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ARTICLE INFO ABSTRACT

Keywords: Humans will naturally synchronize their posture to the motion of a visual surround, but it is
Gait unclear if this visuomotor entrainment can be attenuated with an increased sensitivity to so-
Balance matosensory information. Sub-threshold vibratory noise applied to the Achilles tendons has

Stochastic resonance
Optical flow

Virtual reality
Sub-threshold vibration

proven to enhance ankle proprioception through the phenomenon of stochastic resonance. Our
purpose was to compare visuomotor entrainment during walking and standing, and to under-
stand how this entrainment might be attenuated by applying sub-threshold vibratory noise over
the Achilles tendons. We induced visuomotor entrainment during standing and treadmill walking
for ten subjects (24.5 + 2.9years) using a speed-matched virtual hallway with continuous
mediolateral perturbations at three different frequencies. Vibrotactile motors over the Achilles
tendons provided noise (0-400 Hz) with an amplitude set to 90% of each participant’s sensory
threshold. Mediolateral sacrum, C7, and head motion was greatly amplified (4-8 X on average)
at the perturbation frequencies during walking, but was much less pronounced during standing.
During walking, individuals with greater mediolateral head motion at the fastest perturbation
frequency saw the greatest attenuation of that motion with applied noise. Similarly, during
standing, individuals who exhibited greater postural sway (as measured by the center of pres-
sure) also saw the greatest reductions in sway with sub-threshold noise applied in three of our
summary metrics. Our results suggest that, at least for healthy young adults, sub-threshold vi-
bratory noise over the Achilles tendons can slightly improve postural control during disruptive
mediolateral visual perturbations, but the applied noise does not substantially attenuate visuo-
motor entrainment during walking or standing.

1. Introduction

Visuomotor entrainment is the process where motor responses instinctively synchronize to visual stimuli. For example, sacrum
and trunk kinematics during walking will entrain to the mediolateral (ML) perturbations of a virtual reality environment (Franz,
Francis, Allen, O’Connor, & Thelen, 2015). This entrainment is readily seen for a broad range and combination of perturbation
frequencies that would be difficult to synchronize with consciously (Franz, Francis, Allen, & Thelen, 2017). Visuomotor entrainment
also occurs when standing (Dijkstra, Schoner, Giese, & Gielen, 1994; van Asten, Gielen, & van der Gon, 1988), and we may expect that
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entrainment of head kinematics to a perturbed virtual reality environment when walking would be similar to entrainment when
standing. It is hypothesized that this entrainment arises from postural regulation of the head and trunk to unify the motion sensed
using visual feedback (i.e. optical flow) with the motion sensed using somatosensory and vestibular feedback (Stokes, Thompson, &
Franz, 2017). Accordingly, visuomotor entrainment is more pronounced when individuals place a premium on visual feedback to
maintain balance when walking. For example, older adults exhibit increased reliance on vision to maintain balance, likely com-
pensating for diminished somatosensory feedback from the periphery (Francis, Franz, O’connor, & Thelen, 2015). As a result, older
adults exhibit both increased gait variability and increased entrainment to visual perturbations (Franz et al., 2015). Thus, it may be
feasible to affect entrainment by manipulating the relative weighting of visual and somatosensory information during walking.

Sub-threshold vibratory noise has shown promise to increase sensitivity to somatosensory information. This utilizes a phenom-
enon called “stochastic resonance”, whereby low-amplitude noise increases the likelihood that weak signals will exceed a sensory
threshold and thus improves detection of small sensory fluctuations (Collins, Imhoff, & Grigg, 1996; Priplata, Niemi, Harry, Lipsitz, &
Collins, 2003). For example, white noise tendon vibration can increase the sensitivity of afferent firing rates in the Golgi tendon
organs and the adjoining muscle spindles (Cordo et al., 1996; Fallon, Carr, & Morgan, 2004). Further, ankle proprioception can be
significantly improved by applying sub-threshold vibratory noise over the Achilles tendon (Ribot-Ciscar, Hospod, & Aimonetti, 2013).
Thus, investigators have considered the possible influence of noise applied to the Achilles tendon to improve standing balance, as has
been shown for noise applied to the bottom of the feet (Collins et al., 2003). For example, Borel & Ribot-Ciscar found that the spectral
power density of postural sway significantly decreased with an optimum level of noise at the Achilles tendons, but found no reduction
in the sway area (Borel & Ribot-Ciscar, 2016). Sacco et al also found that no level of noise could consistently reduce the velocity of
sway during quiet standing, but could improve the accuracy of postural positioning (Sacco, Gaffney, & Dean, 2017). However, we
may better detect improvements due to applied noise at the Achilles tendons under conditions where visual information is conflicting,
such as during ML visual perturbations, which may increase the reliance on somatosensory information to maintain balance. We may
also see improvements during gait, as sub-threshold vibratory noise at the bottom of the feet has also shown to decrease gait
variability (Aboutorabi, Arazpour, Bahramizadeh, Farahmand, & Fadayevatan, 2017; Galica et al., 2009; Stephen et al., 2012). These
past improvements with applied noise likely arise from increased sensitivity to somatosensory information, which may also reduce
the reliance on visual information to maintain balance (Dettmer, Pourmoghaddam, Lee, & Layne, 2015; Kabbaligere, Lee, & Layne,
2017).

