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ABSTRACT 

EFFECTS OF STOCHASTIC RESONANCE ON PERCEPTION AND CUTANEOUS 

REFLEXES IN THE LOWER LIMB 

Emma Beth Plater 

University of Guelph, 2022

Advisor: 

Dr. Leah R. Bent

The glabrous, or non-hairy skin of the soles of the feet act as the interface between 

humans and their environment. After lower extremity amputation (LEA), the skin at the 

residual limb acts as the interface; this hairy skin is not optimized for this function. 

Improving skin sensation in individuals with LEA is important because decreased 

sensation can lead to multiple health sequelae including poor balance and skin 

breakdown. Stochastic resonance (SR), where adding a noisy input to a subthreshold 

stimulus improves the strength of the stimulus, can be used to enhance skin sensitivity. 

The aim of this thesis was to evaluate the effectiveness of SR in the hairy skin of the calf 

in non-LEA individuals. Specifically, we looked to determine 1) if SR is effective in this 

hairy skin region, and 2) whether there is an optimal noise level, relative to baseline level, 

that leads to the greatest enhancement in sensory function. This is an important first step 

towards the application of SR in a LEA population. Study 1 found that remote electrotactile 

noise at the thigh may enhance perception of a vibrotactile stimulus at the calf, but there 

was no consistent optimal level of noise. There was also evidence of threshold drift in 

approximately one third of participants. This led to Study 2, which compared various SR 

testing methods and found that all the methods lead to threshold drift, and none showed 

a consistent optimal level of noise. These two studies highlighted the limitations inherent 

to perceptual testing. Study 3 found that vibrotactile noise may enhance cutaneous 

reflexes at the leg, but despite this more objective measure there was again no consistent 

optimal level of noise. Overall, SR may be effective in the hairy skin of the leg but there 

does not appear to be an optimal level of noise. These findings highlight the limitations of 

SR for sensory enhancement; the variability, threshold drift and lack of an optimal level 

make SR challenging from an application standpoint. Further research should be done in 

an LEA population to determine whether a consistent optimal level can in found in this 

population where leg skin is used as the interface with the ground. 



iii 

 

 

 

ACKNOWLEDGEMENTS 

Academic research is truly a team process. I would like to thank the following individuals 
and groups for their support over the past five years. Your contributions to this thesis have 
not gone unnoticed. 

To my supervisor, Leah, for your guidance, patience and unwavering support. It is said 
students should pick a PhD program for the PI above the school, department and even 
the research content. I know I picked the absolute best. 

To Ryan and James, my committee members, for your enthusiasm at our meetings and 
your unique perspectives that have helped shape my projects and move the research 
forward. 

To Dr. McIlroy and Dr. Zettel, my external examiners, for agreeing to take the time to 
review this manuscript and challenge me to make this science the best it can be. 

To all members of the Bent lab, past and present, who helped me out in various ways, 
including brainstorming, piloting and giving feedback in presentations. Special thanks to 
Tushar for the great discussions about all things SR and cutaneous reflexes. 

To Alan Rigby of Niagara Prosthetics and Orthotics, for his advice from a practical 
standpoint (the applicability of a device for a patient population) as well as his help with 
recruitment. 

To all of my participants, for tolerating either a long, boring protocol and/or a physically 
strenuous one in the name of science and to help me out. 

To my other friends and colleagues, in and out of academia, who have asked great 
questions and brought fresh perspectives to my research. It is a collective of all these 
interactions that has shaped my ability to translate knowledge to those outside my 
research field. 

Finally, to my family for their support in countless ways over the years. I don’t have space 
to mention it all, but a few examples: Dad, for encouraging me to enroll in a PhD program 
(from perhaps age 3?) and for building the box I used in Study 3. Mom, for recruiting all 
your friends as participants when I was struggling with recruitment (not to mention both 
of you driving them all the 75 minutes back and forth to the lab). Anna, for knowing exactly 
what I need at any given time and mirroring it perfectly, be it excitement over a small 
success, frustration over a setback or anything in between. And Billy, for your immense 
level of support and understanding, and for always encouraging me to step outside my 
comfort zone. You have all done more for me than you will ever know. 

  



iv 

 

 

 

TABLE OF CONTENTS 

Abstract ................................................................................................................................ ii 

Acknowledgements .............................................................................................................. iii 

Table of Contents.................................................................................................................. iv 

List of Tables ....................................................................................................................... vii 

List of Figures ..................................................................................................................... viii 

List of Abbreviations ........................................................................................................... xiv 

List of Appendices ................................................................................................................ xv 

Chapter 1: General Introduction and Literature Review .......................................................... 1 

1.1 General Introduction ..........................................................................................................1 

1.2 Skin Characteristics ............................................................................................................2 
1.2.1 Properties of Glabrous Skin.................................................................................................................... 3 
1.2.2 Differences in Hairy Skin ........................................................................................................................ 6 
1.2.3 Transmission of Information to the Cortex .......................................................................................... 11 
1.2.4 Tactile Perception ................................................................................................................................ 12 

1.3 The Role of Cutaneous Sensation for Balance and Gait ...................................................... 15 
1.3.1 Skin Contributions ................................................................................................................................ 15 
1.3.2 Cutaneous Reflexes .............................................................................................................................. 17 
1.3.3 Multisensory Contributions ................................................................................................................. 24 

1.4 Amputation ..................................................................................................................... 25 
1.4.1 Skin at the Residual Limb ..................................................................................................................... 26 
1.4.2 Problems Arising from Changes in Sensitivity ...................................................................................... 27 

1.5 Stochastic Resonance ....................................................................................................... 29 
1.5.1 Background .......................................................................................................................................... 29 
1.5.2 Common Parameters ........................................................................................................................... 30 
1.5.3 Remote SR ............................................................................................................................................ 32 
1.5.4 SR Sensory Augmentation in LEA ......................................................................................................... 33 

1.6 Objectives and Hypotheses of Current Work ..................................................................... 35 
1.6.1 Study 1 .................................................................................................................................................. 35 
1.6.2 Study 2 .................................................................................................................................................. 38 
1.6.3 Study 3 .................................................................................................................................................. 39 

Chapter 2: Study 1 (Healthy Remote SR) ............................................................................... 41 

2.1 Abstract ........................................................................................................................... 41 

2.2 Introduction .................................................................................................................... 42 

2.3 Materials and Methods .................................................................................................... 45 
2.3.1 Objective One: Remote SR on the Calf with Electrical Noise ............................................................... 46 
2.3.2 Secondary Objectives: Location, Age and Modality Comparisons ...................................................... 49 
2.3.3 Data Processing and Analysis ............................................................................................................... 50 



v 

 

 

 

2.3.4 Statistical Analysis ................................................................................................................................ 50 

2.4 Results............................................................................................................................. 52 
2.4.1 Participant Demographics .................................................................................................................... 52 
2.4.2 Voltage versus Displacement ............................................................................................................... 52 
2.4.3 Is There a Remote SR Effect in the MAIN Group? ................................................................................ 52 
2.4.4 Do Location, Age and/or Modality Alter the Effectiveness of SR? ...................................................... 53 
2.4.5 Exploratory Analysis: Collapsing Across Groups .................................................................................. 55 

2.5 Discussion ........................................................................................................................ 55 
2.5.1 Capturing the SR Effect ........................................................................................................................ 56 
2.5.2 Location Comparison ........................................................................................................................... 57 
2.5.3 Age Comparison ................................................................................................................................... 58 
2.5.4 Modality Comparison ........................................................................................................................... 59 
2.5.5 Collapsing Across Groups ..................................................................................................................... 59 
2.5.6 Importance and Effectiveness of Remote SR ....................................................................................... 60 
2.5.7 Limitations ............................................................................................................................................ 61 
2.5.8 Conclusion ............................................................................................................................................ 63 

TABLES – STUDY 1 ................................................................................................................ 64 

FIGURES – STUDY 1 .............................................................................................................. 66 

Transition from Study 1 to Study 2 ............................................................................................... 74 

Chapter 3: Study 2 (SR Validation) ........................................................................................ 76 

3.1 Introduction .................................................................................................................... 76 
3.1.1 PT Measurements: Determining Sensory Threshold ........................................................................... 77 
3.1.2 SR Measurement: Evaluating the SR Response ................................................................................... 82 
3.1.3 Purpose and Hypotheses of the Current Study ................................................................................... 83 

3.2 Methods and Results ....................................................................................................... 84 
3.2.1 Participant Setup .................................................................................................................................. 84 
3.2.2 Tactile Stimulation ............................................................................................................................... 85 
3.2.3 Evolution of Methods ........................................................................................................................... 86 

3.3 Discussion ........................................................................................................................ 97 
3.3.1 Limiting Threshold Drift ....................................................................................................................... 98 
3.3.2 Optimal Noise for SR Effect ................................................................................................................ 100 
3.3.3 Null Testing......................................................................................................................................... 101 
3.3.4 Conclusions ........................................................................................................................................ 103 

TABLES – STUDY 2 .............................................................................................................. 106 

FIGURES – STUDY 2 ............................................................................................................ 107 

Transition from Study 2 to Study 3 ............................................................................................. 115 

Chapter 4: Study 3 (SR Reflexes) ......................................................................................... 117 

4.1 Introduction .................................................................................................................. 117 

4.2 Methods ........................................................................................................................ 119 
4.2.1 Subjects .............................................................................................................................................. 119 
4.2.2 Experimental Setup ............................................................................................................................ 120 



vi 

 

 

 

4.2.3 Tactile Input ....................................................................................................................................... 120 
4.2.4 Muscle Recording ............................................................................................................................... 120 
4.2.5 Noise Input ......................................................................................................................................... 121 
4.2.6 Testing Protocol ................................................................................................................................. 122 

4.3 Results........................................................................................................................... 130 
4.3.1 Participant Demographics .................................................................................................................. 130 
4.3.2 Objective Two: Does Noise Modify the Reflex Response? ................................................................ 132 

4.4 Discussion ...................................................................................................................... 134 
4.4.2 Objective Two: Does Noise Modify the Reflex Response? ................................................................ 138 
4.4.3 Methodological Considerations ......................................................................................................... 142 
4.4.4 Conclusions ........................................................................................................................................ 144 

TABLES – STUDY 3 .............................................................................................................. 145 

FIGURES – STUDY 3 ............................................................................................................ 148 

Chapter 5: General Discussion ............................................................................................ 156 

5.1 Research Summary ........................................................................................................ 156 

5.2 Considerations for Interpreting the SR Literature ............................................................ 158 

5.3 Testing for an SR Effect in LEA ........................................................................................ 160 

5.4 Practical Applications of SR as Sensory Augmentation in LEA .......................................... 163 

5.5 Future Directions ........................................................................................................... 165 

5.6 Conclusion ..................................................................................................................... 166 

REFERENCES ...................................................................................................................... 168 

Appendices ........................................................................................................................ 188 

 

  



vii 

 

 

 

LIST OF TABLES 

Table 2–1 - Columns: Participant group, N, demographics (age in years, sex, height in 
m and weight in kg). Test Stimulus Threshold is the average perceptual thresholds for 
the test stimulus (displacement of the probe in µm; tested at the heel in “HEEL” group 
and at the calf in all other groups). Data are presented in mean ± standard deviation, 
n=60. ................................................................................................................................. 64 

Table 2–2 – Post-hoc comparisons following the two-way mixed-measures ANOVA for 
(HEEL versus MAIN x 0, 20, 40, 60, 80, 100% noise). The %correct value at each noise 
level was compared to each other noise level, with significant differences indicated by 
an asterisk. All of these data are from the HEEL group; the MAIN group did not yield 
any significant differences. Data are presented in mean ± standard deviation. ............. 65 

Table 3–1 - Demographic data. Columns: Test group, demographics (age in years, sex, 
height in m and weight in kg). Data are presented in mean ± standard deviation, N = 15 
in each group, total N = 90. ............................................................................................ 106 

Table 4–1 - Change in MVC and perceptual thresholds over the course of the 
experiment. Columns indicate approximate time periods that assessments were done. 
Columns indicate time points where assessments were completed (also see Figure 4.2). 
Not all assessments were done at each time point. Values in italics indicate the percent 
change of the value compared to the first time it was assessed (e.g. for Average MVC: 
% change from baseline = MVC at ~140 mins / MVC at ~0 mins). MVC = maximal 
voluntary contraction, EPT = electrotactile perceptual threshold, VPT = vibrotactile 
(noise) perceptual threshold, V = Volts. ......................................................................... 145 

Table 4–2 - Reflex ratios for all subjects for all levels of noise. Columns indicate noise 
levels (% EPT). Optimal noise (greatest absolute magnitude at a non-zero noise level) 
is denoted in bold. An SR effect was identified if A: in the absence of a reflex response 
at 0% noise there was a reflex response that appeared at some level of noise (denoted 
by *), or B: in the presence of a reflex response in the 0% noise condition, the reflex 
response at some level of noise increased the magnitude of this response (denoted by 
**). Direction indicates the direction of the response: E = excitation response, I = 
inhibition response. N = 20. In those with a response at 0% noise, values at other noise 
levels are expressed as a difference from the value at 0% noise (light grey cells). ..... 146 

 

  



viii 

 

 

 

LIST OF FIGURES 

Figure 2-1 - Illustration of participant setup. (A): Setup for MAIN and OLD groups 
(vibrotactile stimulus at the calf and electrotactile noise at the thigh); (B): Setup for 
HEEL group (vibrotactile stimulus at the heel and electrotactile noise at the calf); (C): 
Setup for VIB group (vibrotactile stimulus at the calf and vibrotactile noise at the thigh). 
Lightning bolts indicate locations of electrotactile noise application and squiggle 
indicates location of vibrotactile noise application. .......................................................... 66 

Figure 2-2 - Illustration of testing protocol with example data. These different stages of 
threshold testing and testing for the SR effect were performed for all trials across all 
conditions (A): Brief initial threshold testing using a method of adjustment to determine 
the approximate intensity of the threshold; (B): True threshold testing using the limits set 
in (A) and the Bayesian Adaptive Method; (C): Practice trials for testing for SR effect: 5 
trials above calculated threshold for detection, 15 trials at 80% of threshold; (D): Testing 
of SR effect: 20 trials each at 0, 20, 40, 60, 80 and 100% of threshold for detection. ... 67 

Figure 2-3 - Example calculation of probe displacement from voltage command signal. 
(A): First step: Input voltage for each trial in Part 1 was graphed against output 
displacement of the probe. The final calculated voltage threshold was used to 
interpolate the matching displacement threshold. (B): Second step: Output displacement 
from each of the 120 trials for calculation of SR effect was graphed to determine 
whether these values fell within 1 standard deviation of displacement threshold (thick 
grey line = threshold; thin grey lines = 1 standard deviation away). ............................... 68 

Figure 2-4 - SR effect data for the MAIN group. (A): Average SR curve. Each point is 
the average %correct value for all participants in the group (N=15). Thin dashed line 
indicates the 17.5% cutoff for an SR effect. (B): Box-and-whiskers plot. Baseline (dark 
grey box; 63%) versus optimal (light grey box; 78%) average %correct values with 
mean, standard deviation and individual points illustrated. Baseline represents the 
participants’ %correct value at 0% noise, optimal represents the participant’s highest 
%correct value at any other noise level. Asterisk indicates significant difference between 
the bars. Optimal was most frequently seen at 100% noise (6/15 participants). ........... 69 

Figure 2-5 - SR effect data for all groups. (A)/(C)/(E): Average SR curves for calf, 
young, electrotactile MAIN group (solid black line) versus heel (thick dashed grey line) 
(A), versus old (thick dashed grey line) (C), and versus vibrotactile (thick dashed grey 
line) (E) comparisons. Each point is the average %correct value for all participants in 
the group (N=15 for each group). (B)/(D)/(F): Box-and-whiskers plots. Baseline (dark 
grey boxes) versus optimal (light grey boxes) average %correct values, with means, 
standard deviations and individual points illustrated, for calf versus heel (B), young 
versus old (D) and electrotactile versus vibrotactile (F) comparisons. Baseline 
represents the participants’ %correct value at 0% noise, optimal represents the 
participant’s highest %correct value at any other noise level. Optimal %correct for the 
calf group and heel group were 78 and 83 respectively; for the young group and old 



ix 

 

 

 

group were 78 and 77 respectively; and for the electrotactile group and vibrotactile 
group were 78 and 74 respectively.  Asterisks indicate significant difference between 
the bars. ............................................................................................................................ 70 

Figure 2-6 - Summary of tests performed and significant findings for the secondary 
objectives, comparisons between locations, ages and modalities. Significance is p < 
0.05. Baseline versus Optimal compared the %correct at baseline (0% noise) to the 
%correct at the optimal noise level (the level with the largest %correct value). 
Comparisons across noise levels compared no noise (0%) to all other levels (20, 40, 60, 
80, 100%). Shaded boxes with asterisks indicate significant findings. ........................... 71 

Figure 2-7 - Number of participants in each group showing an SR effect at each % noise 
threshold level: comparisons between location (A), age (B) and modality (C). Black bars 
represent the MAIN group with calf, young and electrotactile variables. Light grey bars 
represent the other groups as indicated. N = 60 total. .................................................... 72 

Figure 2-8 - SR effect data for all 60 participants averaged. (A): Average SR curve. 
Each point is the average %correct value for all participants (N=60). Thin dashed line 
indicates the 17.5% cutoff for an SR effect. (B): Box-and-whiskers plot. Baseline (dark 
grey box; 65%) versus optimal (light grey box; 78%) average %correct values with 
mean, standard deviation and individual points illustrated. Baseline represents the 
participants’ %correct value at 0% noise; Optimal represents the participant’s highest 
%correct value at any other noise level. Asterisk indicates significant difference between 
the bars. Optimal was most frequently seen at 80% noise (22/60 participants). ........... 73 

Figure 3-1 – Illustration of methods for each test. Images illustrate each of the 
component methods, ordered the same way as written in the leftmost column, from left 
to right. The two left panels indicate the methods used to determine PT (Part 1 of 
experiments) and the right three panels indicate the methods used to test SR (Part 2 of 
experiments). MoL = Method of Limits, FC = Forced Choice, BAP = Bayesian Adaptive 
Procedure, MoA = Method of Adjustment, VPT = Vibration Perception Threshold. NULL 
refers to tests where the electrotactile noise was not given (conceptually similar to 
“catch” trials but maintained through the whole test procedure). .................................. 107 

Figure 3-2 - Participant setup for the duration of the experiment. A: participant lying 
prone on a treatment table with the right leg strapped down and secured by a 
VersaForm pillow. Electrodes are placed on the posterior thigh. The stand holding the 
vibration apparatus is also visible on the right, with the probe in contact with the 
posterior calf. B: posterior view of the leg to illustrate stimulation locations; the two 
stimulating electrodes providing the electrotactile input were placed 10 cm above the 
popliteal crease and the probe contacted the calf 10 cm below the popliteal crease. . 108 

Figure 3-3 - SR effect data for Experiment One (MoL & FC + %correct at 6 noise levels) 
(N=15). (A): Average SR curve. Each point is the average %correct value for all 
participants in the group. Thin dashed line indicates the 17.5% cutoff for an SR effect. 



x 

 

 

 

(B): Comparison between the %correct values for individuals in the baseline condition 
(60%) and the optimal noise condition (76%). Baseline represents the participants’ 
%correct value at 0% EPT, optimal represents the participant’s highest %correct value 
at any other noise level. Black dots represent individual data points and black bars 
represent group means. Asterisk indicates a significant difference between the bars. 
Optimal was most frequently seen at 40% noise (6/15 participants). (C): SR curve with 
each participant’s data normalized to their starting point (i.e., the value at 0% EPT 
subtracted from the raw value). Dashed line represents 17.5% correct above this 
starting point (at 0% EPT). Grey solid lines represent data from each participant, with 
black dots representing the optimal level(s) for each participant, and the black solid line 
is the average SR curve. ................................................................................................ 109 

Figure 3-4 - SR effect data for Experiment Two (BAP & FC + %correct at 6 noise levels) 
(N=15). (A): Average SR curve. Each point is the average %correct value for all 
participants in the group. Thin dashed line indicates the 17.5% cutoff for an SR effect. 
(B): Comparison between the %correct values for individuals in the baseline condition 
(63%) and the optimal noise condition (78%). Baseline represents the participants’ 
%correct value at 0% EPT, optimal represents the participant’s highest %correct value 
at any other noise level. Black dots represent individual data points and black bars 
represent group means. Asterisk indicates a significant difference between the bars. 
Optimal was most frequently seen at 100% noise (6/15 participants). (C): SR curve with 
each participant’s data normalized to their starting point (i.e., the value at 0% EPT 
subtracted from the raw value). Dashed line represents 17.5% correct above this 
starting point (at 0% EPT). Grey solid lines represent data from each participant, with 
black dots representing the optimal level(s) for each participant, and the black solid line 
is the average SR curve. ................................................................................................ 110 

