps perturb standing balance (Mynark and Koceja, 2002;
Mildren et al. 2017), which limits their usefulness for understanding reflex interactions
specific to upright posture and balance control.

To overcome some limitations associated with the condition-test stimulus approach,
here we delivered continuous proprioceptive stimuli (noisy Achilles tendon vibration;
Mildren et al. 2017, 2019) along with intermittent cutaneous stimuli (electrical pulse trains)
to reveal modulations in time-dependent vibration-EMG coherence and cross-correlations
evoked by cutaneous input. The primary aim of this study was to characterize the interaction
between cutaneous inputs from the heel and metatarsals of the foot sole and the soleus
response to Achilles tendon vibration during standing. We hypothesized that heel and
metatarsal cutaneous stimuli would evoke opposite changes in the soleus response to
vibration (enhancement vs. suppression). Next, we explored the potential roles of presynaptic

inhibition and modulations at the a- and y-motoneuron pools in mediating cutaneous

interactions with the soleus vibration response. To characterize the influence of presynaptic
inhibition on vibration-EMG coherence and cross-correlations, we stimulated the deep
branch of the common fibular (CF) nerve, since group I afferents in the CF nerve are known
to activate PAD interneurons that mediate presynaptic inhibition (Eccles et al., 1962;
Hultborn et al., 1987; Rudomin and Schmidt, 1999). We expected that if presynaptic
inhibition plays a role in gating trains of afferent input generated by noisy vibration, then CF

nerve stimuli would evoke an early and prolonged suppression of vibration-EMG coherence



preferentially in the low frequency bandwidth. To examine the potential contribution from y-
motoneurons, we reduced the current of the electrical stimulus to the skin since y-

motoneurons have been shown to have a lower threshold to cutaneous input relative to a-
motoneurons (Hunt, 1951; Eldred and Hagbarth, 1954; Alnaes et al., 1965; Appelberg et al.,

1977). We expected that if stimuli targeting y-motoneurons induced a modulation in
coherence and cross-correlations, then this would support involvement of y-motoneurons as a

mechanism mediating cutaneous interaction with the stretch reflex pathway.

Methods
Ethical approval

Written informed consent was obtained and the University of British Columbia
Research Ethics Board approved all procedures (H12-01698). This study conformed to the
standards set by the Declaration of Helsinki, except for registration in a database.
Participants

A total of 24 healthy young adults (age = 24.0 £+ 3.0 yrs; 15 males, 9 females), free of
musculoskeletal and neurological disorders, participated in this study.
Experimental setup

Participants stood on a force plate (OR6-7; AMTI, USA; forces and moments
amplified x1000-4000 and sampled at 100 Hz) with their stance width equal to their foot
length. Participants first completed a 2-min quiet standing trial and + 2 standard deviation
(SD) bandwidths were calculated around mean centre of pressure (COP) position in the
anteroposterior and mediolateral directions. We monitored COP position in subsequent trials
and provided verbal feedback if COP drifted outside of this bandwidth. Noisy vibration was
continuously applied to the right Achilles tendon for 2 mins while electrical stimuli were
delivered intermittently (every 0.8-1.0 s) to the heel or metatarsals (see Experiment 1: Heel
and metatarsal stimuli), the CF nerve (see Experiment 2: Involvement of presynaptic
inhibition), or the metatarsals at a lower current amplitude (see Experiment 3: Involvement of

a- and y-motoneuron pools).



Surface electromyography (EMG) was recorded in a bipolar configuration
unilaterally from the right soleus and tibialis anterior muscles through surface electrodes
placed over the muscle bellies with the ground placed on either the medial or lateral
malleolus. We chose to examine responses in the soleus muscle since it has previously been
shown to exhibit stronger vibration responses relative to the gastrocnemii in both surface
EMG (Mildren et al. 2017) and indwelling EMG (Mildren et al. 2019). EMG data were
amplified x2000, bandpass filtered 10-1000 Hz (NeuroLog NL824 preamplifier and NL820
Isolator; Digitimer, UK), and sampled at 2000 Hz (Power 1401 A/D board and Spike2
software; Cambridge Electronic Design, UK).