The purpose of this study was to compare visuomotor entrainment during walking and standing, and to understand how this
entrainment might be attenuated by applying sub-threshold vibratory noise over the Achilles tendons. As such, we measured kine-
matics for healthy young adults walking and standing in a virtual reality environment with ML visual perturbations. We first hy-
pothesized that ML motion during walking and standing would be amplified at the driving frequencies of the ML visual perturbations.
We also hypothesized that ML visual perturbations would increase gait variability and postural sway. Finally, we hypothesized that
applying sub-threshold vibratory noise to the Achilles tendons would diminish the effect of ML visual perturbations during walking
and standing.

2. Methods
2.1. Participants

Ten healthy young adults participated in the study (mean + standard deviation, age: 24.5 + 2.9 yrs, mass: 74.7 = 14.1kg,
height: 1.73 + 0.12m, 5 female). The self-reported inclusion criteria were: 1) 18-30 years old; 2) body mass index (BMI) < 30; 3)
no current or prior orthopedic disorders affecting the lower limbs (such as bone fracture, ligament/tendon injury, arthritis, pros-
thetic); 4) no neurological, visual, vestibular, or balance disorders; 5) able to walk comfortably and unassisted for at least twenty
consecutive minutes; 6) participates in mild-to-moderate exercise at least three times a week; and 7) no medication that may cause
dizziness or affect neurological function. Participants wore their own shoes during the experiment. The experimental protocol was
approved by the University of Wisconsin-Madison Health Sciences Institutional Review Board, and each subject provided written
informed consent before participating in the study.

2.2. Sub-threshold vibratory noise

We positioned a pair of voice coil vibrotactile motors (Haptuator BM3C, Tactile Labs Inc., Montreal, QC) bilaterally over the
Achilles tendons in line with the malleoli. These were mounted in 3D-printed housings and held in place using Coban wrap. To drive
the motors, we generated white noise at 2kHz in LabView (v16.0, National Instruments, Austin, TX), low-pass filtered the noise
signals to 400 Hz (Borel & Ribot-Ciscar, 2016), and then input the noise signals to a pair of audio amplifiers (LP-2024A +, Lepy
Audio).

We determined a participant’s vibratory perception threshold on each side while standing with eyes open in a neutral position
with equal weight on each foot. We first set the vibration level to maximum and gradually decreased the amplitude until the
participant could no longer detect the vibration. Then we set the vibration level to zero and gradually increased the amplitude until
the participant could first detect the vibration. We repeated finding the ascending and descending thresholds, and then took the
average of the four amplitudes as the threshold of vibratory perception. We confirmed that this amplitude was at the threshold by
checking that the subject could feel vibration at 110% of this amplitude and could not feel vibration at 90% of this amplitude, but was
uncertain at the threshold amplitude (Miranda et al., 2016). We then set the amplitude of each motor to 90% of the determined
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Fig. 1. During the walking trials, subjects faced a virtual reality hallway that progressed forward at the same speed as the treadmill (A). During the
standing trials, subjects stood on a force plate and the hallway did not progress forward (B). To elicit mediolateral visuomotor entrainment, we
experimentally perturbed the foreground of the virtual hallway. Here, the foreground swayed mediolaterally as the sum of three sinusoidal driving
frequencies (0.10, 0.31, and 0.96 Hz) with prescribed amplitudes of 0.326 m (C). To increase sensitivity to ankle somatosensory information, we
applied sub-threshold vibratory noise using a pair of vibrotactile motors placed over the Achilles tendons (D).

threshold amplitude to ensure subsensory stimulation (Fig. 1D) (Stephen et al., 2012). At this amplitude, participants were blind to
whether the vibration (i.e. vibratory noise) was on or off, and no participants reported being able to feel any vibration during the
experimental protocol.

2.3. Experimental protocol

We first determined each subject’s preferred overground walking speed as the average of two times taken to traverse the middle
4 m of a 6 m walkway. Participants then completed all walking trials on a treadmill at a fixed speed of 1.25 m/s, which was near the
average preferred overground speed (1.34 = 0.22m/s). During these trials, a speed-matched virtual reality hallway was rear-pro-
jected onto a semi-circular screen surrounding the front of the treadmill (height = 2.7 m, radius = 1 m) (Fig. 1A), as described in
previous publications (Acufa, Francis, Franz, & Thelen, 2019; Francis et al., 2015). We instructed subjects to simply look forward as if
walking down an actual hallway, and to not fix their gaze on any point peripheral to the screen. Mediolateral perturbations to the
virtual hallway were designed to elicit visuomotor entrainment in the mediolateral direction and increase gait variability (Franz
etal., 2017; Thompson & Franz, 2017). When perturbed, the foreground of the virtual hallway would sway mediolaterally, while the
projected end of the hallway remained stationary (i.e. provoking corrections to mediolateral position rather than corrections to
heading). The perturbations swayed according to

2
P(t) = E Asin(Bif 27t)

=0

where A prescribed an amplitude of 0.326 m and f described a base frequency of 0.10 Hz (Fig. 1C). We chose 3.1 as the scalar
multiplier B to promote signal complexity that would be difficult to anticipate. Thus, the perturbed virtual hallway had driving
frequencies of 0.10, 0.31, and 0.96 Hz with a maximum amplitude of 0.978 m. In order to minimize any adaptation effects im-
mediately after being presented with a new walking condition, we provided time (at least 30 sec) for each subject to familiarize
themselves with each condition before collecting data.