Figure 3-5 - SR effect data for Experiment Two (null) (BAP & FC + %correct at 6 noise 
levels NULL) (N=15). Comparison between the %correct values for individuals in the 
“baseline” condition (67%) and the “optimal” noise condition (74%). “Baseline” 
represents the participants’ %correct value at 0% EPT, “optimal” represents the 
participant’s highest %correct value at any other “noise” level (NULL indicates that no 
noise was given for the duration of this test). Black dots represent individual data points 
and black bars represent group means. ........................................................................ 111 

Figure 3-6 - SR effect data for Experiment Three (BAP & FC + %correct at 4 noise 
levels) (N=15). (A): Average SR curve. Each point is the average %correct value for all 
participants in the group. Thin dashed line indicates the 17.5% cutoff for an SR effect. 
(B): Comparison between the %correct values for individuals in the baseline condition 
(61%) and the optimal noise condition (70%). Baseline represents the participants’ 
%correct value at 0% EPT, optimal represents the participant’s highest %correct value 
at any other noise level. Black dots represent individual data points and black bars 
represent group means. Asterisk indicates a significant difference between the bars. 
Optimal was most frequently seen at 33% noise (8/15 participants). (C): SR curve with 
each participant’s data normalized to their starting point (i.e., the value at 0% EPT 



xi 

 

 

 

subtracted from the raw value). Dashed line represents 17.5% correct above this 
starting point (at 0% EPT). Grey solid lines represent data from each participant, with 
black dots representing the optimal level(s) for each participant, and the black solid line 
is the average SR curve. ................................................................................................ 112 

Figure 3-7 - SR effect data for Experiment Four (MoA & YN + VPT at 11 noise levels) 
(N=12). (A): Average SR curve. Each point is the average VPT value for all participants 
in the group. (B): Comparison between the VPT values for individuals in the baseline 
condition (7.05 ± 6.9 um) and the optimal noise condition (6.98 ± 6.9 um). Baseline 
represents the participants’ VPT value at 0% EPT, optimal represents the participant’s 
lowest VPT value at any other noise level. Black dots represent individual data points 
and black bars represent group means. Asterisk indicates a significant difference 
between the bars. Optimal was most frequently seen at 10% noise (3/12 participants). 
(C): SR curve with each participant’s data normalized to their starting point (i.e., the 
value at 0% EPT subtracted from the raw value). Grey solid lines represent data from 
each participant, with black dots representing the optimal level(s) for each participant, 
and the black solid line is the average SR curve. .......................................................... 113 

Figure 3-8 - SR effect data for Experiment Four (null) (MoA with 11 noise levels NULL) 
(N=12). Comparison between the VPT values for individuals in the “baseline” condition 
(7.06 ± 7.0 um) and the “optimal” noise condition (6.97 ± 6.9 um). “Baseline” represents 
the participants’ VPT value at 0% EPT, “optimal” represents the participant’s lowest 
VPT value at any other “noise” level (NULL indicates that no noise was given for the 
duration of this test). Black dots represent individual data points and black bars 
represent group means. Asterisk indicates a significant difference between the bars. 114 

Figure 4-1 - Participant setup for the duration of the experiment. A: anterior view of 
participant sitting on the custom-made box with the right leg strapped to the front of the 
box. This strap provided resistance against which the participant conducted isometric 
knee extension during the trials. Electrodes are visible on the vastus lateralis (VL), 
rectus femoris (RF) and patella (ground); electrodes were also placed on the 
semitendinosus (ST) and biceps femoris (BF). The stand holding the vibration 
apparatus is also visible on the left. B: lateral view of participant sitting on the custom-
made box; the adjustable vibration apparatus was placed inside the hollow box in a 
configuration where the probe protruded through a hole cut into the anterior wall of the 
box. This design allowed for calf vibration while providing a solid barrier against the calf 
moving posteriorly and bumping into the vibration apparatus. C: posterior view of the leg 
to illustrate stimulation locations; the two stimulating electrodes providing the 
electrotactile input were placed approximately 5 cm apart so that the vibrating probe 
could contact the skin between them. In this way, both vibrotactile and electrotactile 
stimulation could be applied to the same location throughout testing. ......................... 148 

Figure 4-2 - Testing protocol with a legend at the top and an approximate timeline at the 
bottom. Maximal voluntary contractions (MVCs) are indicated by the light grey bars and 
were completed at the beginning and end of the session. Electrotactile and vibrotactile 



xii 

 

 

 

perception testing (EPT and VPT, respectively) are indicated by the medium and dark 
grey bars respectively and were completed several times throughout. White boxes 
indicate blocks of testing, with “number of trials x noise level” indicated (e.g., “5 x 0N” 
means five trials with no noise). Each trial was approximately 3 minutes long and 
contained 200 stimulus trains (5 x 1 ms pulses, inter-pulse interval = 3 ms, inter-train 
interval = 800-1000 ms randomized). Two and a half minutes’ rest was given between 
trials. No-noise trials were completed first to establish whether there was a reflex at the 
calf (Objective 1). Then, noise trials were performed to determine the presence of an 
SR effect (Objective 2). The order of levels (0%, 20%, 40%, 60%, 80%, 100% noise) 
was randomized but the two trials at a single noise level were completed consecutively 
to allow for processing. N1 indicates the first level tested, N6 indicates the last level 
tested; these numbers represent temporal order rather than noise level. The whole 
experiment took approximately 2.5 hours. ..................................................................... 149 

Figure 4-3 - Data from all individual participants illustrating the spike-trigger averaged 
EMG traces for the reflex response in the absence of noise, generated from 5 trials of 
200 pulse trains (total 1000 stimulations). Time is on the x-axis and EMG magnitude is 
on the y-axis. Grey bars indicate the 60-110 ms post-stimulus time window of interest 
for reflexes in this study. The legend at the top left represents the scale. Black arrows 
indicate the first significant reflex response. Thin dashed lines indicate the 2 SD of 
background EMG window outside of which reflexes were considered significant; 
reflexes had to pass above or below the grey region for at least 5 ms. Data are grouped 
by direction of response: excitation (N = 8), inhibition (N = 8), and no response (N = 4).
 ........................................................................................................................................ 150 

Figure 4-4 - Scatterplot illustrating the linear regression analysis for all participants who 
had a significant reflex response (N = 16). The regression was run comparing the 
average background EMG in the 100 ms prior to stimulation (12.87 ± 2.0% of MVC) and 
the reflex response in the 60 - 110 ms post-stimulation window (7.08 ± 0.4% of MVC). 
The analysis was significant, p = 0.049, with a medium effect size (R = 0.5) and power = 
0.81. ................................................................................................................................ 151 

Figure 4-5 - Comparison between the reflex ratios of individuals with an initial excitation 
response (5.29 ± 3.4; N = 8) and those with an initial inhibition response (5.54 ± 1.7; N = 
8). Black dots represent individual data points and black bars represent group means. 
Ratios were calculated as the value of the first significant reflex response (reflex 
response/MVC) divided by the average background activity (background/MVC). There 
was not a significant difference between groups, p = 0.858, with a small effect size (d = 
0.091) and power = 0.80. ............................................................................................... 152 

Figure 4-6 - Individual data from three example participants (A through C) illustrating the 
spike-trigger averaged EMG traces for the reflex response at different noise levels, 
generated from 2 trials of 200 pulse trains. Time is on the x-axis and EMG magnitude is 
on the y-axis. Grey bars indicate the 60-110 ms post-stimulus time window of interest 
for reflexes in this study. The legend at the top left represents the scale. All responses 



xiii 

 

 

 

from a single participant are stacked along one column (from top to bottom, responses 
at 0%, 20%, 40%, 60%, 80% and 100% noise). Black arrows and vertical dashed lines 
indicate the first significant reflex response. Thin horizontal dashed lines indicate the 2 
SD of background EMG window outside of which reflexes were considered significant; 
reflexes had to pass this line for at least 5 ms. A: An excitatory reflex response is 
present at 0% noise (top trace); SR abolishes the reflex response at 60% and 80% 
noise. B: No reflex response is present at 0% noise; SR at 20%, 40%, 60%, 80% and 
100% generate an excitatory reflex response. C: An inhibitory reflex response is present 
at 0% noise; SR decreases its magnitude at 60%, 80% and 100% noise. .................. 153 

Figure 4-7 - Comparison between the reflex ratios of individuals with different levels of 
added noise. Black dots represent individual data points and black bars represent group 
means. Ratios were calculated as the value of the first significant reflex response (reflex 
response/MVC) divided by the average background activity (background/MVC). A: 
Comparison between the “baseline” condition (no noise; 4.70 ± 5.6) and the “optimal” 
condition (highest value in a noise condition; 8.61 ± 4.5). The reflex ratio was 
significantly greater in the “optimal” condition compared to the “baseline” condition (p = 
0.002), with a large effect size (d = 0.805) and power = 0.93. B: Comparison between 
the no-noise (0% noise) condition and the different noise conditions (20%, 40%, 60%, 
80% and 100% VPT). There were no significant differences between noise conditions, p 
=0.186. ............................................................................................................................ 154 

Figure 4-8 - Illustration of the classic “stochastic resonance (SR) curve” showing that 
significant effects of SR occur at moderate levels of noise (illustrated by the grey 
shaded region). The x-axis is the intensity of noise provided in the experiment, which 
ranges from no noise to the intensity corresponding with vibration perceptual threshold 
(VPT) for the individual. For the purposes of this illustration, the actual points along the 
x-axis are arbitrary and would differ for each individual. The y-axis is the magnitude of 
the reflex response, with data points in the grey shaded area being considered 
significant as noted in the legend. Points A to D and the corresponding arrows represent 
four possible effects that SR could cause in an individual, depending on their starting 
point along the curve, as described in the legend. ........................................................ 155 

 

  



xiv 

 

 

 

LIST OF ABBREVIATIONS  

BF – biceps femoris 

FA – fast adapting 

FAI – fast adapting type 1 

FAII – fast adapting type 2 

LEA – lower extremity amputation 

MLR – middle latency reflex 

PLP – phantom limb pain 

RF – rectus femoris 

ST - semitendinosus 

SA – slow adapting 

SAI – slow adapting type 1 

SAII – slow adapting type 2 

SAIII – slow adapting type 3 

SR – stochastic resonance 

VL – vastus lateralis  



xv 

 

 

 

LIST OF APPENDICES 

Appendix 1 - Further details on the calculation of the reflex response window ........... 188 

 



 

 

 

 

1 

Chapter 1: General Introduction and Literature Review  

1.1 General Introduction 

The glabrous, or non-hairy skin of the soles of the feet and the palms of the hands, 

has specific properties that make it ideally suited to act as an interface between humans 

and their environment (Strzalkowski et al., 2018). It provides distinct information about 

touch, pressure and slip sensations that occur during direct physical contact with the 

support surface (feet) and objects (hands) that allow for optimized interactions with these 

aspects of the environment (Macefield, 1998). The hairy skin of the rest of the body has 

a smaller functional role in environmental interaction and, while it contains similar sensory 

receptors, the mechanical properties of the receptors and the skin itself differ in many 

important ways (Macefield, 1998). Hairy skin, therefore, is not optimized to function as an 

interface. 

After lower extremity amputation (LEA), if the individual chooses to use a 

prosthesis, the skin at the base of the residual limb sitting in the prosthetic socket acts as 

the interface with the environment (Lee et al., 2015; Mahns et al., 2006). This interface 

consists of hairy skin, previously from the posterior leg, which is not optimized for this 

function (Mahns et al., 2006). This hairy skin does not detect pressure and slips as well 

as non-hairy skin (Macefield, 1998). In addition, individuals with LEA are often older and 

commonly have comorbid diabetic peripheral neuropathy, both of which also negatively 

affect tactile sensation (Imam et al., 2017; Kraiwong et al., 2019; Peters et al., 2016). 

Poor tactile sensation in those with LEA can lead to poor balance, increased falls risk, 

skin breakdown and a greater likelihood of phantom limb pain (DeFranco, 2018; Ku et al., 

2014; Li et al., 2015; Sanders et al., 2017). Therefore, improving skin sensitivity in this 

population has the potential to greatly improve their overall quality of life. 

One method of improving sensitivity is through a phenomenon known as stochastic 

resonance (SR), where adding a noisy input to a subthreshold stimulus improves the 

strength of the stimulus (Collins et al., 1997). SR is effective in improving the perception 

of a tactile stimulus (Collins et al., 1997) as well as enhancing cutaneous reflexes that 
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play a role in balance (Sharma et al., 2020). This research has been done predominantly 

in glabrous skin; it is not currently known whether SR is effective in hairy skin such as 

that of the leg. 

The aims of this literature review are to: 

·      Discuss how the skin detects tactile input and how this relates to balance 

·      Discuss how the skin changes in amputation, and what this hairy skin now 

needs to be able to detect 

·      Introduce stochastic resonance (SR) and how it may help with sensory 

augmentation at the residual limb 

1.2 Skin Characteristics 

Human skin is the sensory organ responsible for relaying the sense of touch to the 

brain. Specialized receptors known as mechanoreceptors are found in the skin, and they 

respond to mechanical deformation that occurs when the skin contacts the environment 

(Kennedy & Inglis, 2002). These receptors are closely associated with the distal end of 

sensory afferent nerves (large diameter Aβ afferents), which travel to the dorsal column 

of the spinal cord, conveying the tactile information to the central nervous system 

(Delhaye et al., 2018; Kandel et al., 2021). Different classes of mechanoreceptors provide 

the central nervous system with different types of information, altogether providing the 

“big picture” of the skin’s current tactile experience (Kennedy & Inglis, 2002; Strzalkowski 

et al., 2017). 

Different types of skin have different afferent classes and distributions of these 

mechanoreceptors (Kennedy & Inglis, 2002; Macefield, 1998). There are two major types 

of skin in humans. Glabrous, or non-hairy, skin is found in the soles of the feet and the 

palms of the hands, and hairy skin is found everywhere else except for the lips (Kennedy 

& Inglis, 2002; Macefield, 1998). While there are many similarities between these two skin 

types, differences exist because they have different functional roles (Kennedy & Inglis, 
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2002; Macefield, 1998). In this review, the major properties of glabrous skin will first be 

introduced, and then the differences seen in hairy skin will be discussed. 

1.2.1 Properties of Glabrous Skin 

Glabrous skin is by far the most studied because of its functional importance for 

balance (feet) and object manipulation (hands) (Strzalkowski et al., 2017). There are four 

main classes of afferent axons in the glabrous skin, each associated with a different type 

of mechanoreceptor ending (Macefield, 2005).  The afferents can be divided into four 

main classes: slowly adapting type 1 (SAI), slowly adapting type 2 (SAII), fast adapting 

type 1 (FAI) and fast adapting type 2 (FAII) (Kennedy & Inglis, 2002; Strzalkowski et al., 

2017). 

Fast adapting (FA) afferents are dynamic and respond to changes in pressure (e.g. 

the initiation and removal of contact with an object) (Kennedy & Inglis, 2002; Strzalkowski 

et al., 2017). They are the more common afferent class; at the foot, this is important as 

they code for dynamic events including the timing of foot contact (Trulsson, 2001) as well 

as trips and slips (Kennedy & Inglis, 2002). At the hand, FA afferents primarily code for 

the motion that occurs when an object slips from grasp (Kennedy & Inglis, 2002; 

Macefield, 1998, 2005), but can also code for some aspects of shape in the sense that a 

higher degree of curvature would cause a greater firing rate as the object moves across 

the skin (Lamotte et al., 1994). Overall, FA afferents respond to the movement of an 

external object or surface relative to the skin. 

Slowly adapting (SA) afferents respond throughout a stimulus application (i.e., they 

fire the entire time an object is in contact with the skin) and increase firing with increased 

intensity of the stimulus (Macefield, 1998, 2005). They code for the location and direction 

of objects moving across the skin. (Friedman et al., 2002) as well as for the shape and 

other spatial parameters of objects (Lamotte et al., 1994). Overall, SA afferents respond 

to contact between an external object and the skin. 
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Type 1 afferents have small receptive fields with well-defined borders and their 

mechanoreceptors are located close to the skin surface (Kennedy & Inglis, 2002; 

Strzalkowski et al., 2017). Type 1 afferents come from multiple, branching axons 

(Macefield, 1998) and have multiple maximally-sensitive zones called “hot-spots” within 

their receptive fields (Macefield, 2005). Type 1 afferents are very sensitive to stimuli at 

the edges of their receptive fields and have greater spatial acuity than type 2 afferents 

(Macefield, 1998). Type 2 afferents have large receptive fields with less defined borders 

and their mechanoreceptors are located deeper (Kennedy & Inglis, 2002; Strzalkowski et 

al., 2017). They originate from a single axon (Macefield, 1998) and their receptive fields 

only contain a single “hot-spot” (Macefield, 2005). 

Fast adapting type 1 (FAI) afferents are associated with mechanoreceptors called 

Meissner corpuscles (Macefield, 2005). They are found superficially in the intradermal 

papillae of the skin (Macefield, 1998). The long axis of the end organ is oriented 

perpendicular to the skin, such that they are mechanically deformed when shear forces 

are applied to the skin (Macefield, 1998). As such, they respond best to shear forces 

across the skin, light stroking and slips (Macefield, 1998).  Functionally, this may occur 

when slipping during gait (feet) or when an object is slipping out of grasp (hands) 

(Macefield, 1998). During experimental vibration of the skin of the hand, FAI afferents 

respond to vibration frequencies between 8 and 64 Hz (Johansson et al., 1982), and 

specifically respond best to 30-40 Hz (Toma & Nakajima, 1995). At the foot, FAI afferents 

respond best to vibration frequencies of 8 and 60 Hz (Strzalkowski et al., 2016). 

Perceptually, this stimulation commonly feels like “flutter-vibration” (Macefield et al., 

1990). 

Fast adapting type 2 (FAII) afferents are associated with Pacinian corpuscles 

(Macefield, 2005). They are found deep within and beneath the dermis (Macefield, 1998). 

Pacinian corpuscles are composed of rings of lamellae surrounding a central core where 

the nerve ending proper is situated; fluid sits between each layer (Loewenstein & 

Mendelson, 1965). The corpuscle acts as a dashpot, allowing only high-frequency and 

onset/offset stimuli to reach the inner core, conveying the FA nature of these receptors 
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(Loewenstein & Mendelson, 1965). They are the most sensitive of all the receptor types 

(responding to 5 mN) and even respond to blowing across the skin or tapping the 

supporting surface (Macefield, 1998). At the hand, FAII afferents respond to frequencies 

up to 500 Hz (Kennedy & Inglis, 2002; Knibestöl & Vallbo, 1970) but respond best to 

frequencies between 64 and 400 Hz (Johansson et al., 1982). At the foot, they respond 

very well across a broad range of frequencies: 5-150 Hz (Strzalkowski et al., 2016). There 

are relatively few of these receptors in number, but this is likely because of their increased 

sensitivity; more receptors would not be necessary (Macefield, 1998). 

Slow adapting type 1 (SAI) afferents are associated with Merkel discs (Macefield, 

2005). Merkel discs are found in the basal layer of the epidermis (Halata et al., 2003). 

Merkel discs have protoplasmic protrusions at their deep end that sit between 

keratinocyte cells, and therefore move and stretch along with the movement of these cells 

(Halata et al., 2003; Winkelmann & Breathnach, 1973). They respond best to compressive 

forces and code well for curvature (Macefield, 1998). Functionally, this tells the individual 

valuable information about pressure distribution (feet), object shape and changes in grip 

force (hands) (Macefield, 1998). At the hand, SAI afferents respond best to frequencies 

between 2 and 32 Hz (Johansson et al., 1982). At the foot, they respond best to 

frequencies at or below 30 Hz (Strzalkowski et al., 2016). Perceptually, stimulation feels 

like pressure, with greater stimulation relating to a greater amount of perceived pressure 

(Macefield, 1998). 