Mechanical stimuli were applied to the right Achilles tendon through a 3 cm diameter
probe controlled by a linear motor (model MG-160; Labworks, USA). The probe of the linear
motor was pulled into the tendon using a weighted pulley system to maintain a preload force
of ~1 N. The pre-load force and acceleration of the probe on the Achilles tendon were sensed
using a force transducer (model 31; Honeywell, USA) and a linear accelerometer (model
220-010; X Tronics, CA), respectively. Force and acceleration signals were differentially
amplified (force x100, acceleration x1), low-pass analogue filtered at 600 Hz (Brownlee
model 440; NeuroPhase LLC, USA), and sampled at 2000 Hz (Power 1401 A/D board and
Spike2 software; Cambridge Electronic Design, UK). A white noise signal was generated and
low-pass filtered at 100 Hz using LabVIEW 11 software and sent to a motor amplifier
(PA-141; Labworks, USA) to control noisy tendon vibration. In the recorded probe
acceleration data, power at frequencies beyond a bandwidth 10-115 Hz was < -13 dB (ref.
peak plateau of power spectrum) (Mildren et al., 2017), and the root-mean-square amplitude
of the vibration acceleration was 15 m/s2.

Experiment 1: Heel and metatarsal stimuli

Twelve adults (7 males, 5 females) participated in Experiment 1. To investigate the
influence of foot sole cutaneous feedback on the soleus response to tendon vibration, we
applied electrical stimuli to the heel or metatarsal regions of the right foot sole along with
tendon vibration. Six 2-min trials were conducted for each condition (heel and metatarsal

stimuli) in block randomized order. Cutaneous stimuli were applied through 5 cm diameter



adhesive electrodes (Dermatrode type 00200-340; Delsys, USA) (Fig. 1). For heel stimuli the
anode was placed under the proximal aspect and the cathode under the distal aspect of the
heel, and for metatarsal stimuli the anode was placed under the first metatarsal and the
cathode under the fourth and fifth metatarsals. Using a constant current stimulator (DS7A
Constant Current Stimulator, Digitimer, UK) controlled through Spike2 software, trains of
five 1 ms square-wave pulses at 200 Hz were delivered with a 0.8-1.0 s inter-stimulus-
intervals (ISI). This variability in IST was programmed to minimize predictability of the
cutaneous stimuli. Perceptual threshold was found by increasing the stimulus intensity until
participants detected the pulse trains under the foot, and then decreasing the intensity until
they no longer perceived the pulses. Several reversals of stimulus intensity were performed
until a consistent threshold was found. All subsequent stimuli were delivered at 2x perceptual
threshold.
Experiment 2: Involvement of presynaptic inhibition

Six adults participated in Experiment 2 (4 males, 2 females), one had also participated
in Experiment 1. Experiment 2 was conducted to examine whether presynaptic inhibition has
the capacity to gate vibration responses, and therefore the potential to mediate cutaneous
interactions with the stretch reflex pathway. Group I (Ia and Ib) afferents in the CF nerve that
innervate receptors in ankle dorsiflexor muscles are known to provide strong input to PAD
interneurons that regulate transmission through primary afferent terminals of ankle plantar
flexor muscles (Eccles et al., 1962; Hultborn et al., 1987; Rudomin and Schmidt, 1999).
Therefore, we electrically stimulated the deep branch of the CF nerve to provide excitatory
input to PAD interneurons that mediate presynaptic inhibition while we applied noisy
Achilles tendon vibration. It was expected that if presynaptic inhibition can play a role in
controlling the vibration response, then it would manifest as an early and long-lasting
inhibition of vibration-EMG coherence and cross-correlations following CF nerve stimuli. A
4.5 x 9.5 cm diameter carbon rubber electrode coated with conductive gel (Spectra 360,
Parker Laboratories, USA) was placed just above the patella as the reference, and a custom
metal ballpoint electrode was used to search for the deep branch of the CF nerve around the

fibular head. Specifically, we searched for the stimulus location that produced activity in



muscles innervated by the deep branch of the CF nerve (e.g., tibialis anterior, toe extensors,
fibularis tertius) along with paresthesia between the hallux and second digit, in the absence of
activity in muscles innervated by the superficial branch of the CF nerve (e.g., fibularis longus
and brevis). The custom electrode was then replaced with an adhesive 1 x 1 cm diameter
EMG electrode (Kendall cloth electrode) and the current threshold needed to evoke a just
noticeable M-wave (present in ~2/3 stimuli) in tibialis anterior from individual stimuli was
identified by viewing stimulus-triggered surface EMG in Spike2 software. The CF nerve
stimulus intensity was maintained at 1.3 x M-wave threshold for tibialis anterior (Pierrot-
Deseilligny and Burke, 2012); M-wave threshold was re-assessed if the M-wave amplitude
changed during a trial or if the participant took a seated break between trials. We applied
single electrical pulses to the deep branch of the CF nerve intermittently (every 0.8-1.0 s)
while we applied noisy Achilles tendon vibration over six 2-min standing trials.