Each walking trial lasted three minutes, providing ~300 steps per trial. In random order, subjects walked while viewing the
virtual hallway with and without continuous ML perturbations. For half of these trials, we also applied sub-threshold vibratory noise.
Each condition was repeated twice, for a total of eight trials.

Upon completion of the walking trials, we positioned a low-profile force plate (Legacy Balance Plate, Bertec Corp., Columbus, OH)
over the center of the treadmill approximately where the subjects were walking. We instructed subjects to stand quietly on the force
plate while facing the screen, feet placed shoulder-width apart, with their hands held in a neutral position along the vertical body axis
(Fig. 1B).

In random order, subjects stood while viewing the virtual hallway with and without continuous ML perturbations. For half of
these trials, we also applied sub-threshold vibratory noise. Each standing trial lasted 32's, and each condition was repeated three
times, for a total of eighteen trials. The perturbations to the virtual hallway were the same as during the walking trials, except the
virtual hallway did not progress forward. To rule out the effect of fatigue, we required participants to step off the platform after each
trial for ~20s. Note that due to practical constraints involved with setting up the experiment, we did not randomize between the
standing and walking trials, but we did provide subjects an opportunity to rest between these testing segments.
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2.4. Measurement and analysis

A motion capture system (Optotrak Certus, Northern Digital Inc., Waterloo, ON) recorded the 3D positions of markers placed over
the back of the head, the C7 vertebra, the sacrum, and both heels at 100 Hz. Marker trajectories were first low-pass filtered at 12 Hz
using a fourth-order, zero-lag Butterworth filter. We then used spectral analysis to quantify entrainment to the perturbation fre-
quencies in the mediolateral trajectories of the head, C7, and sacrum markers (Hypotheses 1 and 3). Specifically, we computed the
fast Fourier transform (FFT) on these data and extracted the magnitude of ML motion at the three perturbation frequencies (Franz
et al., 2017). To improve our spectral resolution, we concatenated the marker trajectory time series for repeated trial conditions. This
provided six minutes of concatenated kinematic data for each walking condition and ninety-six seconds of concatenated kinematic
data for each standing condition.

We quantified gait variability both temporally and spatially (Hypotheses 2 and 3). To do this, we first identified heel contact from
minimums in the vertical heel displacements (Desailly, Daniel, Sardain, & Lacouture, 2009) and divided each walking trial into a
series of gait cycles. We then constructed time series of stride times and step widths. Stride time was measured for both legs. Step
widths were constructed from the distance between the left and right heel markers over consecutive steps. Here, we defined step
width as the mediolateral distance between heel marker positions averaged during midstance. Variability was described by the
standard deviations of stride time and step width for each condition.

We quantified postural sway by measuring the motion of the net center of pressure (COP). For each standing trial, we acquired
(1000 Hz) the COP from the balance plate, and then we low-pass filtered the COP data at 10 Hz using a fourth-order, zero-lag
Butterworth filter (Baig, Dansereau, Chan, Remaud, & Bilodeau, 2012). We centered the mean COP at zero in both the mediolateral
(ML) and anteroposterior (AP) directions. We then measured the overall amount of postural sway using five conventional measures:
1) the area covered by the COP displacement (defined as an ellipse containing 95% of the COP trajectory), 2) the mean velocity of the
COP trajectory, 3) the mean radial displacement of the COP from center, 4) the standard deviation of the COP in the AP direction, and
5) the standard deviation of the COP in the ML direction (Baig et al., 2012; Duarte, Freitas, & Zatsiorsky, 2011; Schubert, Kirchner,
Schmidtbleicher, & Haas, 2012). For each condition, we used the average measure of the three repetitions in our analyses. We also
quantified entrainment of the COP displacement to the perturbation frequencies in the same manner as the marker trajectories (i.e. by
extracting amplitudes of the FFT from concatenated COP data). We analyzed all kinematic and balance plate data using MATLAB
(R2017a, MathWorks Inc., Natick, MA).

2.5. Statistical analysis

We used a two-way factorial repeated measures analysis of variance (rmANOVA) to test for main effects of and interactions
between sub-threshold vibratory noise (noise off, on) and virtual hallway conditions (ML perturbations off, on) on our measures of
entrainment, gait variability, and postural sway. To further explore the effects of visual perturbations when walking, we performed
an additional two-way rmANOVA to identify significant differences in ML motion by marker location (head, C7, and sacrum) and by
frequency (0.10, 0.31, 0.96 Hz). When we found significant main effects during the rmANOVAs, we performed post-hoc pairwise
comparisons using paired-samples t-tests. To provide context, we report effect sizes from the rmANOVAs as partial eta squared (77;).

Prior studies have argued that comparisons of mean values may not sufficiently assess changes due to sub-threshold vibratory
noise because these changes may depend on an individual’s baseline performance without noise (Borel & Ribot-Ciscar, 2016; Kelty-
Stephen & Dixon, 2013; Stephen et al., 2012). Thus, we explored this possibility as a post-hoc analysis of our data. Using Pearson’s
correlations, we examined individual differences only for the outcome measures that were significantly affected by the ML hallway
perturbations. Here, we evaluated the relationship between performance without noise to the corresponding changes in performance
with noise. In this analysis, we did not include motion at the C7 or sacrum markers.

We performed all the statistical analyses using SPSS (v.25, IBM Corp., Armonk, NY), and defined significance as p < 0.05.