Slow adapting type 2 (SAII) afferents are associated with Ruffini endings 

(Macefield, 2005), which are found deep in the skin (Macefield, 1998). The long axis of 

their end organ is found parallel to the skin, physically linked with collagen fibres 

(Macefield, 1998). SAII afferents respond to skin stretch, typically responding best to 

stretch in one direction, with maximal firing rates with skin stretch in this optimal direction 

and smaller rates in response to other directions (Aimonetti et al., 2007). In the upper 

limb, some SAII afferents also have a resting discharge (Knibestöl & Vallbo, 1970), but 

this is not the case in the foot (Fallon et al., 2005; Kennedy & Inglis, 2002). SAII afferents 

are the least sensitive of all receptor types (responding to 115 mN) (Macefield, 1998). At 
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the hand, they respond best to frequencies less than 8 Hz (Johansson et al., 1982). At 

the foot, they respond best to frequencies at or below 10 Hz (Strzalkowski et al., 2016). 

Functionally, this gives information about joint angle and, thus, proprioception (Aimonetti 

et al., 2007). 

Mechanoreceptor distribution and density are believed to be closely linked to 

sensorimotor function in glabrous skin (Macefield, 1998; Strzalkowski et al., 2018). At the 

palm (Johansson & Vallbo, 1979; Macefield et al., 1990), receptors have gradations in 

density thought to be related to the increased acuity needed for object discrimination. At 

the foot sole, there is a greater density of receptors, and particularly FAI receptors, at the 

toes and lateral border of the foot sole compared to other regions (Strzalkowski et al., 

2018). These may be the areas where pressure information is most important for 

maintaining balance, necessitating a greater amount of information that is provided by a 

greater receptor density (Strzalkowski et al., 2018). 

1.2.2 Differences in Hairy Skin 

Hairy skin is different from glabrous skin in both mechanical structure and 

mechanoreceptor composition (Kennedy & Inglis, 2002; Mahns et al., 2006; Trulsson, 

2001). Both variables impact the ability of these types of skin to convey information from 

the environment to the central nervous system. Hairy skin properties differ by region, and 

few studies have assessed the properties of the lower (Edin, 2001) or upper (Trulsson, 

2001) leg. Where there is no direct data on the properties of leg skin, generalizations will 

be made here to more commonly studied areas such as the forearm, hand dorsum and 

face (Macefield, 1998). 

Different areas of the body have different skin mechanical properties (Smalls et 

al., 2006). In glabrous skin, the skin at the foot sole is less sensitive than at the palm, 

which is thought to be due in part to the increased thickness of the foot sole skin (Kennedy 

& Inglis, 2002). Greater hardness and thickness of the skin will increase the distance 

between the skin surface and the underlying receptors, negatively influencing perception 

(Strzalkowski et al., 2015). Further, hardness influences how frequency is transmitted 
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through the skin, differentially influencing different receptor types as a result (Strzalkowski 

et al., 2015; Takei et al., 2004). Hairy skin is generally thicker but less stiff than glabrous 

skin (Sanders, 1995). Although there is a negligible effect of differences in hardness and 

thickness across various sites in the foot sole in young, healthy adults, there are trends 

towards harder, thicker skin being less sensitive (Strzalkowski et al., 2015). Further, FAI 

afferents appear to be the most affected by these mechanical differences (Strzalkowski 

et al., 2015). The greater difference between hairy skin and glabrous skin may increase 

this sensitivity difference. 

A modeling study based on properties of rat hairy skin found that SAI firing was 

not significantly influenced by skin mechanics such as thickness and elasticity if the 

pressure of the object on the skin is maintained constant (Wang et al., 2016). Using a 

technique called finite element analysis, where skin mechanics are computationally 

stimulated while strictly controlling the skin’s physical properties (Wang et al., 2016). 

When surface pressure of a probe is maintained constant, indentation rate and magnitude 

can be directly conveyed to the underlying receptors without significant variability (Wang 

et al., 2016). 

            Structurally, hairy skin is more loosely connected to underlying subcutaneous 

tissue than glabrous skin, allowing for greater skin stretch (Macefield, 1998). For example, 

the skin at the leg has looser fascial connections than the foot sole, and thus responds 

more to stretch (Kennedy & Inglis, 2002; Macefield, 2005). It has been suggested that the 

information provided by hairy skin stretch, including the position and movement of nearby 

joints, allows hairy skin to have a larger role in proprioception than the less stretchy 

glabrous skin (Edin, 1992). 

            The receptor and afferent classes also differ between the two skin types 

(Macefield, 2005). Glabrous skin tends to be much more densely populated with all 

receptor types than hairy skin (Corniani & Saal, 2020; Trulsson, 2001). Similar to glabrous 

skin of the hand, slightly more than 50% of the overall afferent population of hairy ankle 

skin is FA (Trulsson, 2001). Also, hairy skin afferents are typically less responsive to 
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stimuli than glabrous skin afferents, with a resultant higher perceptual threshold 

(Merzenich & Harrington, 1969). The specific afferents and receptors differ slightly in 

morphology, location and function, as discussed in the following paragraphs. 

Three different fast-adapting receptor types have been identified in hairy skin. Two 

are comparable to FAI afferents in glabrous skin: hair units and field units; these 

comparisons are discussed below (Corniani & Saal, 2020; Macefield, 1998). These two 

types are the most sensitive receptor types in hairy skin (Macefield, 1998). The third type 

is FAII, which respond to higher frequency vibration as do their glabrous skin counterparts 

(Merzenich & Harrington, 1969). Functionally, lower limb FA units in hairy skin (as in 

glabrous skin) give information about ground contact patterns throughout the gait cycle 

(Trulsson, 2001). 

            Hair units are closely physically associated with hair follicles and respond to the 

movement of the hair as well as low-frequency vibration (Macefield, 1998). Hair units are 

like the FAI afferents in glabrous skin, with similar properties (Merzenich & Harrington, 

1969). Receptive fields of hair units are relatively large (compared to SA units) and 

irregular in shape (Vallbo et al., 1995). Receptive fields are evenly but sparsely populated 

with sensory endings at individual hairs; at the forearm, twenty or more hairs are 

contained in a single receptive field (Vallbo et al., 1995). At the thigh, hair units respond 

to the movement of hair but this response tends to be below the level of perception (Edin, 

2001). Hair units tend to be directionally sensitive, activating to a greater extent to 

movement against the hair direction (Vallbo et al., 1995). At the lateral ankle, very few 

hair units exist, likely due to the paucity of hairs in this region (Trulsson, 2001). 

            Field units (often just referred to as FAI afferents) respond to skin contact and 

low-frequency vibration (Edin, 2001; Macefield, 1998; Vallbo et al., 1995). Field units in 

the lower leg have similar receptive field properties to that of FAI in the glabrous skin: 

their receptive fields are circular regions with one or more hot spots and the units respond 

to the onset and, in some cases, offset of punctate stimuli (Trulsson, 2001). Stimuli that 

activate field units are localized to a small area (Merzenich & Harrington, 1969). 
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            Pacinian corpuscles in hairy skin, as in glabrous skin, are associated with FAII 

afferents; these receptors are deeper in hairy skin, found in deep tissue layers 

surrounding joints and bone, which is deeper than their glabrous counterparts (Mahns et 

al., 2006; Merzenich & Harrington, 1969). Compared to FAII in the glabrous skin, hairy 

skin FAII afferents are responsive to slightly lower frequencies of vibration, and are 

slightly less responsive overall (Merzenich & Harrington, 1969). There are also less FAII 

in hairy skin compared to glabrous skin (Macefield, 1998). Stimuli that activate FAII 

receptors can propagate along the skin, such as the vibration from a tuning fork 

(Merzenich & Harrington, 1969). Therefore, unlike FAI receptors, FAII can be activated 

by remote vibration (Merzenich & Harrington, 1969). FAII in hairy skin are responsive to 

higher frequencies and are more sensitive than FAII in glabrous skin (Merzenich & 

Harrington, 1969). Their receptive field properties are similar to those in glabrous skin, an 

elliptical area with one hot spot (Trulsson, 2001). In the lower leg, most FAII afferents also 

respond to skin stretch in a specific direction, as is normally seen in SAII (Aimonetti et al., 

2007).  

            Three different slow adapting afferents have been described in hairy skin: SAI and 

SAII, which have similar properties as in glabrous skin, and SAIII as has been described 

at the thigh (Edin, 2001). SAI and SAII receptors are similar to their counterparts in 

glabrous skin (Trulsson, 2001), but are harder to differentiate in hairy skin (Macefield, 

1998). However, the general coding of punctate stimuli and vibration is similar in hairy 

compared to glabrous skin (Macefield, 1998). Functionally, lower limb SA units in hairy 

skin (as in glabrous skin) give information about changes in foot contact and pressure in 

quiet sway and in gait (Trulsson, 2001). 

            SAI afferents in hairy skin display clear, circular receptive fields with one or more 

hot spots (Edin, 2001; Trulsson, 2001). They respond with irregular discharge to 

continuous pressure input from skin indentation (Edin, 2001; Trulsson, 2001). 

            SAII afferents in hairy skin respond to skin stretch, with a single afferent 

responding best in one specific direction (Edin, 2001). Their responses tend to be more 
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regular discharge and their receptive fields contain a single hot spot, as in the glabrous 

skin (Edin, 2001; Trulsson, 2001). Because of the increased potential for skin stretch in 

hairy skin, SAII respond better in this skin type (Macefield, 1998). This is illustrated well 

in the lower leg, where even SAII afferents close to the knee respond to ankle movement 

despite their physical distance from the ankle. (Aimonetti et al., 2007). 

            Edin (2001) was the first to describe a third type of SA afferent, SAIII (Edin, 2001). 

SAIII afferents are those slow adapting afferents in hairy skin that do not have properties 

consistent with SAI or SAII; rather, they have some properties of each (Edin, 2001). Like 

SAI afferents, SAIII have clear receptive fields but these are particularly small (Edin, 

2001). Like SAII afferents, SAIII respond, with regular discharge patterns, to skin stretch 

but in all directions (Edin, 2001). SAIII receptors appear to be located relatively 

superficially (Edin, 2001). 

            There are also low threshold, C-fibre tactile afferents that are unmyelinated and 

end in free nerve endings (Ackerley & Watkins, 2018; Macefield, 1998). C-fibre afferents 

can be divided into three types: those that are nociceptive (i.e., respond to painful stimuli), 

thermosensitive (i.e. respond to heat or cold) and mechanosensitive (Ackerley & Watkins, 

2018; Macefield, 1998). Mechanosensitive C-fibre afferents are most commonly found at 

the face and have properties similar to SAI: they code well for slowly moving stimuli at 

room temperature and for object localization (Ackerley & Watkins, 2018; Macefield, 1998). 

            Receptor distribution is different in hairy skin compared to glabrous skin as well. 

Contrary to the density gradients seen in glabrous skin, hairy skin has been described as 

a “tactile sensory sheet”, where receptors are spread out evenly (Macefield, 1998). 

Whereas glabrous skin benefits from increased density in areas of greater functional 

relevance, as discussed earlier, hairy skin has less need for a density gradient; all areas 

have equal need for tactile information (Macefield, 1998). This has been seen specifically 

in the thigh region innervated by the lateral cutaneous femoral nerve (Edin, 2001), 

although there is altogether a limited number of receptors that have been studied and it 

is difficult to draw solid conclusions to this end at present. Additionally, overall receptor 
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density is lower in the hairy skin, as has been shown as decreased spatial acuity at the 

ankle compared to that of the foot sole (Corniani & Saal, 2020; Trulsson, 2001).  

 Within hairy skin, receptor properties are also location-dependent, with different 

regions having notable differences (Vallbo et al., 1995). The skin of the thigh, for instance, 

has a greater proportion of hair units and a lesser proportion of FAI and SAI than the skin 

of the forearm (Edin, 2001). Forearm hair units and field units have receptive fields that 

are large with multiple hotspots; hand and face hair units have smaller, single-hotspot 

receptive fields (Macefield, 1998). 

Receptor sensitivity differs significantly between regions as well. Firing thresholds 

to vibration appear to be different even between the proximal aspect and distal aspect of 

the forearm (Merzenich & Harrington, 1969). In the sural nerve distribution, force 

thresholds are significantly higher than many other studied skin regions (with the 

exception being SAII); it appears as though the skin at the lower body, in general, tends 

to be less sensitive than the skin at the upper body (Trulsson, 2001). 

1.2.3 Transmission of Information to the Cortex 

            At the level of the distal afferent nerve ending, mechanosensitive Piezo ion 

channels open in response to mechanical stimulation (Hao et al., 2015; Martinac, 2022). 

Mechanotransduction is the process by which this mechanical input is transduced into a 

neural signal at this level (Hao et al., 2015). The nerve ending produces a receptor 

potential which is the sum of the charge of all ions that have traveled through the channels 

(Hao et al., 2015). This receptor potential can then be modified by a so-called “gain 

system”, which consists of voltage-gated ion channels that can increase or decrease the 

potential (Hao et al., 2015). Finally, if this potential reaches the action potential generating 

threshold, an action potential is produced which travels proximally along the length of the 

afferent fibre (Hao et al., 2015). 

            The cell bodies of the afferent fibres are found in the dorsal root ganglion (Hao et 

al., 2015; Roudaut et al., 2012). Most of the fibres then project to the medulla via the 
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dorsal column and synapse onto the gracile nucleus (lower extremity) or the cuneate 

nucleus (upper extremity) (Delhaye et al., 2018; Roudaut et al., 2012). Here, the fibres 

are organized by modality; the cutaneous fibres are found more medially within the 

pathway (Delhaye et al., 2018). Secondary fibres cross the midline and ascend to the 

ventroposterior thalamus via the medial lemniscus pathway (Roudaut et al., 2012). It is 

believed that there is some descending input to the medulla that can modify information 

transfer (Delhaye et al., 2018). 

            At the ventroposterior aspect of the thalamus, cutaneous information projects to 

the lateral compartment of the ventroposterior nucleus (VPL) (Delhaye et al., 2018). At 

this point, the information is still organized somatotopically (Delhaye et al., 2018). The 

VPL projects mostly to Brodmann’s areas 3b and 1 in the primary somatosensory cortex 

(Delhaye et al., 2018). From there, information is divided into two streams: the ventral 

stream, which is associated with cognition and high-level feature extraction, and the 

dorsal stream, which is associated more closely with the motor system (Delhaye et al., 

2018). Throughout this process, the frequency content of a vibration tactile event is 

“phase locked”; that is, neural firing matches the pattern of the signal (Delhaye et al., 

2018; Graczyk et al., 2022). 

1.2.4 Tactile Perception 

            Contrary to what might be expected, the patterns of neural firing that reach the 

brain do not always translate directly into a percept (Johansson & Vallbo, 1979). 

Perception itself can be considered an entity separate from these neural processes 

(Johansson & Vallbo, 1979). Perception is commonly measured by determining the 

perceptual threshold, or the smallest intensity of stimulation that can be detected 

(Gescheider, 1997; Green & Swets, 1966). This threshold is not fixed; it varies within a 

range depending on many physiological and non-physiological factors (Gescheider, 

1997; Green & Swets, 1966). 

            Variability exists at all levels of the neural pathway and in the surrounding 

environment (Gescheider, 1997; Green & Swets, 1966; Moss et al., 2004). Contributors 
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to this variability include spontaneous background neural firing, synaptic transmission and 

saturation level (Manjarrez et al., 2002; Moss et al., 2004), amount of attention paid to a 

perceptual task (Green & Swets, 1966), synchrony and thus summation of firing between 

peripheral and central neurons (Breen et al., 2014) and skin and mechanoreceptor 

properties (Macefield, 1998). When a near-threshold stimulus is presented in the 

presence of this variability, there will be instances where the action potential is above the 

firing threshold and other instances where it is not (Gescheider, 1997; Green & Swets, 

1966). 

Variability in thresholds is also based on cognitive factors such as participant 

expectations and biases (Gescheider, 1997; Green & Swets, 1966). In a threshold 

experiment, any time a participant is asked to determine whether they detect a target 

stimulus during an interval of time, there are four possible outcomes: a hit (correctly 

indicating the stimulus is present), a correct rejection (correctly indicating the stimulus is 

absent), a miss (indicating the stimulus is absent when it is present) and a false positive 

(indicating the stimulus is present when it is absent) (Gescheider, 1997; Green & Swets, 

1966). Biases towards or away from any of these responses will influence responses. For 

example, during a war, if an air traffic controller perceives small objects in the distance, 

they are more likely to label the objects as enemy aircraft rather than birds if they are 

unsure because of the higher risk involved in a “miss” than a “false positive” (Gescheider, 

1997; Green & Swets, 1966). In general, if there is a greater perceived risk or perceived 

reward with detection or non-detection, the threshold will be shifted one way or the other 

(Gescheider, 1997; Green & Swets, 1966). Additionally, attention can play a role in 

whether detection occurs; a stimulus just above threshold may not be detected if the 

participant is not paying close attention (Gescheider, 1997; Green & Swets, 1966). 

Perception also appears to be affected by functional relevance, with the sensory 

system being most optimized to transfer signals from functionally relevant skin to the 

cortex to form a percept (Johansson & Vallbo, 1979). At the hand, where sensory 

information from regions such as the pads of the fingers has more functional relevance 

for object identification and manipulation than regions such as the palm (Johansson & 
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Vallbo, 1979). In the pads of the fingers, perception can be evoked by a single FA afferent 

firing, whereas at the palm, perception requires a population of FA afferents to fire 

(Johansson & Vallbo, 1979). For the pads of the fingers and other tactually relevant 

regions, it appears that there is a larger stimulus-to-noise ratio, allowing the signal to be 

more readily picked up (Johansson & Vallbo, 1979). Perception appears to be limited by 

the stimulus itself, signifying that these signals are assessed more accurately at the cortex 

(Johansson & Vallbo, 1979). For the palm and other less-relevant regions, the firing of 

several FA afferents must all converge at once at the central nervous system to evoke 

the percept (Johansson & Vallbo, 1979). Thus, in these regions, noise and other factors 

within the nervous system limit detection (Johansson & Vallbo, 1979; Konietzny & Hensel, 

1977). Overall, it appears that the efficient transfer of information from a tactile event to a 

percept is optimized only where it is needed the most (Johansson & Vallbo, 1979). 

Interestingly, at the foot sole, perceptual thresholds are higher (i.e., the skin is less 

sensitive) in standing than in sitting (Mildren et al., 2016) despite the information received 

in standing being presumably more functionally relevant than that in sitting. It has been 

proposed that this is because of the additional information that is received centrally while 

in standing (e.g., proprioceptive input from muscle spindles), so skin is only one of many 

inputs that must be processed centrally (Mildren et al., 2016). Thus, there are many inputs 

that are functionally relevant that must be processed, so skin input does not need to be 

prioritized to as great an extent in this position (Mildren et al., 2016). 

Perceptual thresholds are higher, by an order of magnitude, in hairy skin compared 

to glabrous skin; similarly, afferent responses to vibrotactile stimuli are similarly smaller 

in hairy skin compared to glabrous skin (Mahns et al., 2006; Merzenich & Harrington, 

1969). Thus, the cause of these differences appears to exist in the periphery, in the 

physical responses of the end-organs and first-order neurons, as opposed to at the level 

of the spinal cord or the cortex (Merzenich & Harrington, 1969). 
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1.3 The Role of Cutaneous Sensation for Balance and Gait 

1.3.1 Skin Contributions 

The importance of somatosensation goes far beyond simply the ability to perceive 

a stimulus; there is a largely functional role for this input (Strzalkowski et al., 2017). The 

skin at the foot sole provides important information relevant to balance and gait 

(Strzalkowski et al., 2017). This has been determined through studies that decrease 

sensation (Howe et al., 2015; Lowrey et al., 2010) or enhance it (Collins et al., 1997) and 

also by studying aging and diseased states where skin sensation is naturally decreased 

(Inglis et al., 1994; Peters et al., 2016). 

Feedback from cutaneous receptors at the foot sole is crucial for the detection of 

load on the foot, including load distribution and changes in load during quiet stance 

(Kennedy & Inglis, 2002). Skin can detect when the body’s centre of pressure is moving 

outside of the base of support, which occurs prior to destabilization, and provides afferent 

feedback allowing for correction (Shumway-Cook & Woollacott, 1995). In research, 

vibration can be used to experimentally mimic increased pressure at the foot sole (i.e., 

increased sensory input) (Kavounoudias et al., 2001). Some studies have found that, 

when one area of the foot is vibrated, the body tends to tilt the opposite way 

(Kavounoudias et al., 1998, 2001). This response appears to be caused by the centre of 

pressure to maintain the centre of mass within the base of support following the illusion 

of body sway (e.g., stimulation at the heel mimics increased heel pressure, which would 

be perceived as a backward body lean, and the body responded by leaning forward; 

(Kavounoudias et al., 1998, 2001). Conversely, more recent research found that the EMG 

response of the lower leg muscles following foot sole vibration showed an opposite effect 

(e.g., heel stimulation caused reflexive increased activity of the plantar flexor muscles, 

whose activity causes a backward lean) (Nakajima et al., 2006a). Here, this reflexive 

muscle activity is thought to act similarly to a classic withdrawal reflex, where the 

cutaneous stimulation is perceived to be an external object the leg must draw away from 

(e.g. an obstacle contacting the heel leads to plantar flexion to pull the foot away) 
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(Nakajima et al., 2006a). Reflexes resulting from cutaneous stimulation are discussed in 

length in the next section. 