Experiment 3: Involvement of a- and y-motoneuron pools

Ten adults participated in Experiment 3 (6 males, 4 females); two had participated in
Experiment 1, and one had participated in both Experiments 1 and 2. This experiment was

conducted to examine the roles of the a- and y-motoneuron pools in the interaction between
cutaneous feedback and the vibration response. There is evidence that y-motoneurons have a

lower threshold to cutaneous input relative to a-motoneurons (Hunt, 1951; Eldred and
Hagbarth, 1954; Alnaes et al., 1965; Appelberg et al., 1977). Therefore, a modulation in
vibration-EMG coherence and cross-correlations in the absence of a cutaneous reflex would

support involvement of cutaneous projections to y-motoneurons. Conversely, the presence of

a modulation in vibration-EMG coherence and cross-correlations only when a cutaneous
reflex is evoked would suggest that a change in the excitability of the a-motoneuron pool is
necessary to observe a cutaneous interaction with the stretch reflex pathway. We identified
the highest cutaneous stimulation intensity that could be applied to the metatarsals without
evoking a cutaneous reflex in soleus rectified trigger-averaged surface EMG based on a
minimum of 50 stimulus pulse trains (5 pulses at 200 Hz, 0.4-0.6 s ISI). This stimulation

intensity was typically just above perceptual threshold. We then applied this stimulus level to



the metatarsals (5 pulses at 200 Hz, every 0.8-1.0 s) along with noisy tendon vibration over
six 2-min standing trials.
Data analyses and statistics

To examine changes in proprioceptive responses following cutaneous stimuli, we
calculated time-dependent coherence and cross-correlations. Coherence describes the linear
correlation between the vibration and muscle activity across frequencies, and significant
vibration-EMG coherence is typically found in soleus across a bandwidth of ~10-80 Hz
(Mildren et al. 2017; 2019). Here, time-dependent coherence was used to examine how
coherence varies following the stimuli. Cross-correlations describe the correlation between
the vibration and muscle activity as the EMG is lagged in time relative to the stimulus.
Cross-correlations typically demonstrate that the EMG is correlated with the stimulus at a
~40 ms lag time, which corresponds to the latency of tendon tap responses (Mildren et al.
2017, 2019). Here, time-dependent cross-correlations were used to examine how correlation
amplitudes change following cutaneous stimuli. First, EMG and acceleration data were
digitally low-pass filtered at 600 Hz (4th order dual pass Butterworth filter) and EMG data
were full-wave rectified. Stimulus artifacts in the EMG from the electrical pulses were
replaced with mean EMG (therefore, the stimulus artifact location will appear in figures as a
band of coherence and correlation strength equal to zero). For the time-dependent coherence
and cross-correlation analyses, epochs of data were extracted from 250 ms before to 750 ms
after the onset of each stimulus train; this provided ~770 epochs of data for each participant
over the six 2-min trials of each condition (heel and metatarsal stimuli in Experiment 1, CF
nerve stimuli in Experiment 2, and below threshold metatarsal stimuli in Experiment 3). We
were primarily interested in the ~500 ms window following the cutaneous stimuli; therefore,
the analyzed epochs provided ~250 ms of padding on either side of the window of interest
(e.g., a full cycle of vibration at 5 Hz on either side, where our bandwidth of interest was
~10-80 Hz; Mildren et al. 2017). The last stimulus at the end of a trial was removed if there
was an incomplete (<750 ms) epoch of data following it.