3. Results
3.1. Evidence for visuomotor entrainment during walking and standing

We found evidence of ML entrainment to each of the three perturbation frequencies for subjects walking in the perturbed virtual
reality environment (Fig. 2A). The two-way rmANOVA revealed significant main effects of the virtual hallway perturbations on the
magnitude of ML motion at hallway perturbation frequencies (Table 1). The increase in ML motion of the head, C7, and sacrum was
substantial, averaging 4-8 times greater motion than when walking in the virtual hallway without perturbations. When walking with
ML hallway perturbations, the magnitude of ML motion varied by anatomical location (p < 0.001, 77; = 0.686) and perturbation
frequency (p < 0.001, 7;; = 0.791). Independent of perturbation frequency, ML motion at the head was +5% greater than ML
motion at the C7 (p = 0.001). ML motion at the C7 was +15% greater than ML motion at the sacrum (p = 0.009). Independent of
marker location, ML motion at 0.10 Hz was +110% greater than ML motion at 0.31 Hz (p = 0.004). ML motion at 0.31 Hz was
+143% greater than ML motion at 0.96 Hz (p = 0.004).

The effect of hallway perturbations on ML kinematics was not as pronounced during standing as compared to walking (Table 1,
Fig. 2B). We saw a significant but small (i.e. < 1mm) increase in ML head (+98% on average, p = 0.016) and C7 (+113% on
average, p = 0.031) motion for only the 0.96 Hz perturbation frequency. We also saw an increase in the ML COP displacement at the
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Fig. 2. Visuomotor entrainment to the driving frequencies of the perturbed virtual hallway was more pronounced during walking (A) than during
standing (B). The entrainment we observed in both walking and standing was not significantly affected by sub-threshold vibratory noise. Data are
plotted as the group average spectrum of mediolateral motion, and vertical dashed lines indicate the driving frequencies of the perturbed virtual
hallway (0.10, 0.31, and 0.96 Hz). At these frequencies, asterisks indicate a significant difference between hallway conditions.

0.96 Hz perturbation frequency (+239% on average, p = 0.008) (Table 2, Fig. 3). We found evidence of visuomotor entrainment in
the AP COP displacement to the 0.10 Hz and 0.31 Hz perturbation frequencies. However, there was a general increase in displacement
for many frequencies below 0.5 Hz, including the 0.10 and 0.31 Hz perturbation frequencies, such that the amplified displacement at
these perturbation frequencies did not appear as distinct peaks in the spectral plots.

3.2. Effect of visual perturbations on gait variability and postural sway
The two-way rmANOVA revealed significant main effects of the virtual hallway perturbations on step width, stride time, and their
respective variabilities (Table 3). Here, walking while watching the perturbed virtual hallway significantly increased step width

(+25% on average, p < 0.001) and decreased stride time (-3% on average, p = 0.005)(Fig. 4). We saw a significant increase in step
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Table 1
Group mean ( *+ standard deviation) values of the magnitude of mediolateral motion at the perturbation frequencies of the virtual hallway. All units
are in mm, and signficant p-values are in bold type.

Task Marker Perturbation Hallway Perturbations Off Hallway Perturbations On Main Effect of Main Effect of Noise
Location Frequency Perturbations
Noise Off Noise On Noise Off Noise On p ,73 p ,];
Walking Head 0.10 7.6 (2.5) 5.6 (2.0) 40.2 (15.0) 38.2(14.2) < 0.001 0.874 0.168 0.224
0.31 2.3(0.7) 2.7 (1.1) 18.1(7.3)  20.7 (7.5) < 0.001 0.903 0.370 0.102
0.96 1.6 (1.3) 1.9 (1.3) 9.7 (6.8) 7.4 (4.2) 0.003 0.682 0.329 0.119
Cc7 0.1 7.5 (2.5) 5.5 (1.8) 39.0 (14.4) 36.9(13.8) < 0.001 0.871 0.145 0.245
0.31 2.2 (0.7) 2.4 (0.9) 17.0 (7.0) 19.5(7.1) < 0.001 0.901 0.390 0.094
0.96 1.5 (1.5) 1.9 (1.3) 9.0 (6.4) 6.8 (4.6) 0.006 0.627 0.333 0.117
Sacrum 0.10 6.6 (2.2) 4.9 (1.6) 36.1 (14.0) 34.2(13.6) < 0.001 0.849 0.130 0.262
0.31 2.0 (0.7) 2.1 (0.7) 145 (6.5) 16.4 (6.1) < 0.001 0.867 0.415 0.085
0.96 1.1 (0.9) 1.6 (1.3) 6.0 (5.4) 4.7 (4.0) 0.031 0.462 0.353 0.108
Standing Head 0.10 2.2 (1.5) 2.2 (0.8) 2.0 (1.0) 2.0 (0.8) 0.613 0.030 0.983 0.000
0.31 1.1 (0.6) 0.9 (0.6) 1.2 (0.6) 1.0 (0.3) 0.316 0.111 0.130 0.424
0.96 0.1 (0.1) 0.1 (0.1) 0.3(0.2) 0.3(0.2) 0.016 0.496 0.201 0.175
Cc7 0.10 2.0 (1.5) 1.9 (0.8) 1.8 (0.9) 1.7 (0.8) 0.578 0.036 0.341 0.101
0.31 1.0 (0.5) 0.8 (0.5) 1.0 (0.6) 0.9 (0.4) 0.397 0.081 0.151 0.360
0.96 0.1 (0.0) 0.1 (0.1) 0.2 (0.2) 0.2 (0.2) 0.031 0.421 0.766 0.010
Sacrum 0.10 2114 1.6 (0.5) 1.5 (0.7) 1.5 (0.7) 0.379 0.098 0.238 0.169
0.31 0.7 (0.3) 0.7 (0.5) 0.7 (0.3) 0.7 (0.2) 0.877 0.003 0.702 0.019
0.96 0.1 (0.1) 0.1 (0.0) 0.1 (0.1) 0.2 (0.1) 0.282 0.143 0.878 0.003
Table 2

Group mean ( + standard deviation) values of the magnitude of center of pressure (COP) displacement at the perturbation frequencies of the virtual
hallway. All units are in mm, and significant p-values are in bold type.