           Cutaneous feedback from the ankle region also contributes to balance control 

(Kars et al., 2009; Lowrey et al., 2010; Mildren et al., 2017a). Receptors at the skin of the 

ankle contribute to proprioception by signaling skin stretch (Kars et al., 2009; Lowrey et 

al., 2010; Mildren et al., 2017a). Anesthesia at the foot dorsum in healthy individuals 

decreases the accuracy of an ankle joint matching task (Lowrey et al., 2010). Anesthesia 

at the posterior ankle in healthy individuals decreases the ability to detect skin stretch 

during dorsiflexion, such that individuals required a greater degree of dorsiflexion in order 

to detect the position change (Mildren et al., 2017a). The sensory loss resulting from 

conditions such as diabetes leads to detriments in joint motion sensation similar to these 

results from experimental sensory loss in otherwise healthy individuals (Kars et al., 2009). 

Gait patterns are also driven by cutaneous information, with altered cutaneous 

input making significant changes (Kennedy & Inglis, 2002; Perry et al., 2000). 

Experimentally induced sensory loss through foot cooling causes a detriment in 

compensatory stepping in response to platform perturbation, suggesting that skin can 

give information regarding stability limits as well as foot contact (Perry et al., 2000). 

Sensory loss also leads to changes in lower extremity joint patterns at foot strike and 

push off that suggest a more cautious gait pattern (Eils et al., 2004). Additionally, swing 

phase strategies are modified by decreased sensitivity of the foot dorsum; this skin is 

relevant during swing because it would signal a potential tripping hazard if contact was 

detected (Howe et al., 2015). Dynamic postural responses can be reorganized after 

sensory loss as well; lateral perturbations following foot sole anesthesia result in greater 

hip torque than torque at the ankles or trunk (Meyer et al., 2004). Finally, cutaneous 

feedback from the foot sole reflexively alters muscle activity throughout the lower 

extremity during gait (Zehr & Stein, 1999), which will be discussed below. 
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1.3.2 Cutaneous Reflexes 

            Reflexes occur when sensory input, through oligosynaptic connections to motor 

neuron pools at the spinal cord, change motor output (Zehr & Stein, 1999). The withdrawal 

reflex, for example, is caused by noxious skin stimulation which leads to muscle activity 

which moves the body part away from the source of input (Zehr & Stein, 1999). Non-

noxious skin sensory input such as pressure can also reflexively cause a change in 

muscle activity in a process known as a cutaneous reflex (Aniss et al., 1992; Bent & 

Lowrey, 2013; Nakajima et al., 2006a; Zehr et al., 2014). These cutaneous reflexes can 

cause either excitation (an increase) or inhibition (a decrease) in muscle activity 

depending on posture, location and other factors that will be discussed below (Aniss et 

al., 1992; Nakajima et al., 2006a; Zehr et al., 2014). The afferent end of this reflex loop 

contains this excitatory or inhibitory cutaneous information along with other information 

such as limb position; these inputs all converge onto interneurons in the spinal cord along 

with descending cortical input to inform the resulting efferent signal back to the muscles 

(Duysens et al., 1990; Sonnenborg et al., 2000).  

            In the lower extremity, most studies on non-noxious reflexes have stimulated one 

or more of the three cutaneous nerves of the foot within their sheaths at the ankle (Aniss 

et al., 1992; Nakajima et al., 2006; Zehr et al., 2001; Zehr & Stein, 1999). The sural nerve 

innervates the lateral foot border, the tibial nerve innervates the foot sole, and the 

superficial peroneal nerve innervates the dorsal foot (Zehr et al., 1997). In research it is 

common to bypass the end organ and activate the nerve itself through electrical 

stimulation (Zehr & Stein, 1999). Thus, while not cutaneous stimulation per se (as the 

target is the nerve directly), the result of activation in this region is similar to what would 

occur if the associated skin region was stimulated all at once. In static postures, complex 

excitatory and inhibitory patterns result from nerve stimulation, and these patterns differ 

between studies. Delwaide et al. (1981) found two excitation peaks in both the soleus and 

the tibialis anterior following sural nerve stimulation at the ankle (Delwaide et al., 1981). 

Aniss et al. (1992) found response variability between stimulated nerves and muscle 

activity; most commonly, following sural nerve stimulation, there was inhibition of tibialis 
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anterior and soleus and excitation of peroneus longus and the gastrocnemii; following 

posterior tibial nerve stimulation, there was an inhibition of soleus and medial 

gastrocnemius and excitation of tibialis anterior, lateral gastrocnemius and peroneus 

longus (Aniss et al., 1992). Kukulka (1994) found variation as well, with the most common 

pattern being inhibition followed by excitation of the triceps surae following sural nerve 

stimulation. Komiyama et al. (2000) found that averaged across all participants, tibial 

nerve stimulation caused excitation in tibialis anterior and inhibition in the gastrocnemii 

and soleus; sural nerve stimulation caused excitation in medial gastrocnemius and 

inhibition in tibialis anterior, soleus and lateral gastrocnemius; and stimulation of the 

superficial peroneal nerve caused inhibition in all four muscles (Komiyama et al., 2000). 

Burke et al. (1991) found inhibition to be the first response in the tibialis anterior and 

soleus following sural nerve stimulation (Burke et al., 1991). Overall, complex patterns 

arise from neural stimulation at the ankle and these patterns differ between studies. 

            Mechanoreceptors can also be stimulated directly at the foot sole (Sonnenborg et 

al., 2000) which allows the stimulation to be more specific to a skin area rather than the 

entire innervation region of a nerve (Nakajima et al., 2006a). When this is done, opposite 

responses are typically seen at the heel versus the metatarsal region (Sayenko et al., 

2009). Heel stimulation causes excitation of the soleus and inhibition of the tibialis 

anterior, while forefoot stimulation does the opposite (Nakajima et al., 2006a; Sonnenborg 

et al., 2000; Zehr et al., 2014). Therefore, this stimulation is likely primarily using the 

withdrawal reflex; for example, heel stimulation mimics an obstacle contacting the heel 

and would inhibit the major ankle dorsiflexor and promote more plantar flexion to lift the 

heel away from the stimulus (Sayenko et al., 2009). Studies mapping several regions of 

the foot sole show a response gradient whereby responses reverse in the midfoot 

(Nakajima et al., 2006a; Sonnenborg et al., 2000; Zehr et al., 2014). 

            Approximately 50% of individual mechanoreceptors at the foot sole can drive 

reflexes (Bent & Lowrey, 2013; Fallon et al., 2005). While all mechanoreceptor types in 

glabrous skin can generate cutaneous reflexes, those associated with FAI afferents 

appear to be the most strongly coupled, followed by SAI afferents (Fallon et al., 2005; 
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Peters et al., 2016). As previously discussed, both FAI and SAI afferents give important 

information about moment-to-moment (FAI) and prolonged (SAI) foot contact while 

standing and walking, so it functionally makes sense why these reflex loops are the 

strongest to prevent falls (Fallon et al., 2005). 

            Reflex loops can be monosynaptic (i.e., involve one afferent neuron and one 

efferent neuron with a single synapse in between) or can incorporate multiple connections 

including possibly those with the cortex (Sonnenborg et al., 2000). The latency of the 

response (i.e., how long after the stimulation it occurs) indicates which kind of spinal loop 

it is, with longer spinal loops having a longer latency because information will take longer 

to travel along the pathway. There are two main ways that responses are described with 

respect to latency. In some studies, multiple responses are described over time, with the 

first excitation (positive) response being named “E1”, the first inhibition (negative) 

response termed “I1”, the second excitation being “E2”, etc. (Gibbs et al., 1995). Other 

groups divide the response into time windows and classify peaks based on which window 

they fall into; considering the variability in stimulation/recording locations and conduction 

velocities, these windows vary slightly between studies (Fallon et al., 2005; Nakajima et 

al., 2006a; Zehr et al., 2001), but the most common latencies are discussed below. 

            Short latency reflexes, which are generally shorter than 70-75 ms, involve 

monosynaptic or simple oligosynaptic pathways (Jenner & Stephens, 1982; Nielsen et 

al., 1997). An example is seen in the connection between the sural nerve and the tibialis 

anterior, which is likely an oligosynaptic spinal loop with very few interneurons because 

of its very short response time (Nielsen & Kagamihara, 1993). These reflexes only appear 

in muscles of the ankle and foot (Gibbs et al., 1995). Additionally, responses to muscle 

spindle stimulation occur in this early latency, but they are much harder to produce and 

likely require much larger intensities of stimulation than do responses to cutaneous 

stimulation (Aniss et al., 1990). 

            Middle latency reflexes (MLR), which typically have latencies between 70 and 120 

ms, can involve cortical pathways, at least in part as evidenced by measuring response 
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latencies while magnetically stimulating the brain (Nielsen et al., 1997; Zehr et al., 2001). 

Cortical pathways involve information traveling from the initial spinal segment up the 

dorsal column to the sensorimotor cortex and back down via the corticospinal tract 

(Nielsen et al., 1997). Additionally, MLR can involve a greater number of muscles in the 

immediate region of the stimulation and more proximally; for example, stimulation of one 

finger can lead to responses in muscles of other fingers (Deuschl et al., 1995; Nakajima 

et al., 2006b) and stimulation at the ankle can lead to upper leg and trunk muscle activity 

rather than just lower leg activity (Gibbs et al., 1995). The magnitude of the reflex 

response is also stronger in functional tasks that require precision because these tasks 

involve the motor cortex to a larger extent (Gibbs et al., 1995). Finally, MLR appear to be 

particularly sensitive to modulation (Zehr et al., 2001).  

            Long latency reflexes, which are seen beyond 120 ms (Zehr et al., 2001), are less 

studied but thought, in the hand, to help control grip force (Nakajima et al., 2006b). At the 

leg, they are seen bilaterally and are thought to function to help to lift the foot over an 

obstacle in gait (Nielsen et al., 1997). Interestingly, these long latency reflexes appear to 

be stronger in non-stimulated fingers of the same hand than the stimulated finger, 

suggesting both task-dependence and possibly reflex depression of the muscle of the 

stimulated finger (Nakajima et al., 2006b). Muscle activity beyond 150 ms in latency may 

also be under some voluntary control and thus may be influenced by attention (Fallon et 

al., 2005). 

            Another characteristic of cutaneous reflexes is that they are posture dependent; 

that is, they often look different in standing compared to sitting or supine (Nakajima et al., 

2006a). Generally, standing evokes smaller reflexes than sitting (Nakajima et al., 2006a) 

or supine (Gibbs et al., 1995). They do still exist at similar latencies between these 

positions (Fallon et al., 2005). There are many things that could contribute to these 

postural differences. First, muscle activity is different between these postures, as lower 

extremity muscles do not need to be active when reclined as they do during standing 

(Nakajima et al., 2006a). However, posture dependency is still seen when muscle activity 

is matched; in supine or sitting, by maintaining a low level of isometric contraction 
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(Nakajima et al., 2006a), and in standing, by leaning forward or backward (Zehr & Stein, 

1999). Additionally, pressure on the skin of the foot sole is greater in standing (loaded) 

compared to sitting (unloaded) unless experimentally accounted for (Nakajima et al., 

2006a). However, differences in pressure do not appear to directly influence cutaneous 

reflexes because response gradients as discussed earlier are similar across different 

plantar pressure patterns (Nakajima et al., 2006a). Finally, proprioceptors at the hip may 

influence the overall size or direction of the reflex, which could partially explain the 

differences between sitting and standing as the hip is in different positions (Nakajima et 

al., 2006a). Overall, it appears that posture-dependency is not the result of greater muscle 

activity or mechanical loading on the foot sole, but rather an inherent property of 

cutaneous reflexes related to function. 

In cyclic tasks, most notably walking, cutaneous reflexes exhibit phase-

dependency, wherein the reflex responses are different in different phases of gait (Zehr 

et al., 2014). These reflexes do not always match the natural muscle synergies occurring 

at these phases of gait, meaning there are additional factors influencing them (Tax et al., 

1995; Zehr et al., 2014). The general response patterns appear to function to maintain 

proper gait pattern during obstacle clearance: to move the limb away from an obstacle 

while maintaining balance, cadence and limb trajectory (Van Wezel et al., 1997; Zehr et 

al., 2014). For example, lateral forefoot stimulation can cause excitation of peroneus 

longus and tibialis anterior, causing dorsiflexion and eversion to lift the foot off the ground 

during early swing phase, and heel stimulation can cause excitation of soleus and inhibit 

peroneus longus to raise the heel to clear an obstacle during mid-swing (Nakajima et al., 

2006a). “Sensory steering” refers to the overall pattern of the foot accommodating to 

sensory perturbations during all phases of gait (in medio-lateral, antero-posterior and 

diagonal planes) (Zehr et al., 2014). 

            The foot and ankle change positions throughout gait, and cutaneous reflexes 

appear to have different roles across the different phases. In the stance phase, cutaneous 

input is thought to provide stability by modifying force for interpretation of uneven ground 

surface (Zehr et al., 2014; Zehr & Stein, 1999). Stimulation of the sural nerve causes 
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reflexive excitation of tibialis anterior and inhibition of medial gastrocnemius, allowing 

dorsiflexion and eversion to accommodate to uneven surfaces (Zehr & Stein, 1999). In 

the stance to swing transition, cutaneous input provides information necessary for 

withdrawal (Zehr & Stein, 1999). Stimulation of the tibial nerve and the forefoot both cause 

excitation of the tibialis anterior in this phase (Nakajima et al., 2006a), while heel 

stimulation inhibits it (Nakajima et al., 2016; Nakajima et al., 2006a). In the swing phase, 

cutaneous reflexes allow for obstacle avoidance and stumble correction (Duysens et al., 

1990; Zehr et al., 2014; Zehr & Stein, 1999). There is activity in the tibialis anterior starting 

with early latency inhibition, which allows for clearance (Duysens et al., 1990), followed 

by middle latency excitation (Duysens et al., 1990; Zehr & Stein, 1999). In the swing to 

stance transition, cutaneous input gives information to help with foot placing reactions 

(Zehr & Stein, 1999). Inhibition of tibialis anterior is seen with heel stimulation and tibial 

nerve stimulation (Nakajima et al., 2006a; Zehr & Stein, 1999), and excitation is seen with 

forefoot stimulation (Nakajima et al., 2016; Nakajima et al., 2006a). It is thought that these 

patterns of excitation and inhibition are related to the activity of central pattern generators 

(Duysens et al., 1992). In cyclic activities such as gait, there is thought to be one neural 

pathway that allows for the flexion muscle synergy that occurs during swing and another 

neural pathway that allows for the extension muscle synergy that occurs during stance; 

these two synergies make up the two “halves” of the central pattern generator (Fallon et 

al., 2005; Marder & Bucher, 2001; Zehr et al., 1997). In both gait and in prone, excitation 

of the plantar flexors can be seen as part of the extensor synergy, and excitation of the 

dorsiflexors can be seen as part of the flexor synergy; they just cannot occur at the same 

time (Fallon et al., 2005; Zehr et al., 1997). Instead, excitation of the whole extensor 

synergy and inhibition of the whole flexor synergy occurs at once (in the stance phase), 

and then both reverse in the swing phase (Fallon et al., 2005; Zehr et al., 1997). This 

allows for a phenomenon known as a phase-dependent reflex reversal, where a 

cutaneous afferent could activate an excitatory or an inhibitory interneuron onto the same 

motor neuron depending on the functional requirement (e.g., phase of gait) (Zehr & Stein, 

1999). This appears as opposite effects at the same latency to the same stimulation at 

different phases of movement; for example, tibialis anterior exhibits excitation in the swing 
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phase and medial gastrocnemius exhibits excitation in the stance phase at the same 

latency (Duysens et al., 1990). This is likely a supraspinal effect because more than just 

the target muscles are activated (Duysens et al., 1990). 

 While most research on lower extremity cutaneous reflexes has focused on lower 

leg muscles, some groups have recorded from upper leg muscles as well. The most 

studied muscle groups are the quadriceps (vastus lateralis, VL; and rectus femoris, RF) 

and hamstrings (biceps femoris, BF; and semitendinosus, ST).  

In static postures, the BF and the VL are inhibited in response to whole nerve 

stimulation at the ankle (Burke et al., 1991; Komiyama et al., 2000) and the VL is inhibited 

in response to cutaneous stimulation at the foot sole (Gibbs et al., 1995; Nakajima et al., 

2006a). This inhibition is consistent for stimulation of several different nerves that cross 

the foot sole (Komiyama et al., 2000) and several different areas of the foot sole 

(Nakajima et al., 2006a). The location specificity and switching of signs (i.e. inhibition 

switching to excitation or vice versa) that typically occurs in the lower leg muscles does 

not occur in the VL, which is thought to be because of the lesser functional relevance of 

VL muscle activity during quiet stance compared to lower leg muscles (Nakajima et al., 

2006a).  

Notably, a direct comparison between standing and gait found opposite results: BF 

and VL were inhibited during standing but were overall exhibited excitation during gait 

(Komiyama et al., 2000). Similar to during stance, there is no location-dependency of foot 

sole stimulation seen in the VL and BF during gait (Zehr et al., 2014) but there are 

differences in responses to whole-nerve stimulation at the ankle, with stimulation of the 

peroneal nerve at the ankle causing much larger reflexes than the tibial nerve (Zehr et 

al., 1997). Overall, smaller responses at the upper leg are seen following foot sole 

cutaneous stimulation compared to ankle stimulation, likely because they represent 

smaller perturbations that would not need as much muscle activity to overcome (Zehr et 

al., 2014). It is unknown whether skin stimulation of more proximal leg regions would have 

similar responses in thigh muscles. 



 

 

 

 

24 

In gait, reflex responses of muscles in the upper leg are thought to have a similar 

function to muscles in the lower leg (i.e., preservation of gait pattern and cadence), and 

these responses can be seen bilaterally (Van Wezel et al., 1997). Consider the example 

of peroneal nerve stimulation during swing, which would be interpreted as the foot dorsum 

coming in contact with something external to the body causing a tripping hazard (Van 

Wezel et al., 1997). Thus, peroneal nerve stimulation during swing leads to inhibition of 

the tibialis anterior (inducing plantar flexion), excitation of the BF and ST and minimal 

responses in the RF (together inducing hip extension and knee flexion) (Van Wezel et al., 

1997). Interestingly, another study found, in addition to inhibition of tibialis anterior and 

excitation of the BF, that the VL exhibited excitation during the swing phase in response 

to peroneal nerve stimulation (Zehr et al., 1997). Here, the degree of thigh muscle 

excitation was correlated to the degree of knee flexion occurring in the same limb (Zehr 

et al., 1997). It was suggested that co-contraction would increase knee stiffness to help 

maintain smooth gait despite the ankle perturbation (Haridas et al., 2005; Zehr et al., 

1997). VL and BF have also been shown to exhibit excitation in the swing phase following 

tibial nerve stimulation, but to a lesser magnitude (Zehr et al., 1997) and VL exhibits 

excitation following sural nerve stimulation (Zehr et al., 1998). The RF, which is active 

during the transitions between stance and swing phase, exhibits excitation in the swing 

to stance transition and inhibition in the stance to swing transition, the only clear evidence 

of a full reflex reversal of a thigh muscle in gait (Yang & Stein, 1990). 