Due to the nonstationarity of the EMG data, a Morlet wavelet decomposition method

(Zhan et al., 2006; Blouin et al., 2011) was used to calculate time-dependent coherence



(referenced to the onset of the cutaneous stimuli). This analysis was performed for data
pooled across participants for each condition. Coherence [C(¢,f)] was estimated using the

following equation:

c(rf) = | Poy(1. 1) I?
P )Py f)

Where ¢ is time with respect to the cutaneous pulse train, f'is frequency, Py/(z,f) is the cross-
spectrum of the probe acceleration and EMG signals, and Px(t,f) and Py,(¢,f) are the auto-
spectra of the acceleration and EMG signals, respectively. Time-dependent coherence values
were considered significant when they exceeded 99% confidence limits, since a 99% limit
was shown to better represent an a-level of 0.05 due to the bidirectional nature of the data
(Blouin et al., 2011). All non-significant coherence values were set to 0. For Experiment 3,
time-dependent coherence [C(z,f)] and time-dependent EMG power spectra [P,,(z,f)] were
also examined on an individual participant bases to identify if any changes in coherence were
associated with changes in EMG power. Time-dependent cross-correlations with respect to
the electrical pulse trains were calculated using a custom-written algorithm in Matlab (Blouin
et al. 2011; available from http://persianney.com/kvdoelcsubc/pubs.html) using the
convention a positive correlation reflects that acceleration into the tendon is associated with
an increase in rectified EMG. Time-dependent cross-correlations were examined on an
individual participant bases to extract information about the latency and duration of the
modulation in the vibration response following cutaneous stimuli.

First, we quantified baseline coherence and cross-correlations over time without the
influence of stimuli by randomly generating trigger times with an ISI of 0.8-1.0 s and used
these as references for the time-dependent coherence and cross-correlation analyses. We
examined the change in peak-to-peak (P2P) amplitude of the cross-correlations following
electrical pulses (or randomly generated trigger times). Specifically, on an individual
participant basis, we extracted the P2P amplitude of the cross-correlations over time
following the stimuli; i.e., the maximum minus the minimum correlation amplitude was
extracted along the correlation lag time axis, and then examined along the time axis

following stimuli (see example for one participant in Fig. 3B and C). To examine how the



vibration-evoked muscle response was influenced by the stimuli, the change in P2P
amplitude over time following cutaneous stimuli (P2P amplitude minus the mean) was then
averaged across participants. The change in P2P cross-correlation amplitude over time
following randomly generated trigger times was also extracted and used to calculate the SD
over a 400 ms window following the trigger times for both the heel and metatarsal
conditions. This SD was used to construct = 2 SD bandwidths around the P2P cross-
correlation, and the onset of a significant phasic modulation was identified as the latency
when P2P cross-correlation values crossed a positive or negative 2-SD threshold and
remained outside of this threshold for a minimum of 20 consecutive data points (10 ms).
Similarly, the offset of the modulation was identified as the time when the P2P cross-
correlations returned and remained within the + 2 SD bandwidth for a minimum of 20
consecutive data points.

To determine whether there was a tonic modulation of the vibration-evoked response
induced by heel and metatarsal stimuli, the mean P2P cross-correlation amplitude over the
entire length of the trials was compared between heel and metatarsal conditions using a
paired samples -test. To examine whether there were differences between the modulation
latencies from heel vs. metatarsal stimuli, for each participant, the latency of the maximum
change in P2P cross-correlation strength following heel and metatarsal stimuli was extracted
and compared between heel and metatarsal conditions using a paired samples #-test.

To examine the change in soleus EMG evoked by heel, metatarsal, and CF nerve
stimuli, EMG data were trigger-averaged to the onset of the electrical pulses. The resulting
waveform average for each participant was then debiased and averaged across participants.
To align the stimulus artifact in the EMG with the artifact in the cross-correlation, the EMG
was shifted in time by 42 ms in the negative direction to correspond to the lag time where the
vibration and EMG were correlated (since the EMG was correlated with stimulus

acceleration when shifted ~42 ms backward in time due to the neural transmission delay).



Results
Experiment 1: Heel and metatarsal stimuli

Data referenced to randomly generated trigger times revealed that vibration-EMG
coherence was significant (above 99% confidence limits) across a bandwidth of ~10-80 Hz,
with the strongest coherence around 40 Hz and minimal variation over time (Fig. 2; top
panel). Soleus EMG was correlated with the vibration when lagged by ~40 ms relative to the
vibration acceleration signal (Fig. 2; bottom panel), with minimal variation in P2P amplitude
over time when referenced to the randomly generated trigger times. The SD in P2P amplitude
over time was 0.0104 during the heel condition, and 0.0114 during the metatarsal condition;
therefore, the = 2 SD bandwidths used to analyze modulations in P2P amplitude were +
0.0208 and + 0.0228, respectively.