Direction  Perturbation Frequency Hallway Perturbations Off Hallway Perturbations On Main Effect of Perturbations Main Effect of Noise
Noise Off Noise On Noise Off Noise On P 713 p ’73

ML 0.10 1.1 (1.0) 1.0 (0.4) 1.1 (0.5) 0.9 (0.6) 0.751 0.012 0.212 0.167
0.31 0.7 (0.4) 0.6 (0.4) 0.8 (0.4) 0.7 (0.3) 0.155 0.211 0.277 0.130
0.96 0.1 (0.1) 0.1 (0.1) 0.5 (0.3) 0.5 (0.4) 0.008 0.561 0.840 0.005

AP 0.10 1.9 (1.3) 1.5 (0.8) 3.1 (2.5) 2.8 (1.5) 0.018 0.483 0.310 0.114
0.31 0.9 (0.4) 0.8 (0.5) 1.3 (0.8) 1.2 (0.7) 0.006 0.589 0.301 0.118
0.96 0.3 (0.1) 0.2 (0.1) 0.4 (0.2) 0.3 (0.1) 0.098 0.275 0.088 0.289

Abbreviations: ML = mediolateral; AP = anteroposterior.

width variability (+62% on average, p < 0.001) and stride time variability (+83% on average, p = 0.003).

Standing while watching the perturbed virtual hallway significantly increased subjects’ overall postural sway, as measured by the
center of pressure (Fig. 5). The two-way rmANOVA revealed significant main effects of the virtual hallway perturbations on mean
velocity, mean radial displacement, and the standard deviation of the COP4p, but not for the area or the standard deviation of the
COPyy, (Table 3). Specifically, we observed an average increase of +34% in sway velocity (p < 0.001), and an average increase of
+25% in the mean radial displacement of the COP (p = 0.050). We also saw a significant increase in the standard deviation of COPp
(+47% on average, p < 0.001).

3.3. Effect of sub-threshold vibratory noise

Our two-way rmANOVA did not reveal any significant main effects of sub-threshold vibratory noise on the magnitude of ML
motion at the perturbation frequencies (Table 1). We also saw no significant main effects of noise on the magnitude of COP dis-
placement at the perturbation frequencies (Table 2, Fig. 3). We found no significant main effects of noise on step width, stride time, or
their respective variabilities (Table 3, Fig. 4). We did not find significant interaction effects between noise and the virtual hallway
conditions on the magnitude of ML motion or our measures of gait variability.

On average, our metrics of postural sway decreased when we applied sub-threshold vibratory noise (Fig. 5). We found a sig-
nificant main effect of noise on the mean radial displacement of the COP (p = 0.046) (Table 3), and main effects approaching
significance for the area of the 95% ellipse (p = 0.082) and the standard deviation of the center of pressure in the AP direction
(p = 0.082). In post-hoc tests, we found that when subjects watched the perturbed virtual hallway, applying noise significantly
decreased the mean radial displacement (—14% on average, p = 0.026). We did not find significant main effects of noise for mean
velocity or standard deviation in the ML direction. We also did not observe any significant interaction effects between noise and the
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Fig. 3. Subjects entrained their ML center of pressure to the 0.96 Hz driving frequency while watching the perturbed virtual hallway, and this
entrainment was not significantly affected by sub-threshold vibratory noise. We found evidence of visuomotor entrainment in the AP center of
pressure to the 0.10 Hz and 0.31 Hz driving frequencies, although there was a general increase in displacement for many frequencies below 0.5 Hz.
Data are plotted as the group average spectrum of center of pressure (COP) trajectories, and vertical dashed lines indicate the driving frequencies of
the perturbed virtual hallway (0.10, 0.31, and 0.96 Hz). At these frequencies, asterisks indicate a significant difference between hallway conditions.

Table 3

Group mean ( = standard deviation) values for our measures of gait variability and postural sway. Significant p-values are in bold type.

Measure Units  Hallway Perturbations Off Hallway Perturbations On Main Effect of Perturbations Main Effect of Noise
Noise Off Noise On Noise Off Noise On p ,73 P 7):
Step Width cm 6.5 (2.0) 6.5 (2.3) 8.1 (2.4) 8.3 (2.0) < 0.001 0.851 0.546 0.042
Step Width Variability cm 2.6 (0.6) 2.5 (0.5) 4.0 (0.9) 4.1 (0.7) < 0.001 0.862 0.505 0.051
Stride Time sec 1.10 (0.07) 1.09 (0.07) 1.07 (0.06) 1.06 (0.07) 0.005 0.641 0.357 0.107
Stride Time Variability sec 0.018 (0.007) 0.018 (0.005) 0.030 (0.014) 0.036 (0.017) 0.003 0.692 0.284 0.141
Area of 95% Ellipse cm2 3.7 (5.8) 2.8 (2.5) 4.9 (4.3) 3.7 (4.0) 0.120 0.084 0.082 0.104
Mean Velocity mm/s 10.8 (4.3) 10.6 (3.6) 14.5 (6.4) 12.5 (3.5) < 0.001 0.733 0.104 0.091
Mean Radial Displacement mm 5.3 (3.9 4.7 (2.0) 6.6 (3.4) 5.7 (2.7) 0.009 0.218 0.046 0.135
Std. Dev. Of COPxp mm 4.8 (2.1) 4.7 (2.2) 7.0 (4.0) 6.0 (2.9) < 0.001 0.519 0.082 0.104
Std. Dev. Of COPyyy, mm 3.5 (4.49) 2.9 (1.3) 3.3(1.6) 2.8 (1.5) 0.775 0.003 0.195 0.059