1.3.3 Multisensory Contributions 

 Skin input is only one of many sensory systems that contribute to the control of 

balance and gait. Another major source of somatosensory information is that from muscle 

spindles, which respond to muscle stretch (Macefield, 2005). Muscle spindle afferents 

along with SAII afferents (which respond to skin stretch) provide proprioceptive 

information, such as ankle angle during postural sway (Macefield, 2005). The visual and 

vestibular systems contribute to balance as well by providing additional input related to 

body position (Horak, 2006). Finally, descending input from the cortex can also influence 

balance ability, such as attention, learning and anticipatory strategies (Horak, 2006). 
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 Considering the multiple systems involved in balance, and the multitude of 

information that can be used for postural control and gait, it is not surprising that sensory 

information can be weighted differently depending on the task requirements and the 

relative abilities of each system. In healthy individuals doing relatively simple postural 

tasks (i.e., standing still on a flat surface), somatosensory input is highly weighted 

compared to visual and vestibular information (Horak, 2006). However, alterations to 

sensory input can cause the weighting of somatosensory information to lessen; a classic 

clinical example is a test where patients stand on a foam surface, reducing the reliability 

of somatosensory information and thus increasing reliance on visual and vestibular input 

(Cohen et al., 1993). Additionally, perceptual thresholds at the foot sole are higher in 

standing compared to in sitting, which is thought to be because skin input is weighted less 

in this more functional position to allow for greater input of other relevant sensory 

information (e.g., muscle spindles) (Mildren et al., 2016). 

 Natural decrements in sensory ability can also cause reweighting, such as what 

occurs in aging. For example, despite poorer proprioceptive ability, older adults have a 

heightened response to muscle spindle stimulation compared to younger adults, which is 

suspected to be a result of sensory reweighting away from the less-sensitive SAII 

receptors (Verschueren et al., 2002). In other words, overall proprioception is worsened 

in aging, but muscle spindles become more responsive through reweighting to make up 

for declines in other systems that respond to skin stretch. Another population where 

sensory reweighting occurs to a large extent is in individuals with lower extremity 

amputation (LEA), which will be discussed next. 

1.4 Amputation 

            After lower extremity amputation (LEA), the interface with the ground is different 

(Li et al., 2015). The skin at the base of the residual limb sitting in the prosthetic socket 

acts as the interface with the environment (Li et al., 2015; Mahns et al., 2006). Besides a 

different location, this interface is a different size and shape and is composed of hairy 
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skin, which is not optimized to act as an interface the way the glabrous skin at the bottom 

of the foot is (Corniani & Saal, 2020; Li et al., 2015). 

            In Canada, 5342 individuals underwent LEA between 2006 and 2009, with a mean 

age of 67 years and 68% males (Kayssi et al., 2016). 81% of these individuals had the 

amputation due to diabetic complications, and 65% were transtibial (below the knee) 

(Kayssi et al., 2016). Additionally, older adults with comorbid diabetes mellitus are at 

greater risk than the general population of having a LEA (Imam et al., 2017). 

            Individuals with LEA encounter many problems related to decreased sensation, 

including skin breakdown (Li et al., 2015; Sanders et al., 2017), phantom limb pain 

(DeFranco, 2018) and poor balance (Ku et al., 2014). Overall, this leads to activity 

limitations such as decreased ability to stand for long periods, walk for long distances, 

and participate fully in leisure and employment activities (Gallagher et al., 2011). 

Prosthetic use has been positively associated with quality of life (Akarsu et al., 2012). 

Studies have also found that post-amputation mortality is 33% or greater within the first 3 

years (Kennedy et al., 2019; Singh & Prasad, 2015). Additionally, the presence of 

diabetes and not being fitted with a prosthetic were the main risk factors for mortality 

(Singh & Prasad, 2015). 

1.4.1 Skin at the Residual Limb 

The skin at the residual limb undergoes mechanical changes in the early post-

amputation and gait-retraining stages as the limb heals and then adapts to its new 

pressure requirements as a support surface (Li et al., 2015). During gait retraining, the 

skin first undergoes a decrease in hardness as scabs form and the natural roughness of 

the skin is smoothed out; later on, the skin becomes rougher due to the process of 

keratinization at the skin surface as it adapts to the socket (Li et al., 2015). 

Different types of sensation are more affected in amputation than others. Pinprick 

sensation (the ability to differentiate between sharp and dull sensations) is the most 

impaired of these sensations in the residual limb of traumatic transtibial LEA, in both 
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weight-bearing and pressure-sensitive areas (Kosasih & Silver-Thorn, 1998). This may 

affect the ability to feel mechanical changes in the superficial skin of the residual limb 

where it contacts the prosthesis, and therefore may lead to skin breakdown due to friction 

and pressure (Kosasih & Silver-Thorn, 1998). Conversely, deep pressure is left relatively 

intact (Kosasih & Silver-Thorn, 1998). Deep pressure gives information about pressure 

changes within the prosthetic socket; having this sensation intact is important to avoid 

pressure ulcerations (Kosasih & Silver-Thorn, 1998). Some literature suggests that 

vibration sensitivity is mildly worsened (Kosasih & Silver-Thorn, 1998). However, a more 

recent study found greater vibration sensitivity in an individual with traumatic LEA in both 

the affected and unaffected limbs (Templeton et al., 2018). Additionally, vibration and light 

touch sensitivity were found to be lower in the participants with LEA and comorbid 

diabetes than age-matched controls (Templeton et al., 2018). Tactile acuity increases 

proximal to the stump (Aftanas & Zubek, 1964) and near the scar area (Hunter et al., 

2005) in upper extremity amputation. Studies have been conflicting about the effects of 

amputation on joint position sense; with one study reporting decreased movement 

detection at the knee and ankle (Kavounoudias et al., 2005) and another study reporting 

no change at the knee (Latanioti et al., 2013). 

1.4.2 Problems Arising from Changes in Sensitivity 

Skin breakdown can occur when mechanical load (e.g. pressure, friction or 

tension) is placed on skin that has not adequately adapted to the load (Li et al., 2015; 

Sanders et al., 2017). A common trajectory of skin complications starts with insensate 

skin leading to skin irritation, then breakdown, then ulceration, ultimately leading to the 

need for a more proximal amputation (e.g., transtibial becoming transfemoral) (Khaodhiar 

et al., 2003; Reiber et al., 1998). In fact, it is this trajectory in the feet in individuals with 

diabetes and peripheral vascular disease that often leads to amputation in the first place 

(Khaodhiar et al., 2003; Reiber et al., 1998). Older age, which results in thinner skin with 

less blood supply, and moisture of the skin are both risk factors for developing breakdown 

(Sanders et al., 2017). Both diabetes and poor hygiene at the area are related to skin 

problems (Krajbich et al., 2018). As many as 63% of individuals with LEA have skin 
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problems of some kind (Bui et al., 2009; Meulenbelt et al., 2007). These problems include 

blisters, rashes, folliculitis, epidymoid cysts and ulcers which are often related to problems 

with the prosthetic liner (Baars et al., 2008; Bui et al., 2009; Krajbich et al., 2018). Painful 

neuromas also develop in a small proportion of the population, which can be related to 

the presence of phantom limb pain (PLP) (Penna et al., 2018). 

Additionally, decreased sensation can influence the presence of PLP (Collins et 

al., 2018; DeFranco, 2018). 50-80% of all individuals with amputation have PLP 

regardless of the cause of amputation (Flor et al., 2006). There are many competing 

theories as to the cause of PLP, with both central (e.g., neuronal networks in the brain) 

and peripheral (e.g., dorsal root ganglion) causes considered (Collins et al., 2018). If we 

are to consider the primary hypothesis of a central mechanism, PLP is thought to come 

from the maintenance of afferent input, efferent output and continued presence of the 

brain region controlling the missing limb (Collins et al., 2018; DeFranco, 2018). Cortical 

representation is plastic and can change over time; neighbouring cortical regions can 

“take over” the region associated with the deafferented region such that, when the 

neighbouring region is touched, both regions are activated (Merzenich et al., 1984; Pons 

et al., 1991; Ramachandran et al., 1992). Perceptually, in hand amputation this may 

present as the face being touched and the individual perceiving touch at both the face 

and the missing hand (Ramachandran et al., 1992). This plasticity can occur very quickly 

after amputation; one study saw changes 10 days after amputation (Weiss et al., 2000). 

Thus, it stands to reason that less input (e.g., tactile stimulation) from associated 

neighboring regions (e.g., the residual limb) to the brain region would result in greater 

chance of PLP, and greater input would reduce the likelihood that this would develop. 

Finally, the ability to balance and ambulate while wearing a prosthesis depends on 

the integrity and sensitivity of the skin at the interface with the residual limb (Ku et al., 

2014). Individuals with LEA experience increased body sway with standing (Ku et al., 

2014), poorer anticipatory postural adjustments (Aruin et al., 1997) and a resultant 

increase in falls risk (Steinberg et al., 2019) which has widespread negative implications 

physically, socially and financially to individuals and the healthcare system (White et al., 
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2019). Significant sensory reweighting occurs in LEA because there is no longer skin or 

spindle feedback coming from the absent limb, and traditional prosthetic limbs do not 

typically incorporate any type of sensory feedback. In the face of these large losses in 

information, the skin information coming from the residual limb where it sits in the 

prosthetic socket is weighted more to make up for this deficit if used in a functional way 

(Braune & Schady, 1993). The individual must learn to use this sensory feedback in a 

new way to gain information relevant to balance and gait. As discussed in the previous 

section, sensory changes occurring in this skin vary across modalities and comorbidities 

(e.g., Kosasih & Silver-Thorn, 1998). In situations where sensation in this area is 

worsened, such as in peripheral vascular disease, the reduced sensation (e.g., to light 

touch and vibration) is one of many factors that leads to a greater falls risk (Quai et al., 

2005). Conversely, augmentation of visual and somatosensory (e.g., tactile) feedback 

has consistently been shown to improve balance measures in LEA (Ku et al., 2014). 

1.5 Stochastic Resonance 

1.5.1 Background 

            One method of sensory augmentation is stochastic resonance (SR). SR is a 

phenomenon whereby random noise introduced into a nonlinear system can enhance 

some aspect of a signal of interest (Faisal et al., 2008; McDonnell & Abbott, 2009). The 

word “stochastic” directly means random and “resonance” refers loosely to the concept 

that where two signals overlap in frequency, there is a single resonant frequency that 

increases the magnitude of the system output (Faisal et al., 2008; McDonnell & Abbott, 

2009). 

            While this phenomenon is seen in many different systems (McDonnell & Abbott, 

2009), the focus here is its application in the human nervous system. Neuronal activity 

that is just below firing threshold would not produce an action potential, but the addition 

of noise may bring the overall activity above threshold and produce the action potential 

(Faisal et al., 2008). Physiological evidence points to the influence of electrical noise on 

voltage-gated sodium channels; stimulation causes them to open and create a more 
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depolarized environment within the neuron that is closer to its action potential threshold 

(Potok et al., 2021). Therefore, a signal near sensory threshold is extremely sensitive to 

noise (Faisal et al., 2008). This summation can take place at any level of the nervous 

system, including the peripheral and central levels (Iliopoulos et al., 2014). 

            Normally, noise is thought to be a detriment to systems, essentially “drowning out” 

the signal of interest and causing difficulty with information processing (Faisal et al., 

2008). However, at a certain relatively low level of noise, the noise can enhance the 

processing of a suboptimal signal without interfering with the signal itself (Faisal et al., 

2008; McDonnell & Abbott, 2009). Essentially, SR works if the output of the system is 

positively affected by noise beyond what its normal output would be, termed an “SR effect” 

(McDonnell & Abbott, 2009). 

            The optimal level of noise to evoke an SR effect varies and is thought to differ 

between individuals (McDonnell & Abbott, 2009). However, some work has suggested 

that optimal values sit between 33 and 67% of perceptual threshold, with smaller signal 

intensities requiring larger noise intensities to be effective (Liu et al., 2010; Wells et al., 

2005). In fact, there is evidence to suggest that SR is more effective in situations where 

the sensory system is not optimized, such as in aging and various diseased states 

(Dettmer et al., 2015; Priplata et al., 2003; Stephen et al., 2012). In comparisons between 

older and younger individuals, various measures of balance improve with SR only in the 

older group (Dettmer et al., 2015; Priplata et al., 2003). Within a group of older individuals, 

those with poorer baseline balance had greater improvements with the addition of SR 

(Stephen et al., 2012). In those with diabetes, SR was effective at improving balance only 

when participants were performing a dual task and thus had worse baseline balance 

(Hijmans et al., 2008). 

1.5.2 Common Parameters 

            Noise can be applied using a vibrotactile (Cloutier et al., 2009; Khaodhiar et al., 

2003; Liu et al., 2002) or electrotactile (Breen et al., 2014; Dhruv et al., 2002) stimulus. 

Vibrotactile stimulation targets the mechanoreceptor end organ, and thus can target 
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specific receptor types by modifying frequency (Hao et al., 2015; Strzalkowski et al., 

2018). Electrotactile stimulation bypasses the end organ and directly influences the 

afferent nerve, and thus is not as specific (Hao et al., 2015). There do not appear to be 

any studies directly comparing the two modalities using classic SR. 

            While there is much research on the effects of SR on glabrous skin (Collins et al., 

1997; Priplata et al., 2003), there is limited knowledge about how SR functions in hairy 

skin. Knowing that SR is more effective in situations where sensation is less optimal 

(Dettmer et al., 2015; Priplata et al., 2003; Stephen et al., 2012) and that hairy skin has 

reduced receptor density (Corniani & Saal, 2020; Trulsson, 2001), there may be greater 

effects of SR seen in hairy skin. 

            The effectiveness of SR can be measured using perceptual measures such as 

%correct (Collins et al., 1997) or vibration perception threshold (Cham et al., 2018; Kurita 

et al., 2013). Percent correct (%correct) represents perceptual accuracy when research 

participants are presented with multiple trials where near-threshold stimulus levels are 

either present or absent (Collins et al., 1997). At the fingertip, mechanical noise improves 

vibration perception threshold (Collins et al., 1997) as well as light touch and 2-point 

discrimination in healthy young adults (Kurita et al., 2013). In diabetes, mechanical noise 

at the foot dorsum improves the vibration perception threshold (Cloutier et al., 2009). 

Electrotactile noise of various frequencies also improves fingertip sensation (Iliopoulos et 

al., 2014; Liu et al., 2010; Richardson et al., 1998) and knee joint position sense when 

used in addition to a neoprene sleeve (Collins et al., 2009) in healthy adults. Electrotactile 

noise at the foot sole also enhances sensation in the elderly (Dhruv et al., 2002) and in 

diabetes (Khaodhiar et al., 2003). 

            SR also improves balance (Miranda et al., 2016). Typically, the stimulation is 

applied over postural muscles or skin either at the interface between the body and the 

support surface or at a nearby joint, to assist with control (Miranda et al., 2016). Noisy 

vibration has been applied at the foot sole by means of one to several vibrating elements 

(“tactors”) embedded in flip flops (Keshner et al., 2014), a plastic plate (Chien et al., 2015) 
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or insoles (Priplata et al., 2003). Postural sway as measured by centre of pressure 

movement decreases with noise applied in this way, in both young (Keshner et al., 2014; 

Priplata et al., 2003) and older adults (Aboutorabi et al., 2017; Dettmer et al., 2015; Lipsitz 

et al., 2015; Zhou et al., 2016). Mechanical noise can also be used over tendons and 

muscles to improve proprioception and joint position sense (Borel & Ribot-Ciscar, 2016). 

Applied at the knee, electrical noise improves balance in single-leg stance in the elderly 

(Gravelle et al., 2002). An optimal level of noise improves balance in those with functional 

ankle instability (Ross et al., 2013). Walking in vibrating insoles improves gait 

biomechanics (Miranda et al., 2016) and functional gait speed (Aboutorabi et al., 2017; 

Lipsitz et al., 2015; Zhou et al., 2016). 

1.5.3 Remote SR 

            Most research in SR applies noise in the same location as the stimulation (Collins 

et al., 1997; Dhruv et al., 2002; Wells et al., 2005). For instance, with vibration perception 

testing, both the test stimulus and the noise are provided at the same time through the 

same probe (Collins et al., 1997). However, sometimes having a local noisy input would 

interfere with the signal of interest. For example, if trying to improve perception at the 

fingertip, having equipment providing noise directly placed on the fingertip could interfere 

both with object manipulation and sensation. Because of these shortcomings, some more 

recent research has considered the remote application of noise, at a location removed 

from the area targeted for the SR effect (Breen et al., 2014; Enders et al., 2013). 

The mechanism for remote SR is not known, but the two distinct stimuli (i.e. the 

stimulus of interest and the noise) are thought to summate at the spinal cord (Breen et 

al., 2014; Enders et al., 2013; Iliopoulos et al., 2014). It is important to note that both 

stimuli, while below the level of perception, must be strong enough to evoke action 

potentials at the periphery that can then provide the input that would summate. This 

summation is thought to cause central or segmental facilitation (Breen et al., 2014; Enders 

et al., 2013; Iliopoulos et al., 2014). Segmental facilitation would result in increased 

excitability of regions that have intraneuronal connections (e.g., dermatomes) (Breen et 
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al., 2014; Enders et al., 2013; Iliopoulos et al., 2014). For example, a test stimulus at the 

heel and a noisy stimulus more proximally at the calf would both stimulate skin within the 

S1 dermatome region (Lee et al., 2008). Therefore, a noisy stimulus added to the skin of 

the calf could increase the excitability of the neurons at the spinal cord that are associated 

with the skin at the heel, making the afferents at the heel skin more sensitive. SR may 

also, through central facilitation, improve synchrony of firing between neurons at the 

spinal cord and neurons at the cortex, enhancing transmission of information from one of 

these locations to the other (Breen et al., 2014; Enders et al., 2013; Iliopoulos et al., 2014). 

While it could be argued that vibrotactile noise can propagate quite far on the skin (Tanaka 

et al., 2015), lending support to a peripheral mechanism, electrotactile noise is also 

effective (Breen et al., 2014) and does not function in this way. Breen et al. found a 16% 

improvement in VPT at the plantar foot when an optimal level of electrical noise was 

applied along the tibial nerve path (Breen et al., 2014). Post-stroke, remote mechanical 

noise at the hand and wrist improved light touch sensation (Enders et al., 2013). 

A limitation of the concept of the remote application of SR is the lack of specificity, 

particularly with electrotactile noise. While the ability to target multiple receptor types is 

beneficial when trying to enhance different types of skin input, this diffuse activation of 

the whole dermatome has the potential to heighten other sensations as well which may 

not be beneficial for the purposes of balance and gait. One of the previously-cited studies 

found some modality-specificity for the SR effect – while light touch was improved by 

electrotactile noise, two-point discrimination was not (Enders et al., 2013). It was 

suggested that remote SR effectiveness may be modality-specific and therefore spinal 

pathway-specific as well. 

1.5.4 SR Sensory Augmentation in LEA 

            Another clinical population that displays altered skin sensitivity is individuals with 

LEA, as discussed above. Perception, balance and gait are affected by the skin at the 

residuum and the fit of the residuum into a prosthesis. Sensory substitution techniques, 

such as where sensory stimulation of intact skin at the leg or trunk provides cues related 
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to changes in pressure at the bottom of the prosthetic foot, have consistently been shown 

to improve gait parameters in this population (Escamilla-Nunez et al., 2020; Khajuria & 

Joshi, 2022). 

Sensory augmentation techniques, where the sensitivity of intact skin is improved 

(e.g., SR), should provide more natural feedback to the individual than sensory 

substitution. To our knowledge only one pilot study has looked at SR effects in an LEA 

population (published in various forms; e.g., Lee et al., 2007). In this study, sway in single 

leg stance was compared with and without subthreshold electrical stimulation to the 

quadriceps and all spatial and temporal parameters were improved with stimulation (Lee 

et al., 2007). Some notable limitations to this work include: 1) the subthreshold stimulus 

was a triangular waveform, not random noise; 2) only one noise level (90% of threshold) 

was tested; 3) it was not clear that the stimulation was applied to the amputated side - 

while the visuals imply this, each study states it was applied on the sound side; and 4) a 

small sample size (N = 5 to 7, depending on the version, and not always consistent 

throughout a single paper). 

Sensory augmentation to the residual limb in LEA could be further expanded upon 

by exploring the subthreshold stimulation parameters and other setup parameters to 

optimize the SR effect. These parameters include noise stimulation intensity, noise 

application location and noise modality. Overall, more research is needed to investigate 

the potential benefits of SR at the residual limb to enhance sensitivity of the skin in this 

area. As seen throughout this section, improvement of skin sensitivity can lead to 

improvements in proprioception, balance and gait. The more information that a prosthetic 

user can obtain about limb and foot position in space, the better for ambulation and 

general functioning. SR is proposed as a way that this can be improved. 