Data referenced to the cutaneous stimuli revealed that coherence was suppressed by
heel stimuli and enhanced by metatarsal stimuli at latencies of ~100 ms (representative data
are presented in Fig. 3A, and group data are presented in Fig. 4A). The peak of the cross-
correlation occurred at a lag time of 39.6 + 3.1 ms during heel stimuli, and 39.1 + 3.0 ms
during metatarsal stimuli. The average P2P cross-correlation amplitude was not significantly
different between heel (r = 0.27 £+ 0.08) and metatarsal (r = 0.29 &+ 0.07) conditions [#11) =
-1.360, p = 0.201], which suggests there was minimal tonic effect of the electrical pulse
trains on vibration responses. Cross-correlation strength was similarly suppressed and
enhanced by heel and metatarsal stimuli, respectively, at ~100 ms latencies (representative
cross-correlation data are presented in Fig. 3B). To further assess the time course of this
suppression and enhancement, the P2P cross-correlation was examined over time following
the cutaneous stimuli (Fig. 3C). The change in P2P cross-correlation amplitude over time
averaged across participants demonstrated that cross-correlations were suppressed (exceeding
the 2 SD negative limit) at 104 ms and returned to baseline at 155 ms following heel stimuli
(Fig. 4B). Following metatarsal stimuli, the cross-correlations were enhanced (exceeding the
2 SD positive limit) at 76 ms and returned to baseline at 128 ms (Fig. 4B). The maximum
modulation in cross-correlation strength occurred significantly earlier for metatarsal stimuli

(peak increase at 96 = 14 ms) compared to heel stimuli (peak decrease at 118 + 23 ms) [f11) =



2.849, p = 0.016). After subtraction of the cross-correlation lag time, heel cutaneous stimuli
evoked an increased followed by a decrease in rectified surface EMG (peak decrease at 104 +
8 ms latency), while metatarsal stimuli evoked a decrease followed by an increase (peak
increase at 86 + 10 ms latency) (Fig. 4B). Thus, the modulations in vibration responses due to
cutaneous input were not clearly dissociated from the changes in background EMG.
Experiment 2: Role of presynaptic inhibition

In soleus surface EMG, CF nerve stimuli evoked an early and short-lasting inhibition
that resembled the characteristics of disynaptic reciprocal inhibition (based on polarity,
latency, and duration), followed by a prolonged increase in EMG lasting ~100 ms (Fig. 5B).
In vibration-EMG coherence, we observed no evidence of an inhibition; instead, CF nerve
stimuli evoked an early and prolonged facilitation in coherence (Fig. 5A). The change in P2P
cross-correlation strength following CF nerve stimuli similarly demonstrated an early and
prolonged facilitation (Fig. 5B).

Experiment 3: Involvement of a- and y-motoneuron pools

To examine whether the modulation from foot sole stimuli could be evoked at

stimulus levels that preferential target y-motoneurons, we reduced the metatarsal stimulus

current to below the threshold to evoke a cutaneous reflex in soleus surface EMG during
standing. Despite the absence of a cutaneous reflex (averaged over a minimum of 50 stimuli)
during quiet standing, when we added tendon vibration, a cutaneous reflex emerged in four
out of 10 participants. Fig. 6A demonstrates trigger-averaged soleus EMG for a participant
that showed evidence of a cutaneous reflex at a latency of ~100 ms when tendon vibration
was added. Similarly, Fig. 6B demonstrates the emergence of a cutaneous reflex in time-
dependent EMG power across a bandwidth of ~20-60 Hz at a ~100 ms latency following
cutaneous stimuli. In contrast, Fig. 6C shows a participant that did not demonstrate a
cutaneous reflex when tendon vibration was added to subthreshold cutaneous electrical
stimuli. Across participants, there was no evidence that a modulation in vibration-EMG
coherence was evoked in the near absence of a cutaneous reflex. Overall, these data indicate

a modulation in vibration-EMG coherence via cutaneous input necessitates a change in a-



motoneuron pool excitability.