virtual hallway conditions on our measures of postural sway.
As part of our post-hoc exploration of our data, we found the effect of sub-threshold vibratory noise while watching the perturbed
virtual hallway was related to an individual’s baseline performance without noise (Fig. 6). For example, subjects who exhibited
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Fig. 5. Postural sway significantly increased while watching the perturbed virtual hallway. When we applied sub-threshold vibratory noise during
these perturbations, we found a significant decrease in the mean center of pressure (COP) radial displacement. Data are plotted as group averages
with errors bars representing the standard error. Asterisks (*) indicate significant differences between hallway conditions. Double asterisks (**)

indicate significant differences with applied noise found during post-hoc comparisons.

greater ML head motion at the 0.96 Hz perturbation frequency during the walking trials generally saw the greatest attenuation in
motion at this frequency when we applied noise (p = 0.012). However, we found no significant correlations between baseline
performance and change in ML head motion due to noise at the 0.10 or 0.31 Hz perturbation frequencies. We also found no cor-
relation between baseline gait variability and change in gait variability due to noise.

During the standing trials, subjects who exhibited greater postural sway generally saw the largest reductions when we applied
noise. Specifically, we found significant correlations between baseline performance and change due to noise in sway area
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Fig. 6. In a post-hoc exploration of our data, we found the effect of sub-threshold vibratory noise was related to an individual’s performance without
noise. (A) During the walking trials, subjects who exhibited greater ML head motion at the 0.96 Hz perturbation frequency generally saw the greatest
attenuation when we applied noise. However, we found no significant relationships between baseline performance and change in ML head motion
due to noise at the 0.10 or 0.31 Hz perturbation frequencies. (B) During the standing trials, subjects who exhibited greater postural sway generally
saw the largest improvements when we applied noise.

(p = 0.002), mean velocity (p = 0.001), and standard deviation of the COP in the AP direction (p = 0.006). The mean radial dis-
placement also exhibited a baseline-dependent relationship, approaching significance (p = 0.054). One subject displayed a re-
markable reduction in mean velocity with noise (-15 mm/s), but even without this outlier, the baseline-dependent relationship for
mean velocity was still significant (p = 0.029). Despite these relationships for postural sway, we found no significant baseline-
dependent correlations for ML head motion or ML COP displacement at the 0.96 Hz perturbation frequency during the standing trials.
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4. Discussion

In this study, we investigated visuomotor entrainment to ML visual perturbations during walking and standing, and explored how
this entrainment might be attenuated by applying sub-threshold vibratory noise over the Achilles tendon. As we first hypothesized,
we found that ML motion during walking was greatly amplified at the driving frequencies of the ML visual perturbations. We also
detected ML entrainment during standing, but this was much less pronounced than it was in walking. Consistent with our second
hypothesis, we found ML visual perturbations increased gait variability and postural sway. Our last hypothesis that sub-threshold
vibratory noise would diminish the effect of ML visual perturbations was partially supported. We found sub-threshold noise sig-
nificantly decreased only one measure of postural sway. However, when we examined individual responses to the applied noise, we
found that some improvements due to noise were significantly related to an individual’s baseline performance without noise. We
conclude that, at least for healthy young adults, sub-threshold vibratory noise over the Achilles tendons can slightly improve postural
control during disruptive ML visual perturbations via stochastic resonance, but the increased sensitivity to somatosensory in-
formation does not substantially attenuate visuomotor entrainment to these perturbations.

Our finding that ML motion during walking was amplified at the frequencies of the ML visual perturbations is consistent with
previous studies on visuomotor entrainment (Franz et al., 2015, 2017; Thompson & Franz, 2017). The synchronization to these
frequencies was quite pronounced, with the spectral analysis revealing distinct peaks in ML motion (Fig. 2). We found that the lower
perturbation frequencies (0.10 and 0.31 Hz) elicited the greatest increases in ML motion. However, the relationship between the
increased motion and perturbation frequency is certainly more complex: depending on frequency, the amplitude of that frequency,
and even the age of the subject (Franz et al., 2015, 2017; Thompson, Plummer, & Franz, 2018). Further, we found that amplitude of
ML motion at the perturbation frequencies was greater at the head, which was greater than at the C7, which was greater than the
sacrum. This supports the notion that visuomotor entrainment arises from postural regulation of the head to unify visual feedback
with somatosensory and vestibular feedback. Further, as walking is accompanied by inherently more ML body motion than during
standing (Fig. 2), this may explain, in part, greater entrainment during walking than during standing.