Thus, the current series of studies act as a “proof-of-concept” for the usability of 

the skin of the thigh to enhance sensitivity at the skin that would make up the residual 

limb in LEA. While testing functional measures such as balance and gait is a notable end 

goal in this area of research, we feel it is important to understand the possible sensory 
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augmentation more directly as a first step (i.e., through studying perception and 

cutaneous reflexes). 

1.6 Objectives and Hypotheses of Current Work 

 The goals of this thesis were to determine 1) if SR is effective in hairy skin, 2) if so, 

what the best parameters are for its application in a prosthetic, and 3) whether there is an 

optimal level of noise that can best enhance any effect seen. The two outcome measures 

we used to determine effectiveness were perception (Study 1 and Study 2) and 

cutaneous reflex generation (Study 3). Thus far, remote SR has been found to be 

effective at improving perceptual sensitivity in the glabrous skin of the hand and foot 

(Breen et al., 2014; Enders et al., 2013; Iliopoulos et al., 2014), but no research has 

specifically assessed the effect of SR in hairy skin. Cutaneous stimulation of the foot sole 

and nerves crossing the ankle generally inhibits reflexive muscle activity of the quadriceps 

in standing and facilitates reflexive muscle activity during gait (Burke et al., 1991; 

Komiyama et al., 2000; Nakajima, Sakamoto, Tazoe, et al., 2006; Zehr et al., 1997, 2014, 

1998), but no research has assessed the effect of cutaneous stimulation of the hairy skin 

of the leg on quadriceps muscle activity. The goal of this work was to act as proof-of-

concept for testing the SR effect in LEA; only one study has assessed the effect of 

subthreshold stimulation on standing balance in this population (Lee et al., 2007), but this 

study did not use noise stimulation and did not compare multiple noise intensities. 

1.6.1 Study 1 

This study looked at the effects of remote SR on perception of a vibratory stimulus at the 

calf. 

Objective 1.1: The main objective of this first study was to determine whether remote 

subthreshold electrical stimulation of the hairy skin on the posterior leg improves 

sensation to vibrotactile input. 

Hypothesis 1.1: Sensitivity to a near-threshold vibrotactile stimulus at the calf will be 

enhanced by the application of electrotactile noise at the thigh. 
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● SR is expected to function at the calf similarly as it does in the foot sole. 

 Although it is generally accepted that there is an optimal intensity of subthreshold 

noise that is most effective in enhancing sensitivity (Collins et al., 1996, 1997), research 

has not been consistent on whether this optimal level is (e.g., Wells et al., 2003, 2005) or 

is not (Liu et al., 2010) similar between individuals. A study with similar methodology to 

the current one found optimal levels at 33% and 50% PT (Wells et al., 2003, 2005). 

Objective 1.2:  As part of the main objective of this first study we looked to determine 

whether there is an optimal intensity of noise that evokes the greatest improvement in 

%correct compared to other levels. 

Hypothesis 1.2: Electrotactile noise applied at 40% of perceptual threshold will most 

effectively enhance the ability to perceive the near threshold vibrotactile stimulation. 

● This is based on the findings of 33% and 50% optimal noise levels in healthy 

individuals from the Wells group (Wells et al., 2003, 2005). 

 Some research suggests that SR is more effective in the elderly than in the young 

(Dettmer et al., 2015; Priplata et al., 2003) and more effective in those with poorer 

baseline ability (Stephen et al., 2012) at improving some postural outcomes. One study 

found SR to be equally effective at enhancing perception in both age groups (Wells et al., 

2005), but it is unknown whether age-related differences in SR effectiveness exist in skin 

regions other than the foot sole. Further, hairy skin is less optimal than the foot sole as 

an interface because of its lower receptor density, particularly those of FA afferents 

(Corniani & Saal, 2020; Macefield, 1998), so might have a greater SR effect than glabrous 

skin, but no studies have assessed SR in hairy skin or compared it to glabrous skin. 

Finally, while it is well-known that both vibrotactile (Cloutier et al., 2009; Khaodhiar et al., 

2003; Liu et al., 2002) and electrotactile (Breen et al., 2014; Dhruv et al., 2002) noise are 

effective at evoking the SR effect, no studies have directly compared the two. 

Objective 1.3: Secondary objectives of this first study were to compare the SR effect 

between 1) locations - stimulation at the heel versus the calf (to explore glabrous versus 
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hairy skin), 2) ages - older versus younger individuals and 3) stimulation modalities - 

electrotactile versus vibrotactile noise.  

Hypothesis 1.3: We expect differences to be seen between locations, ages and 

modalities because of differences in baseline sensitivity and the theoretical mechanisms 

for SR. 

● Sensitivity will be enhanced to a greater extent in the calf (hairy skin) than at the 

foot sole (glabrous skin) because of the poorer expected baseline sensitivity in 

hairy skin. 

● Sensitivity will be enhanced to a greater extent in older adults compared to younger 

adults because of the poorer expected baseline sensitivity in older adults. 

● Sensitivity will be enhanced to a greater extent using electrotactile noise than 

vibrotactile noise because electrotactile noise activates a greater number of 

afferents. 

 Findings from Study 1 were unexpected; while hypothesis 1.1 was partially correct 

(there was an SR effect in the calf in a subset of individuals when comparing their optimal 

noise intensity to the no-noise condition), hypotheses 1.2 and 1.3 were incorrect: there 

was no optimal noise level seen and no differences between ages and modalities. Results 

highlighted concerns with perceptual SR testing. Notably: 1) significant findings were only 

present in the comparison between baseline and optimal noise levels, which has the 

potential for false positive results, 2) there were large amounts of variability in the data, 

and 3) there appeared to be threshold drift occurring such that the subthreshold test 

stimulus did not stay subthreshold throughout the experiment in all cases. These 

concerns led us to conduct a methods study to gain a better sense of whether these 

findings were a result of specific testing methods used in the Study 1 or whether they are 

an inherent property of SR testing in general. 
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1.6.2 Study 2 

This study tested SR using four different perceptual methods to determine whether they 

showed similar results with respect to the concerns noted previously (i.e., the potential 

for false positive results, large amounts of variability and perceptual drift). The methods 

used to establish the presence of SR through perceptual testing were: 

• Method of Limits & Forced Choice + %correct at 6 noise levels 

• Bayesian Adaptive Procedure & Forced Choice + %correct at 6 noise levels 

• Bayesian Adaptive Procedure & Forced Choice + %correct at 4 noise levels 

• Method of Adjustment + Vibration Perception Threshold at 11 noise levels 

Objective 2.1: The objective of the second study was to carry out 4 different combinations 

of PT and SR testing methods to see if they had similar results wrt variability and threshold 

drift (suprathreshold results) and if any produced an optimal level of noise across the 

population. This would help to determine whether the limitations seen in Study 1 were a 

result of the specific methodology tested. 

● The most robust PT method would have the least number of participants with 

%correct values above PT in the absence of noise. 

● The most robust SR method would be the most likely to show one noise level with 

a significantly greater SR effect than the others between participants. 

● No differences between the methods would indicate a greater likelihood that the 

variability, threshold drift and lack of optimal noise result from methodological flaws 

in perceptual SR testing itself. 

Hypothesis 2.1: We hypothesized that Experiment Four (which involved the method of 

adjustment for threshold assessment and 11 tested noise levels) would be the most likely 

to yield evidence of SR, demonstrated as showing an optimal noise level of 40% for the 

SR effect. 
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● Participant attention has a significant role in perceptual outcomes; therefore, 

shorter tests are expected to be more robust than longer tests. 

● As in Hypothesis 1.2, the noise level of 40% is most likely to be optimal based on 

a similar study in a young healthy population that found 33% and 50% to be the 

two most optimal levels (Wells et al., 2003, 2005). 

Across the four methods, no one method showed significantly fewer participants with 

suprathreshold results or an optimal level. The limitations as discussed earlier, therefore, 

are more likely a result of inherent limitations with perceptual SR testing in general. 

Notably, using perception as an outcome measure (beyond just in the testing of SR) has 

limitations because of a high degree of subjectivity, leading to participant expectations 

and biases (Green & Swets, 1966), as well as varying levels of attention and motivation. 

Therefore, we felt the most appropriate way forward was to conduct SR testing using a 

non-perceptual measure to assess if this is a more robust way to evoke SR. Cutaneous 

reflexes are a more objective measure of assessing change in neural activity. A recent 

study found SR to be effective at enhancing lower leg muscle activity resulting from foot 

sole stimulation (Sharma et al., 2020), but there have been no studies on cutaneous 

reflexes in hairy skin.  

1.6.3 Study 3 

Study 3 assessed the presence of and SR effects on calf-to-thigh cutaneous reflexes. To 

address the concerns in the above perceptual studies, this study tested to see if the high 

variability would be eliminated using a more objective measure. If less variability was 

seen, and particularly if a group optimal level could be determined, this would lend support 

for the idea that a more objective measure can enhance the robustness of SR testing. 

Objective 3.1: The first objective of this study was to answer the question: does calf skin 

stimulation produce cutaneous reflexes? 

Hypothesis 3.1: Electrotactile stimulation at the calf will evoke significant facilitation of 

the vastus lateralis. 
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● In sitting, cutaneous input at the posterior calf is likely to be perceived as an 

external stimulus to be avoided. The functional response would be to move the leg 

away, i.e., into knee extension. Reflexive vastus lateralis facilitation would provide 

this response. Thus, it is expected that the cutaneous reflex response is facilitation. 

Objective 3.2: The second objective of this study was: can noise enhance any observed 

reflex? 

Hypothesis 3.2: Vibrotactile noise applied at the calf will enhance the facilitation that is 

expected to occur in the vastus lateralis as a result of cutaneous stimulation. 

● Only one previous study assessed for the presence of an SR effect in cutaneous 

reflexes. This study found that noise at the foot sole significantly enhances the 

cutaneous response of the tibialis anterior and soleus. Specifically, noise added to 

stimulation at the heel decreases tibialis anterior inhibition and increases soleus 

excitation. We hypothesized that this technique would decrease variability 

because it is a more objective measure than perception. 

Objective 3.3: The final objective was to establish whether there is an optimal intensity 

of noise. 

Hypothesis 3.3: Vibrotactile noise applied at 20% of perceptual threshold will most 

effectively enhance facilitation of vastus lateralis muscle activity resulting from cutaneous 

stimulation at the calf. 

● The optimal level for SR in this study is expected to be 20% of threshold as seen 

in the previous SR study referenced above (Sharma et al., 2020). 

● It is expected that this more objective measure (compared to perception) will likely 

show less inter-subject variability (such as what occurs with subjective measures) 

(Green & Swets, 1966). Thus, there is a greater likelihood that one optimal level 

will be found across the population in this study compared to the perceptual 

studies. 
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Chapter 2: Study 1 (Healthy Remote SR) 

Published in Frontiers of Human Neuroscience (Plater et al., 2021). 

2.1 Abstract 

Foot sole skin interfaces with the ground and contributes to successful balance.  In 

situations with reduced sensitivity in the glabrous foot skin, stochastic resonance (SR) 

improves skin sensitivity by adding tactile noise. Some situations, however, involve an 

interface comprised of hairy skin, which has higher thresholds for sensitivity. For example, 

in lower extremity amputation the residual limb is comprised of hairy leg skin. The main 

objective of this study was to determine if SR improves skin sensitivity in hairy skin, and 

whether a specific intensity of noise is most effective. Secondary objectives were to 

compare the effect between locations, ages and modalities. In 60 healthy participants a 

vibrotactile (test) input was delivered at the lower extremity concurrently with a second, 

noisy stimulus applied more proximally. The presence of a remote SR effect was tested 

in 15 young participants using electrotactile noise at the calf. Secondary objectives were 

tested in separate groups of 15 subjects and differed by substituting for one of the three 

variables: vibrotactile noise, heel site, and with older participants. A forced-choice 

protocol was used to determine detection ability of the subthreshold vibration test input 

with varying noise levels applied simultaneously (0, 20, 40, 60, 80, 100% of perceptual 

threshold). An SR effect was identified when increased detection of the input was 

obtained at any level of noise versus no noise. It was found that all four test groups 

demonstrated evidence of SR: 33-47% of individuals showed better detection of the input 

with added noise. The SR effect did not appear consistently at any specific noise level for 

any of the groups, and none of the variables showed a superior ability to evoke SR. 

Interestingly, in approximately 33% of cases, threshold values fluctuated throughout 

testing. While this work has provided evidence that SR can enhance the perception of a 

vibrotactile input in hairy skin, these data suggest that the ability to repeatably show an 

SR effect relies on maintaining a consistent threshold.  
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2.2 Introduction 

Sensory feedback from the foot sole provides important information for balance 

control and gait (Kavounoudias et al., 2001; Zehr & Stein, 1999). The glabrous (non-hairy) 

skin on the foot sole and the cutaneous mechanoreceptors therein are optimized to relay 

appropriate information for reflexive control of both upper and lower limb muscles (Bent 

& Lowrey, 2013; Fallon et al., 2005; Nurse & Nigg, 2001; Zehr et al., 2014). There are 

four classes of receptors within the glabrous skin which relay different types of mechanical 

input, such as pressure, vibration, slips and skin stretch to the central nervous system 

(Macefield, 1998). A recent review suggests that 70% of the mechanoreceptors at the 

foot sole are fast adapting, with the majority being associated with fast-adapting type 1 

(FAI) afferents (Strzalkowski et al., 2018). Fast-adapting afferents are of particular 

importance in the foot, as their sensitivity is related to postural stability in standing (Peters 

et al., 2016). FAI importance is also highlighted by evidence of strong synaptic coupling 

of FAI afferents with muscles in the lower extremity (Fallon et al., 2005; Peters et al., 

2016, 2020). 

Poor balance and falls risk can be related to changes in these receptors in different 

conditions (Strzalkowski et al., 2018). Advanced age has been associated with a 

decrease in receptor sensitivity (Mildren et al., 2017b; Perry, 2006; Peters et al., 2016), 

and subsequently poor balance (Peters et al., 2016), possibly due to a decline in the 

mechanoreceptor population with age (García‐Piqueras et al., 2019). Diabetes mellitus 

results in decreased balance and muscle strength, both of which are worse in the 

presence of sensory dysfunction and increased age (Kraiwong et al., 2019). Further, older 

individuals with diabetes mellitus are at risk of requiring lower extremity amputation (LEA) 

(Imam et al., 2017). Among individuals with LEA who choose to use a prosthesis, the 

interface between the skin and the support surface is now located where the residuum 

sits within the prosthetic socket (Li et al., 2015). The base of the residuum is composed 

of hairy skin from the posterior lower leg, which is not optimized to function as a sensory 

interface with the ground (Li et al., 2015) due to the reduced number of receptors 

(Corniani & Saal, 2020). In all these scenarios a base level of input to the skin needs to 
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be re-established, as it is essential to transduce pressure changes and force distribution 

to adequately signal weight distribution and therefore reduce the risk of falls (Fan et al., 

2008; Strzalkowski et al., 2018). Thus, it is of critical importance to augment the skin 

sensation that is available.  

Stochastic resonance (SR) is a phenomenon already being explored as a means 

of augmenting skin sensitivity (Collins et al., 1996, 1997; Liu et al., 2002; Priplata et al., 

2003; Wells et al., 2005). In cutaneous SR, a weak tactile stimulus is strengthened by the 

addition of a subthreshold, tactile noise stimulus (Collins et al., 1996, 1997). SR has been 

shown to improve perception of a tactile stimulus in the glabrous skin of the hand (Collins 

et al., 1997; Iliopoulos et al., 2014; Kurita et al., 2013; Richardson et al., 1998) and foot 

(Dhruv et al., 2002; Khaodhiar et al., 2003; Wells et al., 2005). It has also been shown to 

improve proprioception at the lower extremity (Collins et al., 2009) as well as various 

measures of balance and gait (Aboutorabi et al., 2017; Dettmer et al., 2015) in healthy 

individuals, older individuals and those with various sensory conditions. 

Questions remain with respect to the best way to optimize the effectiveness of SR. 

It is generally accepted that there is an optimal intensity of subthreshold noise that is most 

effective in enhancing sensitivity (Collins et al., 1996, 1997). Noise is effective because it 

adds information to the system; if the intensity is too low it will not have the desired effect, 

but if it is too high it will overtake and distract from the signal of interest (Collins et al., 

1997). Research has not been consistent on whether this optimal level is (e.g., Wells et 

al., 2005), or is not (Liu et al., 2010) similar between different individuals. 

Noise has been shown to be effective in older adults at improving perception 

(Breen et al., 2016; Dhruv et al., 2002; Liu et al., 2002) and balance measures (Aboutorabi 

et al., 2017; Costa et al., 2007; Gravelle et al., 2002; Lipsitz et al., 2015; Zhou et al., 

2016). Research has shown, in fact, that noise is more effective in the elderly than in the 

young at improving some postural outcomes (Dettmer et al., 2015; Priplata et al., 2003). 

Additionally, there is some evidence that even in a population of older adults alone, 

baseline balance ability is related to the effectiveness of SR, such that those who have 



 

 

 

 

44 

poorer balance experience greater improvements with added noise (Stephen et al., 

2012). In those who are younger, noise may not be as effective because the sensory 

system is already optimized; studies have shown that other enhancement techniques 

such as kinesiology taping and texture are effective only in those with a deficiency that 

needs to be compensated for (Callaghan et al., 2002; Hosp et al., 2015; Lamers et al., 

2019). However, only one study has directly compared the effect of SR on perception in 

younger versus older adults (Wells et al., 2005). This study saw some differences in the 

optimal frequency of noise in younger versus older adults, but SR appeared to be equally 

effective at enhancing perception in both age groups (Wells et al., 2005). It is unknown 

whether age-related differences in SR effectiveness exist in skin regions other than the 

foot sole. 

In fact, while much research has found that SR is effective when applied to 

glabrous skin (Collins et al., 1997; Dhruv et al., 2002; Priplata et al., 2003), there is a 

dearth of research on SR effects in hairy skin. As mentioned previously, hairy skin is less 

optimal as an interface because of its lower receptor density, particularly those of FA 

afferents (Corniani & Saal, 2020; Macefield, 1998). Considering that sensory 

augmentation techniques may be more effective when there is a deficiency, hairy skin 

has the potential to see a greater sensory enhancement from SR compared to glabrous 

skin. Making a direct comparison between SR effectiveness in glabrous versus hairy skin 

may help to further understanding of any baseline-dependent effects seen. 

One more comparison worth making is that between electrotactile and vibrotactile 

noise as the modality used to evoke the SR effect. Vibrotactile noise is effective at evoking 

SR (Cloutier et al., 2009; Khaodhiar et al., 2003; Liu et al., 2002) and targets the 

mechanoreceptor end organ. Thus, frequency of stimulation can be modified to target 

specific receptor types, as each responds preferentially to a different range of frequencies 

(Hao et al., 2015; Strzalkowski et al., 2018). Electrotactile noise is also effective at evoking 

SR (Breen et al., 2014; Dhruv et al., 2002) but bypasses the end organ and directly 

influences activity of the neuron (Hao et al., 2015). No studies have directly compared the 

two modalities; a comparison between the two would not only help inform applications of 
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SR but could also further understanding of the best “route” by which noise is introduced 

into the system.  

The purpose of the current research is to act as proof-of-concept for future 

application of SR. The work aims to advance knowledge of effective application including 

potential benefits for individuals with amputation, and other applications to regions with a 

non-glabrous interface. SR can be applied in two different ways, local and remote. In local 

SR, the noise is applied to the same skin that is being tested for sensitivity changes; in 

remote SR, the noise is applied to an area of skin remote from the test area. In LEA, 

remote SR is ideal to enable noise to enhance skin sensation without a bulky setup 

interfering with the fit of the residuum in the socket. In the upper extremity, vibrotactile 

noise at the hand and forearm can enhance sensitivity remotely at the fingertip (Enders 

et al., 2013). Some support is also provided in the lower limb where noise at the ankle 

has been shown to improve sensitivity of the glabrous skin of the foot (Breen et al., 2016). 

While noise has previously been shown to be effective at sensitizing fast-adapting 

receptors locally (Collins et al., 1997; Dhruv et al., 2002; Wells et al., 2005), little is known 

about the effects of remote noise in the lower limb on cutaneous receptors. 

The primary objectives of this study were to determine whether remote 

subthreshold electrical stimulation of the hairy skin on the posterior leg improves 

sensation to vibrotactile input, and whether there is an optimal intensity of noise that is 

most effective. The secondary objectives were to compare this effect between 1) locations 

- stimulation at the heel versus the calf (to explore glabrous versus hairy skin), 2) ages - 

older versus younger individuals and 3) stimulation modalities - electrotactile versus 

vibrotactile noise.  