Discussion

To examine how foot sole cutaneous feedback interacts with the soleus stretch reflex
pathway during standing, we examined the change in coupling between tendon stimuli and
soleus EMG over time following foot sole electrical stimuli (heel vs. metatarsals). Our results
showed that cutaneous stimuli applied to the heel suppressed the vibration response in soleus,
demonstrated by a suppression of vibration-EMG coherence and cross-correlations.
Conversely, cutaneous stimuli applied to the metatarsal enhanced the soleus response
(enhancement of vibration-EMG coherence and cross-correlations) at a shorter latency
relative to the effects of heel stimuli. We further explored potential mechanisms that mediate
the observed interaction between cutaneous input and the soleus vibration response
(Experiments 2 and 3). Results from those experiments suggest that the interaction was only

present when the cutaneous stimuli induced a modulation in a-motoneuron excitability and

the interaction was likely not mediated by presynaptic inhibition or selective input to y-

motoneurons.

Our finding of relatively late (~100 ms) modulations in the soleus vibration response
contrasts with previous studies that observed earlier modulations (~40 ms latencies) in soleus
H-reflex amplitude evoked by foot sole conditioning stimuli (Sayenko et al., 2007, 2009;
Knikou, 2007, 2010; Lowrey and Bent, 2009). In addition to occurring earlier, the cutaneous
modulation of the H-reflex was also in the opposite direction (heel facilitatory, metatarsals
inhibitory) relative to the modulations in correlation strength observed in our experiment
(heel suppression, metatarsals enhancement). The difference between our findings and those
of previous studies (Sayenko et al., 2007, 2009; Knikou, 2007, 2010; Lowrey and Bent,
2009) could be attributed to differences in the posture of the participants (standing vs. seated
or prone) or the methodological approach. Specifically, since cutaneous reflexes are task
dependent, their interaction with the stretch reflex pathway may vary according to the posture
and whether the muscles are engaged in the control of balance. Methodologically, the H-

reflex is very sensitive to a-motoneuron pool excitability and presynaptic inhibition, whereas



the stretch and tendon tap responses are less sensitive to presynaptic inhibition (Morita et al.,
1998; Enriquez-Denton et al., 2002). The lower sensitivity of mechanically generated trains
of spindle input to presynaptic inhibition may be one explanation for why we did not observe
a suppression in coherence and cross-correlations in response to CF nerve stimuli
(Experiment 2). Another difference between H-reflex vs. tendon vibration methodologies is
that the response evoked by tendon vibration involves mechanotransduction, and is therefore

sensitive to changes in spindle sensitivity via y-motoneuron activity. However, our results
from Experiment 3, where stimuli were delivered at a level to target y-motoneurons, do not
suggest that the cutaneous interaction was mediated by a change in y-motoneuron activity.

Therefore, our findings suggest that cutaneous input influences the transmission through the
stretch reflex pathway via a modulation at the a-motoneuron pool.

Enhancement of correlations following CF nerve stimuli

We hypothesized that if input to PAD interneurons was capable of evoking
presynaptic inhibition of the vibration response, this could be a potential mechanism for the
cutaneous interactions. We did not observe any evidence that input to PAD interneurons from
group I afferents in the CF nerve could evoke an inhibition of the vibration responses.
Instead, we observed an early and prolonged enhancement in vibration-EMG coherence and
cross-correlations. While an enhancement could be evoked by the stimulation of antagonist
Ib afferents in the CF nerve, the duration of this facilitation was longer than would be
expected from Ib input (Pierrot-Deseilligny and Burke, 2012); therefore, other mechanism
such as presynaptic facilitation may also contribute to this enhancement.

Since the early description of presynaptic inhibition by Frank and Fuortes (1957), and
pioneering work by Eccles and colleagues (1962), there have been recent findings that
suggest PAD may have more complex functions in the regulation of afferent transmission (L1
et al., 2017; Lucas-Osma et al., 2018). Activation of GABA receptors generates afferent
depolarization, which causes presynaptic inhibition through action potential shunting at
afferent terminals (Cattaert and Manira, 1999; Willis, 2006). However, it has been proposed

that afferent depolarization by GABA receptors at branch points could facilitate transmission



by preventing conduction block (Li et al., 2017; Lucas-Osma et al., 2018), which may be a
common occurrence in long and highly branched nerve fibres (such as muscle spindle
afferents). The change in time-dependent coherence and cross-correlations we observed
following CF nerve stimuli could reflect facilitation of afferent transmission; however, more
experiments are necessary to confirm this possibility.