ML visuomotor entrainment was much less pronounced when standing. We saw a small amplification in ML head motion, and
then only for the highest perturbation frequency (0.96 Hz, Fig. 2B). This entrainment was reflected more clearly in the ML center of
pressure (Fig. 3), although the increases in postural sway were driven primarily by changes in AP center of pressure (Fig. 5). We note
that we cannot exclude the possibility that the experimental order may be a confounding factor to these observations, as all the
standing trials were performed after the walking trials. Indeed, the less pronounced entrainment seen during standing may be
influenced by fatigue or habituation to the visual perturbations. However, our findings align with observations by O’Connor and Kuo,
who found that postural sway increased more for visual perturbations in the AP direction than the ML direction (O’Connor & Kuo,
2009). Standing has an inherently wider base of support than walking, which may require less active control of ML balance than AP
balance during visual perturbations. Accordingly, most studies investigating entrainment to visual perturbations during standing
exclusively use perturbations in the AP direction (Baumberger, Isableu, & Fliickiger, 2004; Dijkstra et al., 1994; Dokka, Kenyon, &
Keshner, 2009; Greffou, Bertone, Hanssens, & Faubert, 2008; Loughlin & Redfern, 2001). Our findings also suggest that entrainment
to ML visual perturbations during standing may be more prominent at a different range of frequencies than entrainment to AP visual
perturbations. For example, van Asten et al. found AP visuomotor entrainment was greatest for AP visual perturbations at frequencies
between 0.10 and 0.40 Hz (van Asten et al., 1988), but we found no evidence that ML postural sway synchronized with the ML visual
perturbations in this perturbation frequency range. However, we would likely see more evidence of ML visuomotor entrainment at
lower perturbation frequencies with decreased stance width, such as during tandem standing, which can increase the sensitivity of
postural sway to ML visual perturbations (O’Connor & Kuo, 2009).

In partial support of our last hypothesis, we found sub-threshold vibratory noise improved postural sway during disruptive ML
visual perturbations. As a group, the improvements we observed were admittedly modest. Although all five average posturography
measures decreased when we applied noise, this reduction was only significant for the mean COP radial displacement. We also saw a
reduction in the area covered by the center of pressure trajectories, approaching significance. Consistent with two recent studies
(Borel & Ribot-Ciscar, 2016; Sacco et al., 2017), and in contrast to a third (Ross, Linens, Wright, & Arnold, 2013), we found no
evidence that the applied noise reduced the mean velocity of the COP, which is considered to be the most informative summary
metric of COP (Raymakers, Samson, & Verhaar, 2005). Our results follow a common theme found throughout previous studies: sub-
threshold vibratory noise at the ankles can improve postural control, but these improvements are generally small, inconsistent, and
dependent on the choice of outcome measure (Aboutorabi et al., 2017; Borel & Ribot-Ciscar, 2016; Dettmer et al., 2015; Magalhaes &
Kohn, 2012; Ross et al., 2013; Sacco et al., 2017). When we explored individual responses to the applied noise as part of a post-hoc
analysis, we found that the subjects who exhibited greater postural sway without noise saw the greatest improvements in their sway
when we applied noise (Fig. 6B). Prior studies of postural sway have also observed this baseline-dependent effect of noise (Borel &
Ribot-Ciscar, 2016; Kelty-Stephen & Dixon, 2013; Priplata et al., 2006), although caution must be taken to not falsely attribute these
changes as a noise effect as opposed to regression to the mean. However, by repeating experimental conditions three times for each
subject and presenting conditions in random order, we hope our averaged data better represents true individual differences with
noise, although we cannot exclude the possibility that regression to the mean may explain part of this observation. Taken together,
our findings suggest we may have achieved a beneficial stochastic resonance effect, whereby the improvements in postural sway
arose from increased sensitivity to somatosensory information due to the sub-threshold vibratory noise. This interpretation is con-
sistent with a recent study by Borel and Ribot-Ciscar, who suggest that with increased postural sway there are a greater number of
muscle spindles near the sensory threshold, and thus the addition of sub-threshold vibratory noise leads to greater improvement in
movement coding and postural performance (Borel & Ribot-Ciscar, 2016).
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Our subjects took faster, wider, and more variable steps when walking with ML visual perturbations, as others have shown
(Francis et al., 2015; Martelli, Xia, Prado, & Agrawal, 2019; O’Connor & Kuo, 2009; O’Connor, Xu, & Kuo, 2012; Stokes et al., 2017;
Thompson & Franz, 2017). However, we did not see an effect of sub-threshold vibratory noise on our measures of gait variability
(Fig. 4). Although this study is the first to investigate changes in gait with sub-threshold vibratory noise applied over the Achilles
tendons, these results are generally consistent with a prior study applying noise to the bottom of the feet using shoe insoles (Lipsitz
et al., 2015). In this study of healthy elderly adults, sub-threshold vibratory noise significantly reduced the area covered by the center
of pressure trajectories when standing, but had no effect on step width or step width variability. However, inconsistent with our
results, the authors found a small reduction in stride time and stride time variability, which might be explained by the advanced age
of their study participants. Advanced age may also explain the results of a similar insole study by Stephen et al., who found that sub-
threshold vibratory noise decreased gait variability for elderly subjects who already had more variable gait (Stephen et al., 2012).
However, we found no baseline-dependent relationships for our measures of gait variability. Although, we might have seen differ-
ences in gait variability for our healthy young adults if we had chosen a more vigorous, fatiguing activity (Miranda et al., 2016).