2.3 Materials and Methods 

            Sixty participants were recruited to participate in this study. They were separated 

based on age (young adults aged 24 ± 4 years, older adults aged 62 ± 5 years). The sixty 

total participants were divided into four test groups of 15 participants each, described 

below. All participants indicated no history of a clinically diagnosed condition resulting in 
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sensory loss of the lower extremity and provided informed, written consent to participate 

in the study. The study was approved by the University of Guelph’s Research Ethics 

Board. 

            Overall, SR was tested in this study by assessing participants’ ability to detect a 

vibrotactile “test” stimulus with and without added tactile noise. The noise was applied at 

various levels to see if it enhanced the ability to detect the “test” stimulus. Location of the 

stimuli and modality of the noise differed between groups. 

2.3.1 Objective One: Remote SR on the Calf with Electrical Noise 

            Fifteen healthy young participants (7 females, 8 males), with an average age of 

24 ± 3 years, an average height of 1.737 ± 0.0773 m and an average weight of 73.5 ± 

14.72 kg were recruited as the MAIN testing group (Table 2.1). This group experienced 

the test vibratory input on the calf and electrotactile noise input at the thigh (Figure 2.1A).  

2.3.1.1 Participant Setup 

Testing comprised of one session of approximately 90 minutes. For all testing, 

participants lay prone on a height-adjustable treatment table with the right (test) limb 

supported by a VersaForm® pillow to minimize movement. Participants were instructed 

to lie as still as possible and be attentive to the site being tested. Testing was completed 

in a quiet room to minimize potential distractions. Short mental breaks were given 

between parts of the test and on participant request to limit loss of attention. 

The following sites on the right limb of each participant were found using bony 

anatomical landmarks and marked on the skin with pen prior to testing: the test input was 

applied on the calf, 10 cm below the popliteal crease, and the noisy stimulus was applied 

10 cm above the popliteal crease. The calf location was chosen for the test input to mimic 

the skin surface that is most analogous to the base of the residual limb in transtibial 

amputees (Li et al., 2015), and to avoid testing over tendons. Hairy skin was shaved to 

reduce electrical impedance through the skin. 
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2.3.1.2 Testing Protocol 

Each testing session was divided into two parts, perceptual threshold testing (for 

both test and noise stimuli) followed by testing of the SR effect. Stimulus detection was 

always tested with a two-interval forced-choice paradigm (2IFC) where two consecutive 

time points were indicated audibly by beeps. Participants were instructed to indicate 

verbally if they felt the target stimulus at the first (“first”) or second (“second”) beep. 

2.3.1.2.1 Tactile Input 

Vibration at the test site was produced using a probe of 6mm diameter attached to 

an electromagnetic vibrator (mini-shaker type 4810, Bruel and Kjaer, Naerum, Denmark), 

and applied perpendicularly to the skin (see Figure 2.1A). Vibration frequency was set to 

30 Hz to preferentially activate the FAI receptors (Toma & Nakajima, 1995). The 

frequency was delivered using a custom program in LabVIEW® and a custom-built BNC 

breakout box and amplified (Power Amplifier Type 2719, Bruel and Kjaer, Naerum, 

Denmark). Acceleration and force data were collected (acceleration - model 2221D, 

Endevco, CA, USA; force - Model 31 load cell, Honeywell, MN, USA) at a sampling 

frequency of 1000 Hz (BNC-2111, National Instruments, Austin, TX, USA). Displacement 

of the probe was measured by a custom sensor (model RGH24Z, Renishaw, 

Gloucestershire, UK) and input via a DAQ interface (SCC68, National Instruments, 

Austin, TX, USA) into the custom LabVIEW® program. 

2.3.1.2.2 Noise Input 

Electrotactile nonuniform white noise was applied at the posterior thigh (see 

Figure 2.1A) within a frequency band of 0-50 Hz (the band must contain the target 

frequency of 30 Hz to allow for the resonance effect). Electrical noise was generated with 

a custom LabVIEW® program and output via a DAQ interface (SCC68, National 

Instruments, Austin, TX, USA) to a constant current isolated stimulator (A395, World 

Precision Instruments, Sarasota, FL, USA) through two 34 mm round sensor adhesive 

electrodes (Ambu® BlueSensor M, Ambu Sdn. Bhd., Penang, Malaysia) affixed to the 

skin with Transpore® medical tape on either side of the SR location. 
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2.3.1.2.3 Part One – Threshold Testing 

Testing commenced with detection threshold testing using the method of 

adjustment, where the stimulus was applied beginning at 0.5 mA and adjusted up or down 

in intensity until a range was determined within which the threshold fell (see Figure 2.2A). 

The second step involved a two-interval forced-choice method of 50 trials using the 

Bayesian adaptive procedure (Goldreich et al., 2009; Kontsevich & Tyler, 1999) to 

determine the intensity of each presented stimulus based on previous responses (see 

Figure 2.2B). In one of the two stimulus intervals (order randomized), the target stimulus 

was applied at the intensity determined by the Bayesian adaptive procedure (using 

expected entropy minimization); in the other stimulus interval no stimulus was applied. 

The participant had to indicate whether they thought the stimulus was applied at the same 

time as the first beep or the second beep. Thresholds for both test and noise stimuli were 

determined (order randomized). Threshold was set at 76% correct where d-prime = 1. 

Part 1 took approximately 40 minutes. 

2.3.1.2.4 Part Two – Testing for SR Effect 

The ability to detect the subthreshold stimulation was tested at two consecutive 

time points indicated audibly by beeps. The vibrotactile stimulus was applied at 80% of 

the calculated perceptual threshold of the vibrotactile test input (subthreshold), and the 

electrotactile noise was applied at either 0, 20, 40, 60, 80 or 100% of the determined 

detection threshold for the noise (control, subthreshold or right at threshold). The different 

levels of noise were randomized for a total of 20 trials per noise condition. At one of the 

two time points, both stimuli (test and noise) were applied simultaneously. At the other 

time point, only the electrotactile noise was applied. The participant was instructed to 

indicate with which beep the vibrotactile test stimulus was applied. 

Testing commenced with 20 practice trials (see Figure 2.2C), the first five of which 

supplied a suprathreshold vibration to familiarize the participant with the protocol. The 

following 15 supplied vibration at 80% of threshold. Noise in all 20 of these trials was 

supplied at 80% of noise detection threshold. Verbal feedback was given after each trial 
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indicating whether the participant had picked the correct stimulation window. Following 

practice, 120 trials were given, all with the test vibration at 80% of threshold and noise 

varying randomly between the six levels (see Figure 2.2D). No verbal feedback was given 

at this time. Ten seconds was given between participant response and initiation of the 

next trial to decrease any lingering sensations at the two sites. Overall, Part 2 took 

approximately 40 minutes. 

2.3.2 Secondary Objectives: Location, Age and Modality Comparisons 

To compare the SR effect across locations, ages and modalities, three separate 

groups of 15 subjects were recruited. For the location comparison, a young group (10 

females and 5 males, with an average age of 24 ± 4 years, an average height of 1.723 ± 

0.0625 m and an average weight of 67.4 ± 9.91 kg) was tested (“HEEL” group) (Table 

2.1). This comparison examined SR responses between glabrous and hairy skin, in which 

the test location for the input vibration was the heel (15% of the posterior-to-anterior length 

of the foot to the base of the toes) and the location of the noise application was the calf 

(15 cm above the calcaneus) (See Figure 2.1B). The heel location was chosen to test 

the SR response because it has been shown previously to evoke an SR effect (Aboutorabi 

et al., 2017; Khaodhiar et al., 2003; Priplata et al., 2003), which allows for comparison 

with less sensitive hairy skin. For the age comparison, 15 healthy participants were 

recruited (7 females and 8 males, with an average age of 62 ± 5 years, an average height 

of 1.717 ± 0.1072 m and an average weight of 75.5 ± 14.29 kg) (“OLD” group) (Table 

2.1). They underwent the same set up as the control/comparison group, with the test 

stimulus on the calf and the electrotactile noise on the thigh (See Figure 2.1A). Finally, 

for the modality comparison, a young group (10 females and 5 males, with an average 

age of 23 ± 4 years, an average height of 1.70 ± 0.0959 m and an average weight of 72.9 

± 14.79 kg) was tested with the noise added in a vibrotactile modality (“VIB” group) (Table 

2.1). This vibrotactile noise stimulus was nonuniform white noise within a frequency band 

of 0-50 Hz. The vibrotactile stimulus was applied initially at 59 ± 21 µm and then adjusted 

up or down during threshold testing. Vibrotactile noise was applied centrally over the 

marked location on the heel using a rectangular, plastic probe (10 cm x 5 cm) attached 
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to a second electromagnetic shaker (mini-shaker type 4810, Bruel and Kjaer, Naerum, 

Denmark), identical to that used for the vibration test input (see Figure 2.1C). All other 

aspects of the protocol were the same as for the primary objective. 

2.3.3 Data Processing and Analysis 

Data were processed using a custom LabVIEW® program. SR curves were 

produced with intensity (percent of noise threshold) on the x-axis and percent correct 

(“%correct”) on the y-axis. A larger %correct value indicated better detection of the input. 

Using a binomial test assuming equal likelihood of a correct versus an incorrect response, 

67.5% correct is the statistical cutoff corresponding to two standard deviations away from 

the mean and is generally considered the cutoff above which perception is occurring 

assuming the baseline %correct is approximately 50% (Collins et al., 1997). However, 

participants’ %correct with no noise added (0% noise) was more variable than expected 

and was in many cases even above 67.5% correct. Therefore, to determine whether noise 

was improving sensitivity in each individual, an SR effect was identified here as any time 

the %correct value at any level of noise was 17.5% (67.5% - 50%) above that seen at 0% 

noise.  

To confirm that the vibration test input was maintained within 1 standard deviation 

we matched the calculated test stimulus threshold (in volts - V) to the recorded 

displacement of the shaker (in microns - µm) (see Figure 2.3). We first converted the 

threshold calculated in Part 1 into a displacement value in µm (Figure 2.3A), and then 

assessed all the actual displacement outputs delivered in each trial in Part 2 (Figure 

2.3B). This allowed us to ensure that the actual output of the shaker appropriately 

matched the input sent from the LabVIEW program. 

2.3.4 Statistical Analysis 

Statistics were run using IBM® SPSS® Statistics v25. Normality, homogeneity of 

variance and sphericity were assessed by Shapiro-Wilk test, Levene’s test and 

Mauchley’s test respectively for all variables and comparisons. Outliers were kept within 
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the dataset to maintain statistical power because removing one data point would mean 

removing an entire participant. Non-parametric tests were used when data were not 

normally distributed and when transformations were unable to produce normalcy. Where 

appropriate, Bonferroni-corrected post-hoc analyses were run on significant interactions. 

Statistical significance was set at p < 0.05. 

2.3.4.1 Analysis of Baseline Threshold Data 

To determine whether the participants in each test group had significantly different 

vibrotactile thresholds at the outset of testing, a one-way ANOVA with simple contrasts 

(comparison group = MAIN) was run with the independent variable being test group 

(MAIN, HEEL, OLD, VIB) and the dependent variable being threshold (in µm). Bonferroni-

corrected post-hoc analyses compared the MAIN group to every other group (Table 2.2). 

2.3.4.2 Primary Objective 

            To determine whether SR was generated in the calf, a related-samples Sign test 

was run with the independent variable being noise level (the participants’ %correct value 

at 0% noise [“baseline”], versus the participants’ highest %correct value at any other noise 

level [“optimal”]) and the dependent variable being %correct. To determine whether there 

is a noise level that is the best at evoking an SR response, a one-way repeated-measures 

ANOVA was run with the independent variable being noise level (0, 20, 40, 60, 80, 100% 

of noise threshold) and the dependent variable being %correct. 

2.3.4.3 Secondary Objectives 

            To determine whether location, age or modality alter the SR effect seen, three 

separate two-way mixed-measures ANOVAs were run with the between-group 

independent variable being test group (MAIN versus HEEL, MAIN versus OLD, MAIN 

versus VIB), the within-group independent variable being noise level (baseline versus 

optimal), and the dependent variable being %correct. To determine whether a specific 

noise level is best at evoking an SR response in any of the groups, three separate two-

way mixed-measures ANOVAs with simple contrasts (comparison group = 0% of noise 
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threshold) were run with the between-group independent variable being test group (MAIN 

versus HEEL, MAIN versus OLD, MAIN versus VIB), the within-group independent 

variable being noise level (0, 20, 40, 60, 80, 100% of noise threshold), and the dependent 

variable being %correct. 

2.4 Results 

2.4.1 Participant Demographics 

Demographic and threshold data are presented in Table 2.1. Test stimulus threshold 

was significantly different between groups. Post-hoc testing revealed significant 

differences between locations (MAIN versus HEEL) and between ages (MAIN versus 

OLD). Participants in the MAIN group, with the test at the calf hairy skin, had a significantly 

higher test threshold than participants in the HEEL group, who received the test stimulus 

on the glabrous skin [10.87 ± 6.30 µm versus 6.12 ± 2.87 µm, respectively; a difference 

of 4.75 µm, (95% CI, 0.526 to 8.98), t(15) = 2.395, p = 0.030]. Participants in the MAIN 

group, who as a group were younger, had a significantly lower test threshold than 

participants in the OLD group (10.87 ± 6.30 µm versus 27.46 ± 14.56 µm, respectively, a 

difference of 16.59 µm, (95% CI, -26.01 to -7.16), t(23) = -3.640, p = 0.001). 

2.4.2 Voltage versus Displacement 

            The average displacement of the shaker consistently fell within 1 standard 

deviation of the threshold from Part 1 (see Figure 2.3B). Importantly, due to the ability to 

confirm the delivered magnitude of the vibration, we are confident that any changes in 

performance in the added noise conditions is not due to irregular and inconsistent 

displacement of the shaker. 

2.4.3 Is There a Remote SR Effect in the MAIN Group? 

            The presence of an SR effect in the calf occurred in 40% of the participants (6/15); 

the average SR curve for this group is seen in Figure 2.4A. This was based on the 

observation that the %correct was significantly higher at the “optimal” noise level 

compared to “baseline” (medians = 60% versus 75%, p<0.001; Figure 2.4B). Optimal 
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was most frequently seen at 100% (6/15 participants). However, the SR effect was not 

significantly greater at any one noise level compared to the others, F(5,70) = 1.965, p = 

0.095, partial eta2 = 0.123. The average SR curve (Figure 2.4A) indicates that there was 

a trend towards an effect at 40% but this was not significant. 

2.4.4 Do Location, Age and/or Modality Alter the Effectiveness of SR? 

2.4.4.1 Location Comparison 

            An SR effect was elicited in 33% of participants in the HEEL group (5/15), which 

was one participant less than the MAIN group. The average SR curve for the HEEL group 

is seen in Figure 2.5A. A summary of statistical findings is seen in Figure 2.6. 

            Baseline versus optimal: Optimal was most frequently seen at 60% for the HEEL 

group (8/15 participants). There was no statistically significant interaction between group 

(MAIN versus HEEL) and noise level (baseline versus optimal) on %correct, F(1,28) = 

1.103, p = 0.303, partial eta2 = 0.038. The main effect of noise level showed that the 

%correct was significantly higher at the “optimal” (highest) noise level compared to 

“baseline”, F(1,28) = 49.015, p < 0.001, partial eta2= 0.636 (Figure 2.5B). There were no 

significant differences between groups, F(1,28) = 0.120, p = 0.120, partial eta2 = 0.084, 

indicating that there were no differences at the calf versus the heel. 

            Across noise levels: There was a statistically significant interaction between group 

(MAIN versus HEEL) and noise level (0, 20, 40, 60, 80, 100%) on %correct, F(5,140) = 

3.307, p = 0.007, partial eta2 = 0.064. Post-hoc tests revealed significant differences 

between noise levels at the heel (p=0.011) but no significant differences between noise 

levels at the calf (p=0.095). At the heel, %correct was significantly greater at 0% 

compared to 100% (71.67 ± 14.960 versus 65.00 ± 19.180, p = 0.027), at 20% compared 

to 100% (74.00 ± 14.417 versus 65.00 ± 19.180, p = 0.006), at 60% compared to 100% 

(78.00 ± 17.300 versus 65.00 ± 19.180, p = 0.031) and at 60% compared to 80% (78.00 

± 17.300 versus 70.33 ± 19.223, p=0.002) (Figure 2.5A; Figure 2.6; Table 2.2). 
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2.4.4.2 Age Comparison 

            An SR effect was elicited in 33% of participants in the OLD group (5/15), which 

was one participant less than the MAIN group. The average SR curve for the OLD group 

is seen in Figure 2.5C. A summary of statistical findings is seen in Figure 2.6. 

            Baseline versus optimal: Optimal was most frequently seen at 80% for the OLD 

group (7/15 participants). There was no statistically significant interaction between group 

(MAIN versus OLD) and noise level (baseline versus optimal) on %correct, [F(1,28) = 

0.663, p = 0.422, partial eta2 = 0.023]. The main effect of noise level showed that the 

%correct was significantly higher at the “optimal” noise level compared to “baseline”, 

F(1,28) = 35.965, p < 0.001, partial eta2 = 0.562 (Figure 2.5D). There were no significant 

differences between groups, F(1,28) = 0.034, p = 0.855, partial eta2 = 0.001. 

            Across noise levels: There was no statistically significant interaction between 

group (MAIN versus OLD) and noise level (0, 20, 40, 60, 80, 100%) on %correct, F(5,140) 

= 2.076, p = 0.072, partial eta2 = 0.069. There were no significant main effects of noise 

levels (F(5,140) = 0.941, p = 0.456, partial eta2 = 0.033) or groups (F(1,28) = 0.023, p = 

0.882, partial eta2 = 0.001) (Figure 2.5C; Figure 2.6). 

2.4.4.3 Modality Comparison 

            An SR effect was elicited in 47% of participants in the VIB group (7/15), which 

was one participant greater than the MAIN group. The average SR curve for the VIB group 

is seen in Figure 2.5E. A summary of statistical findings is seen in Figure 2.6. 

            Baseline versus optimal: Optimal was most frequently seen at both 80% and 

100% for the VIB group (5/15 participants each). There was no statistically significant 

interaction between group (MAIN versus VIB) and noise level (baseline versus optimal) 

on %correct, F(1,28) = 0.167, p = 0.686, partial eta2 = 0.006. The main effect of noise 

level showed that the %correct was significantly higher at the “optimal” noise level 

compared to “baseline”, (F(1,28) = 4.433, p = 0.044, partial eta2 = 0.137) (Figure 2.5F). 
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There were no significant differences between groups, (F(1,28) = 1.389, p = 0.248, partial 

eta2 = 0.047). 

            Across noise levels: There was no statistically significant interaction between 

group (MAIN versus VIB) and noise level (0, 20, 40, 60, 80, 100%) on %correct, F(5,140) 

= 0.954, p = 0.449, partial eta2 = 0.033. There were no significant main effects of noise 

levels (F(5,140) = 1.529, p = 0.185, partial eta2 = 0.052) or groups (F(1,28) = 1.703, p = 

0.203, partial eta2 = 0.057) (Figure 2.5E; Figure 2.6). 

            In all comparisons, across all different noise levels no group appeared to have an 

optimal level of noise that most effectively evoked an SR effect (Figure 2.7). An overall 

effect size of f(U) = 0.357 was seen with an associated power of 0.91. In many instances 

here, the “baseline” %correct value was above 67.5% (MAIN group = 5/15 participants, 

HEEL = 9/15, OLD = 6/15, VIB = 3/15), the conventional level considered to be baseline 

threshold. 

2.4.5 Exploratory Analysis: Collapsing Across Groups 

            Most group comparisons were found to be insignificant. As a result, an exploratory 

analysis was performed collapsing across groups so that 60 individuals were pooled 

across location, age and modality. When all groups were averaged together, the resultant 

curve can be seen in Figure 2.8A. Here, via independent samples t-test, “optimal” noise 

was significantly higher than “baseline” (64.58 ± 14.6 versus 78.00 ± 12.2, a difference of 

13.42%, (95% CI, -16.513 to -10.321), t(59) = -8.671, p < 0.001; Figure 2.8B, showing a 

very robust SR effect across the 60 individuals. However, via 1-way repeated-measures 

ANOVA, no noise level produced significantly higher %correct than “baseline”, which is 

the %correct at 0% noise, F(5,315) = 1.563, p = 0.170 (Figure 2.8A). 