Role of a- and y-motoneuron pools

We did not observe a modulation in vibration-EMG coherence in the absence of a

cutaneous reflex. Our approach targeted the potential role of y-motoneurons in the cutaneous

modulation of the soleus responses since they exhibit a lower threshold to cutaneous input

relative to a-motoneurons (Hunt, 1951; Eldred and Hagbarth, 1954; Alnaes et al., 1965;

Appelberg et al., 1977). Our results do not support selective involvement of y-motoneurons

in mediating the cutaneous interaction with the stretch reflex pathway. Although cutaneous

influences on y-motoneuron activity have been demonstrated in animal experiments (Hunt,

1951; Eldred and Hagbarth, 1954; Alnaes et al., 1965; Appelberg et al., 1977), evidence from
human studies is limited. Aniss et al. (1990) found indirect evidence of cutaneous modulation

of y-motoneuron activity (modulation of spindle afferent firing not explained by muscle

stretch) in a small sample of ankle dorsiflexor spindle afferents in standing participants.

Gandevia et al. (1994) also found indirect evidence of cutaneous modulation of y-

motoneuron activity in a small sample of spindle afferents recorded from forearm extensor
muscles.

In some participants (n = 4), the previously subthreshold metatarsal cutaneous stimuli
became suprathreshold when we added noisy tendon vibration, i.e. the cutaneous stimuli
evoked a response in soleus EMG. This indicates that the vibration-evoked proprioceptive
input to the spinal cord might facilitate the pathway involved in generating the cutaneous
reflex. In individuals with a spinal cord injury, it has been shown that tendon vibration
suppresses the late spasm-like cutaneous reflex activity in the antagonist muscle, possibly

through inhibition of persistent inward currents via la inhibitory interneurons (DeForest et



al., 2020). Properly targeted tendon vibration could therefore present a method to either help
facilitate activity in paretic muscles, or conversely control unwanted spasm like activity in
antagonist muscles.
Functional implications

During standing, it is important that available information is integrated into the
stretch reflex pathway so responses are adapted to the current situation. Our results support a
potential functional contribution of cutaneous input to spinal cord circuitry for the control of
movement and balance as proposed by van Wezel et al. (1997, 2000) and Zehr et al. (1997,
2012, 2014). In a backward leaning posture, it would be advantageous for cutaneous
feedback from the heels to suppress the soleus stretch response that would increase the risk
of falling backward. Conversely, metatarsal cutaneous feedback during a forward lean would
help support the reflex activation of soleus and the generation of plantar flexion torque
toward a neutral posture. Similarly, a forward perturbation (such as a push) during standing
would cause an anterior shift in pressure under the feet as well as stretch of the triceps surae
muscles. In this situation, cutaneous and proprioceptive information may be combined to
enhance the plantar flexor muscle response to help prevent a forward fall. Overall, our results
suggest that different regions of the foot sole have a functional role in tuning proprioceptive
responses for the control of standing posture and balance.
Conclusions

In summary, our findings demonstrate spatially organized spinal interactions between
foot sole cutaneous and triceps surae proprioceptive feedback in humans during standing.
Specifically, heel stimuli suppressed while metatarsal stimuli enhanced the soleus muscle
response to noisy Achilles tendon vibration. Results from our experiments also suggest this

interaction required a strong enough cutaneous stimulus to modulate the a-motoneuron pool
and was likely not mediated by presynaptic inhibition or y-motoneurons. These findings
indicate that cutaneous feedback from the foot sole is integrated into the stretch reflex

pathway to functionally modulate (suppress or enhance) responses to proprioceptive stimuli

during standing.
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Figure 1. Illustration of the experimental setup.
[lustration of the experimental setup used to apply noisy Achilles tendon vibration along
with electrical pulse trains to the heel or metatarsals of the foot sole during standing. A

sample of the vibration acceleration profile, as well as the parameters of the cutaneous

stimuli, are also demonstrated.
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Figure 2. Coherence and cross-correlations over time without the influence of cutaneous
stimuli.