We were surprised to find that sub-threshold vibratory noise over the Achilles tendons had such a small influence on visuomotor
entrainment to the perturbation frequencies of the virtual hallway. ML visual perturbations induce a visual perception of lateral
motion, thus creating conflict between visual feedback and somatosensory and vestibular feedback (Franz et al., 2017). We hy-
pothesized that this would create an environment in which the body would rely more on somatosensory information for motor
planning and execution—primed for sensory reweighting (Horak, 2006; Peterka, 2002). Utilizing sub-threshold vibratory noise to
create a stochastic resonance effect, we expected the increased sensitivity to ankle somatosensory information would manifest as a
significant attenuation in ML motion at the perturbation frequencies. On average, visuomotor entrainment was unaffected by the
applied noise during walking and standing. This finding is similar to a prior observation that noise at the Achilles tendons did not
affect stabilization of the head while standing on an oscillating platform (Borel & Ribot-Ciscar, 2016). However, our post-hoc analysis
suggested there may be a baseline-dependent attenuation in ML head motion during walking, but only for the fastest perturbation
frequency (0.96 Hz, Fig. 6A). Future studies with larger sample sizes and various perturbation frequencies will be required to fully
investigate how the beneficial effects of noise may be related to specific perturbation frequencies. For now, we interpret our current
findings to suggest that, at least for healthy young adults, increased sensitivity to ankle somatosensory information is not effective at
attenuating visuomotor entrainment to ML visual perturbations. This may be explained, in part, by the highly reflexive nature of
visuomotor entrainment during gait. We may expect to find more noticeable noise effects during more voluntary postural tasks (Sacco
et al., 2017).

We chose the Achilles tendons as the location to apply our sub-threshold vibratory noise. Given that the Achilles tendons are
primary contributors to AP motion during walking and standing (Winter, 1995), this may not be an optimal location to attenuate
entrainment to ML visual perturbations. We may have seen more pronounced ML attenuation had we chosen to apply the noise in a
different location, such as the bottom of the feet (Lipsitz et al., 2015), or over more medially and laterally positioned ankle tendons.
For context, we initially hoped that by stimulating a primary structure of the ankle we might introduce a remote stochastic resonance
effect, which increases sensitivity to somatosensory information in structures more distal to the point of application (Enders, Hur,
Johnson, & Seo, 2013; Lakshminarayanan, Lauer, Ramakrishnan, Webster, & Seo, 2015; Seo, Lakshminarayanan, Bonilha, Lauer, &
Schmit, 2015). For example, Enders et al found that applying sub-threshold vibratory noise to the wrist improves tactile sensation at
the fingertips (Enders et al., 2013). If a similar remote application of noise could be implemented at the ankle and increase sensitivity
of the feet, this would allow for more practical designs of vibration devices that do not interfere with footwear (e.g. vibrating insoles)
and would not require tuning an array of actuators to deliver sub-sensory vibration. As some prior work has shown that sub-threshold
vibratory noise over the Achilles tendon may affect balance (Borel & Ribot-Ciscar, 2016), we considered the possibility of a remote
stochastic resonance effect throughout the ankles and feet, which may contribute to balance in both ML and AP directions. However,
as improvements from sub-sensory vibration are typically small for quiet standing, we chose to include ML visual perturbations in our
study design because they are known to disrupt balance during gait for healthy young adults (O’Connor & Kuo, 2009; Stokes et al.,
2017), which may increase their reliance on somatosensory information to maintain balance and thus might increase our potential to
detect a beneficial effect of noise. Regardless, the present study did not directly test whether Achilles tendon vibration may induce a
remote stochastic resonance effect, and future studies should explore this potential mechanism.

This study has several important limitations to consider when interpreting our results. First, the intensity of the sub-threshold
vibratory noise was set to 90% of each subject’s sensory threshold, which may not be the optimal intensity for every subject. Optimal
noise intensity can vary widely between participants (Haynes, Tenan, Passaro, & Tweedell, 2018; Lipsitz et al., 2015), and can also
vary depending on the summary metric used to describe a task (Ross et al., 2013). We may have seen greater effects of noise when
comparing group averages had we optimized the noise intensity for each subject. Second, this study involved healthy young adults
who had good balance and may have already been near optimal control during the ML visual perturbations. The effects of noise might
have been more pronounced had we investigated aging or pathological populations (Dettmer et al., 2015; Francis et al., 2015; Galica
et al., 2009; Priplata et al., 2006; Zarkou, Lee, Prosser, Hwang, & Jeka, 2018). Third, there was no randomization between the
walking and the standing tasks, and this may introduce a bias due to fatigue or habituation. Fourth, the exploratory post-hoc analysis
is limited by a small sample size. The main study was not designed with this analysis in mind, but given that prior researchers have
emphasized the importance of considering individual differences (Borel & Ribot-Ciscar, 2016; Kelty-Stephen & Dixon, 2013; Stephen
et al., 2012), we thought it would be prudent to consider this possibility. Future research should examine the extent of a possible
baseline-dependent attenuation with applied noise. Finally, we cannot exclude the possibility that the effects of noise might manifest
only after a sufficient adaptation period, both to the noise and to the visual perturbations (Thompson & Franz, 2017).

In conclusion, our results provide evidence that sub-threshold vibratory noise over the Achilles tendons can improve postural
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control when walking and standing in visually perturbed environments. Future studies should investigate populations with impaired
somatosensory function who may exhibit visuomotor entrainment that is more responsive to attenuation with noise.
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