Time-dependent coherence and cross-correlations aligned to randomly generated trigger
times (i.e., not aligned to electrical stimuli) (n = 12). These data illustrate vibration responses
over time that would be expected without cutaneous stimuli. Note there was minimal

variation in coherence strength and cross-correlation amplitude over time.
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Figure 3. Representative coherence and cross-correlations following heel and metatarsal
cutaneous stimuli.

Representative data from one participant of time-dependent vibration-EMG coherence (A)
and cross-correlations (B) following cutaneous pulse trains applied to the heel (top panel)
and metatarsals (bottom panel). Time (s) is time following the cutaneous pulses, and lag (s) is
the cross-correlation lag time. For time-dependent coherence warmer colours reflect stronger
coherence, and for time-dependent cross-correlations warmer colours reflect stronger positive
correlations and cooler colours reflect stronger negative correlations. The peak-to-peak (P2P)
amplitude of the cross-correlations was extracted over time following the cutaneous stimuli
and plotted in panel C. Note the suppression in coherence and cross-correlations following

heel stimuli and the enhancement following metatarsal stimuli.



Frequency (Hz)

Frequency (Hz)

Heel stimuli 0.05 Heel stimuli Metatarsal stimuli
0.08 0.08
0.04 =
c
S
0.03 % 0 0
5
0.02 o
-0.08 N
0 0.1 0.2 0.3 0'080 0.1 0.2 0.3
0.01
0.04 0.04
0
! Z0.02 0.02}
. . (O]
100 Metatarsal stimuli 0.08 = Ow\/w
0.07
80 -0.02 - - ’ -0.02
0.06 0 0.1 0.2 0.3 0 0.1 0.2 0.3
Time (s) Time (s)
60 0.05
0.04
0.02
20
0.01
0
02 01 0 01 02 03 04
Time (s)

Figure 4. Coherence and changes in cross-correlation amplitude and EMG following
heel and metatarsal cutaneous stimuli.

Group results for time-dependent coherence following heel and metatarsal stimuli (n = 12)
(A) and the average change in peak-to-peak (P2P) cross correlations following cutaneous
stimuli (B; top panel) and the cutaneous reflex in soleus surface EMG (B; bottom panel) (n =
12). Horizontal dotted lines represent 2 SD limits. Note the depression and enhancement in

coherence and cross-correlations following heel and metatarsal stimuli, respectively.
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Figure 5. Coherence and changes in cross-correlation amplitude and EMG following
common fibular nerve stimuli.

Time-dependent vibration-EMG coherence following common fibular (CF) nerve stimuli (A)
and the average change in peak-to-peak cross-correlations and soleus surface EMG following
CF nerve stimuli (n = 6) (B). Note the early enhancement in coherence (peak at ~30 ms) and

cross-correlations following CF nerve stimuli.



Below threshold stimuli

0.1 0.2 0.3 0.4
Time (s)

Below threshold stimuli plus vibration

;.
EW‘\WNWW"M
(0]

=

w

0.02

0.1 0.2 0.3 0.4
Time (s)

Frequency (Hz)

Frequency (Hz)

100

100

» D o]
o o o

N
o

[«2] @
o o

N
o

N
o

-02  -0.1

EMG power

0 0.1 0.2 0.3 0.4

Time (s)

Coherence

:

0 0.1 02 03 0.4

Time (s)

120

EMG power

35

30

25

20

-0.2  -041 0 0.1 0.2 0.3 0.4
Time (s)

Coherence

100 0.25

80 0.2

60 0.15

"y

20

0.1

0.05

-0.2  -01 0 0.1 0.2 0.3 0.4
Time (s)

Figure 6. Representative soleus EMG, power, and coherence with lower intensity

cutaneous stimuli.

Example of trigger-averaged surface EMG when cutaneous stimuli were delivered below

reflex threshold, and trigger-averaged surface EMG at the same stimulus level while vibration

was applied (A). Time dependent EMG power and coherence in one participant that

demonstrated a cutaneous reflex (increase in EMG power at ~100 ms latency) when vibration

was added to previously sub-threshold cutaneous stimuli (B). Data from one participant that

did not demonstrate a cutaneous reflex or modulation in vibration-EMG coherence (C). Note

that stimuli below the threshold to evoke a change in a-motoneuron pool excitability (i.e., a

cutaneous reflex), but likely above the threshold to activate y-motoneurons, did not evoke a

change in time-dependent coherence.
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