2.5 Discussion 

            We set out to investigate whether remote subthreshold noise at the hairy skin on 

the posterior leg improves sensation to vibrotactile input, and whether there is an optimal 

intensity of noise that is most effective. We found that the SR effect was shown in the calf 
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of healthy subjects, providing the first evidence of SR at a hairy skin location. 

Furthermore, although a significant SR effect was generated for each group (age, 

modality, location), we did not find a consistent optimal level of noise that most effectively 

evokes SR for any test condition.   

2.5.1 Capturing the SR Effect 

            Previous studies have analyzed the SR effect in one of three different ways: either 

comparing performance without noise to 1) one nonzero noise level (Cloutier et al., 2009; 

Khaodhiar et al., 2003; Liu et al., 2002), 2) a previously determined most 

effective/”optimal” level (Breen et al., 2014, 2016; Liu et al., 2010) or 3) comparing across 

various levels of noise (Enders et al., 2013; Kurita et al., 2013; Wells et al., 2005). In the 

current study, when comparing “baseline” to “optimal”, “optimal” noise yielded greater 

performance than “baseline”, as was seen in previous studies (Breen et al., 2014, 2016; 

Liu et al., 2010). 

            However, when comparing the performance at each noise level to that of 

“baseline”, there were no significant differences in performance between different noise 

levels. Lack of statistical significance for the comparison across different levels of noise 

can be explained by the large amount of variability in the data. This finding is consistent 

with previous SR work that has also seen variability, both in measured neural responses 

(Manjarrez et al., 2002, 2003) and in perception (Liu et al., 2010). Manjarrez et al. (2002, 

2003) suggested many possible physiological causes for variability, including variability 

in skin structure and elasticity, density of end receptors and multi-level “background firing 

activity” in the nervous system (Manjarrez et al., 2002, 2003). For instance, there is a 

background level of electrical noise (i.e., random, spontaneous neuronal firing) occurring 

at the synapses of all levels of the central nervous system, including the spinal cord, 

brainstem, thalamus and cerebral cortex (Manjarrez et al., 2003). Therefore, the total 

amount of activity that reaches and is processed by the cortex is likely variable across 

even a short time and with every percept. One study that did find significant differences 

between noise levels also reported very low levels of variability (Wells et al., 2005). 
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2.5.2 Location Comparison 

            Baseline test stimulus threshold values were significantly different between 

locations, with the mean threshold in the MAIN group, with the test at the calf, being 

almost double that of the threshold of the HEEL group (MAIN = 10.87 µm versus HEEL = 

6.12 µm). Despite having very sensitive fast-adapting afferents, the hairy skin has a 

greater proportion of slow-adapting afferents and fewer FA receptors may have been 

activated by our stimulus (Macefield, 1998). A recent study found an innervation density 

of 16 afferents/cm2 at the heel, with 37% being SA, while generally the innervation density 

at the leg was much less (9 afferents/cm2) with a much greater proportion (65%) being 

SA (Corniani & Saal, 2020). As such it was not surprising to find significantly higher 

baseline thresholds in the hairy skin. 

            An SR effect, where noise enhanced the ability to perceive the test stimulus, was 

seen in a subset of individuals in each group, when either the calf or the heel were test 

sites. The significant interaction for the comparison between different noise levels (0% 

greater than 20, 60 and 100%, 60% greater than 80%; see Table 2.2) indicates that the 

heel (glabrous skin) responded differently than the calf (hairy skin) across the different 

noise levels. For our purposes, we were only interested in differences between 0% noise 

and other nonzero noise levels. Our finding that %correct at 0% noise was greater than 

at 100% noise (see grey dashed line in Figure 2.5A) was the opposite from what was 

expected, and suggests performance was better in the absence of noise here than in the 

presence of it. Despite efforts to effectively assess perceptual threshold and deliver a test 

stimulation that was 80% of this value, the %correct obtained with no noise indicated that 

the stimulus was above threshold for over half of the participants in the HEEL. As 

mentioned earlier, the ability to correctly identify vibration at 0% noise should be 

approximately 50% correct, and no greater than 67.5% correct, corresponding to random 

chance if the vibration was below threshold. Values above 67.5% correct suggest that the 

vibration was suprathreshold. In the HEEL group, 9 of 15 participants had a %correct 

value above 67.5% at 0% noise (75, 80, 100, 75, 95, 85, 70, 80 and 70% correct). It is 

generally believed that suprathreshold noise intensity is detrimental to signal detection 
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because, at this high level of the parabola, the noise now overpowers the signal and no 

longer enhances it (Collins et al., 1997). In this context the result makes sense: perceptual 

performance at 100% noise was likely worse than that at 0% because the suprathreshold 

noise level was overpowering the signal. 

2.5.3 Age Comparison 

            As expected, baseline test stimulus thresholds were significantly different 

between ages, with the mean threshold in the older group being almost three times that 

of the younger group (OLD = 27.46 µm versus MAIN = 10.87 µm). At the foot sole, Wells 

et al. saw thresholds of approximately 50 µm for FAI receptors (at 25 Hz) for both older 

adults and younger adults, with no significant differences between ages (Wells et al., 

2003). In our current study with similar age ranges to Wells, there were significant 

differences between younger and older participants’ thresholds. Perhaps the location of 

the test stimulus, the calf, is what made the difference here. Skin mechanical properties 

such as hardness and thickness vary between body regions (Smalls et al., 2006). Thinner 

and softer skin generally has lower sensitivity thresholds (Strzalkowski et al., 2015). 

However, at the foot sole, VPT does not correlate with skin hardness and thickness, 

possibly because all skin at the foot sole is relatively hard and thick (Strzalkowski et al., 

2015). Perhaps the differences in mechanical properties, at the calf, between older and 

younger individuals is greater, and so differences in VPT may be amplified as well. 

            There were no significant differences in the SR effect between older and younger 

individuals in this study, demonstrating the capacity for SR to have potential in this 

population. Only one previous study directly compared perceptual SR effects in healthy 

younger adults to healthy older adults, with no differences in relative performance 

between the two age groups as was seen in our study (Wells et al., 2005). They tested 

12 participants and six noise levels: 0%, 33%, 50%, 67%, 83% and 100% threshold (Wells 

et al., 2005). In the Wells study, when the test stimulus was set to 80% threshold and FAI-

mediated frequencies were used, the optimal noise level in both older and younger 

individuals were consistently found to be 50% threshold (Wells et al., 2005). The current 
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study did not find one optimal noise level, but also did not include 50% noise threshold, 

so the optimal range could have been missed if it is small. However, notably, we did not 

observe a trend towards optimal at our 40% or 60% noise levels; we suspect it is more 

likely that we did not see an optimal level due to variability in our data. Also, local noise 

was used in the Wells study, with the vibrotactile stimulus and noise being applied 

simultaneously via the same probe (Wells et al., 2005), while the current study used 

remote noise. The differences between local and remote SR are discussed in a later 

section. 

2.5.4 Modality Comparison 

            Both vibrotactile and electrotactile noise produced an SR effect in different 

individuals in the current study, and individual optimal intensities varied between 

individuals. Mechanistically, it is believed that vibrotactile noise sensitizes the system by 

adding energy to the signal directly at the sensory end organ, making the signal stronger 

(Hao et al., 2015). The effects of electrotactile noise are thought to be indirect, bypassing 

the end organ and contributing instead to the afferent gain system, which is the amount 

of information travelling up the afferent nerve to the spinal cord (Hao et al., 2015). Of the 

studies looking at vibration perception, similar amounts of improvement in perceptual 

threshold were seen with vibrotactile noise [30% (Liu et al., 2002), 26% (Khaodhiar et al., 

2003), 18% (Cloutier et al., 2009) improvement] and electrotactile noise [16% (Breen et 

al., 2014) improvement]. From our work we agree that both modalities are effective in 

generating an SR response to a tactile perception. 

2.5.5 Collapsing Across Groups 

            When examining the data across all 60 participants, there is no single noise level 

that is significantly better at producing an SR effect than any other. This comparison was 

undertaken to determine if an optimal level of noise could be seen with a larger sample 

size, but again substantial variability was observed here that precluded any single noise 

level from reaching statistical significance. As discussed above, a previous study found 

50% noise to be optimal for improvements in perception; perhaps 50% noise would have 
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reached significance if it were tested in the current study (Wells et al., 2005). Other studies 

have found 75% (Kurita et al., 2013) or 90% (Cloutier et al., 2009) noise to be effective 

across their study populations, which were also not levels tested in the current study, so 

the most effective level may simply have been missed in our study population. 

2.5.6 Importance and Effectiveness of Remote SR 

            The choice of the main stimulation locations for this study (test stimulus on the 

calf and noise stimulus on the thigh) assumes a situation where the noise must be applied 

proximal to the base of a residual limb in LEA. Remote SR could be helpful in situations 

such as this where it would be detrimental to apply noise to the same site where sensation 

needs to be enhanced (Enders et al., 2013). It would additionally be helpful in medical 

conditions where sensory loss is seen distally but proximal skin sensitivity is intact (Breen 

et al., 2016). 

            The mechanism for remote SR is not known, but it is speculated that noise 

increases excitability of the central nervous system (i.e., at or above the level of the spinal 

cord) as a whole or in regions that have intraneuronal connections (e.g., dermatomes) 

(Breen et al., 2014; Enders et al., 2013). SR may also improve synchrony of firing between 

neurons at the spinal cord and neurons at the cortex, enhancing transmission of 

information from one of these places to the other (Breen et al., 2014; Enders et al., 2013). 

In our study, for testing at the calf in the MAIN group, the neural connections would be 

within the pathway from first-order afferents originating at mechanoreceptors at the calf 

to their axons travelling up the posterior thigh. These axons would be anatomically 

situated to be influenced by noisy stimulation at the thigh because both locations are 

within the S2 dermatome (Lee et al., 2008). Similarly, for testing at the heel in the HEEL 

group, both the location of the stimulation at the heel and noise at the calf are found within 

the S1 dermatomal region (Lee et al., 2008). 

            Khaodhiar et al. (2003) directly compared local stimulation to remote (Khaodhiar 

et al., 2003). Light touch detection was enhanced locally (the foot sole) but not remotely 

(the great toe) with vibrotactile noise applied to the foot sole (Khaodhiar et al., 2003). 



 

 

 

 

61 

However, noise did enhance vibration sensitivity remotely at the great toe (Khaodhiar et 

al., 2003). Therefore, it is possible that some sensory modalities (such as vibration, as 

used in the current study) can be much more readily enhanced by remote SR than others 

(such as light touch). 

2.5.7 Limitations 

            Perceptual testing is associated with some inherent subjectivity. It is commonly 

believed that a perceptual threshold is not a single entity; rather, it varies within a range 

based on several factors including participant expectations and biases (Gescheider, 

1997; Green & Swets, 1966). For example, if an air traffic controller during wartime is 

asked to determine whether small objects in the distance are enemy aircraft or birds, they 

are more likely to label them as enemy aircraft if they are unsure because of the higher 

risk involved in a “miss” than a “false positive” (Gescheider, 1997; Green & Swets, 1966). 

If there is a greater perceived risk or perceived reward with detection or non-detection, 

the threshold will be shifted one way or the other (Gescheider, 1997; Green & Swets, 

1966). Additionally, attention can play a role in whether or not detection occurs; a stimulus 

very close to “true threshold” may not be detected if the participant is not paying close 

attention (Gescheider, 1997; Green & Swets, 1966). 

            During pilot testing in this study, we initially used a modified Method of Limits to 

determine threshold. The given stimulus started above the participant’s threshold and 

incrementally decreased until the participant reported that they did not feel it. Then, the 

stimulus was increased from a subthreshold level until the participant stated that they 

were able to feel it. These “runs” were repeated a set number of times and the final value 

was taken as threshold. Using this technique, we noticed that in Part 2 (Testing of SR 

Effect) several participants (~33%) scored above threshold in the 0% noise condition, 

indicating that they could now perceive the stimulus that we had previously calculated to 

be subthreshold. 

            Given that Methods of Limits are subjective and inherently susceptible to 

participant biases, criteria and attentional differences (Gescheider, 1997; Green & Swets, 
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1966), we tested several modifications meant to reduce the subjectivity of the task. First, 

we moved to the more rigorous Bayesian Adaptive Procedure described above. In 

conjunction, we also implemented the two-interval forced-choice task that greatly reduces 

the effects of bias and expectation compared to one-interval tasks. However, the 

thresholds continued to be overestimated with the same frequency in this protocol. We 

also tried using a test stimulus intensity of 90% of the estimated threshold for Part 2, then 

reduced it to 80%, and then further reduced it to 60%. Each time, the participants whose 

thresholds were overestimated continued to score higher than chance in their %correct. 

For the final protocol, 80% of the estimated threshold was used. It is also worth noting 

that it was not possible to determine if threshold drifted in the other direction – we could 

only see if a previously established subthreshold stimulus became suprathreshold. 

Additionally, we could not determine whether our noise stimulus threshold drifted 

throughout the protocol. As a result, the ability to produce an SR effect and find a single 

optimal level of noise may have been influenced. 

            What appears to be occurring is a drift in perceptual performance throughout the 

testing session. Thresholds are not fixed; they vary depending on many factors, especially 

attention. While we attempted to maximize our study’s rigour by taking measures to 

minimize subjectivity, it is apparent that attention and other factors still played a role in 

the fluctuation of threshold values over time. Time is a considerable factor in the accuracy 

of perceptual thresholds. This study took over an hour to complete, which likely influenced 

the ability of the participants to concentrate and stay appropriately motivated throughout. 

For optimal accuracy of perceptual testing, there may need to be a balance between study 

length and the level of subjectivity in the measure itself. 

            For the purposes of this study, we chose to pool “subthreshold” and 

“suprathreshold” resultant curves together and label the presence of an SR effect 

anything that was >17.5% correct greater than at baseline. This way, the %correct was 

compared to each individual’s starting value at baseline, as opposed to one set value that 

would not take suprathreshold starting values into account. The 17.5% cutoff could then 

indicate improved perception even if the baseline was suprathreshold. 
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            Additionally, it should be noted that a different group of individuals comprised each 

group, and no comparisons (i.e., vibration versus electrical noise, calf versus heel) were 

made in a single participant. Thus, our location and modality comparisons are considered 

across a population, and we cannot be sure if a single individual would have differences 

between these conditions. 

2.5.8 Conclusion 

            This study provides evidence that remote noise can enhance the perception of a 

vibrotactile input at the hairy skin of the calf. However, there does not appear to be a 

consistent level of noise that can best evoke the SR effect during a subjective perceptual 

threshold task, nor do there appear to be age, location or modality specific differences. 

Notably, there are limitations of perceptual testing: attention and other cognitive factors 

that can cause threshold to drift over a relatively brief amount of time. Results of 

perceptual SR testing rely heavily on the accurate determination and maintenance of a 

near, but subthreshold, signal. Further work will need to be undertaken to compare 

various methodologies and determine the best way to accurately determine and maintain 

perceptual threshold levels.  
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TABLES – STUDY 1 

 

Table 0–1 - Columns: Participant group, N, demographics (age in years, sex, height in m and 
weight in kg). Test Stimulus Threshold is the average perceptual thresholds for the test stimulus 
(displacement of the probe in µm; tested at the heel in “HEEL” group and at the calf in all other 
groups). Data are presented in mean ± standard deviation, n=60. 

Group N Age (y) Sex 
(#males) 

Height (m) Weight (kg) Test 
Stimulus 

Threshold 
(µm) 

MAIN 15 24.4 ± 3.22 8 1.737 ± 0.0773 73.5 ± 14.72 10.87 ± 
6.30 

OLD 15 61.8 ± 5.00* 8 1.717 ± 0.1072 75.5 ± 14.29 27.46 ± 
14.56* 

HEEL 15 23.5 ± 4.45 5 1.723 ± 0.0625 67.4 ± 9.91 6.120 ± 
2.87* 

VIB 15 23.1 ± 3.63 5 1.70 ± 0.0959 72.9 ± 14.79 17.46 ± 
5.97 

*indicates significantly different from the initial group, as per 1-way ANOVA, p<0.05 
  



 

 

 

 

65 

Table 0–2 – Post-hoc comparisons following the two-way mixed-measures ANOVA for (HEEL 
versus MAIN x 0, 20, 40, 60, 80, 100% noise). The %correct value at each noise level was 
compared to each other noise level, with significant differences indicated by an asterisk. All of 
these data are from the HEEL group; the MAIN group did not yield any significant differences. 
Data are presented in mean ± standard deviation. 

Noise Level 1 
(%) 

%correct Noise Level 2 
(%) 

%correct Sig (p) 

0 71.67 ± 14.960 20 74.00 ± 14.417 0.324 
  40 72.07 ± 19.081 0.914 
  60 78.00 ± 17.300 0.109 
  80 70.33 ± 19.223 0.698 
  100 65.00 ± 19.180 0.027* 

20 74.00 ± 14.417 40 72.07 ± 19.081 0.620 
  60 78.00 ± 17.300 0.222 
  80 70.33 ± 19.223 0.334 
  100 65.00 ± 19.180 0.006* 

40 72.07 ± 19.081 60 78.00 ± 17.300 0.149 
  80 70.33 ± 19.223 0.512 
  100 65.00 ± 19.180 0.097 

60 78.00 ± 17.300 80 70.33 ± 19.223 0.002* 
  100 65.00 ± 19.180 0.031* 

80 70.33 ± 19.223 100 65.00 ± 19.180 0.171 

*indicates significantly different from the initial group, as per t-test, p<0.05 
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FIGURES – STUDY 1 

 

Figure 0-1 - Illustration of participant setup. (A): Setup for MAIN and OLD groups (vibrotactile 
stimulus at the calf and electrotactile noise at the thigh); (B): Setup for HEEL group (vibrotactile 
stimulus at the heel and electrotactile noise at the calf); (C): Setup for VIB group (vibrotactile 
stimulus at the calf and vibrotactile noise at the thigh). Lightning bolts indicate locations of 
electrotactile noise application and squiggle indicates location of vibrotactile noise application. 
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Figure 0-2 - Illustration of testing protocol with example data. These different stages of threshold 
testing and testing for the SR effect were performed for all trials across all conditions (A): Brief 
initial threshold testing using a method of adjustment to determine the approximate intensity of 
the threshold; (B): True threshold testing using the limits set in (A) and the Bayesian Adaptive 
Method; (C): Practice trials for testing for SR effect: 5 trials above calculated threshold for 
detection, 15 trials at 80% of threshold; (D): Testing of SR effect: 20 trials each at 0, 20, 40, 60, 80 
and 100% of threshold for detection.  
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Figure 0-3 - Example calculation of probe displacement from voltage command signal. (A): First 
step: Input voltage for each trial in Part 1 was graphed against output displacement of the probe. 
The final calculated voltage threshold was used to interpolate the matching displacement 
threshold. (B): Second step: Output displacement from each of the 120 trials for calculation of SR 
effect was graphed to determine whether these values fell within 1 standard deviation of 
displacement threshold (thick grey line = threshold; thin grey lines = 1 standard deviation away).  
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Figure 0-4 - SR effect data for the MAIN group. (A): Average SR curve. Each point is the average 
%correct value for all participants in the group (N=15). Thin dashed line indicates the 17.5% cutoff 
for an SR effect. (B): Box-and-whiskers plot. Baseline (dark grey box; 63%) versus optimal (light 
grey box; 78%) average %correct values with mean, standard deviation and individual points 
illustrated. Baseline represents the participants’ %correct value at 0% noise, optimal represents 
the participant’s highest %correct value at any other noise level. Asterisk indicates significant 
difference between the bars. Optimal was most frequently seen at 100% noise (6/15 participants).  
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Figure 0-5 - SR effect data for all groups. (A)/(C)/(E): Average SR curves for calf, young, 
electrotactile MAIN group (solid black line) versus heel (thick dashed grey line) (A), versus old 
(thick dashed grey line) (C), and versus vibrotactile (thick dashed grey line) (E) comparisons. Each 
point is the average %correct value for all participants in the group (N=15 for each group). 
(B)/(D)/(F): Box-and-whiskers plots. Baseline (dark grey boxes) versus optimal (light grey boxes) 
average %correct values, with means, standard deviations and individual points illustrated, for 
calf versus heel (B), young versus old (D) and electrotactile versus vibrotactile (F) comparisons. 
Baseline represents the participants’ %correct value at 0% noise, optimal represents the 
participant’s highest %correct value at any other noise level. Optimal %correct for the calf group 
and heel group were 78 and 83 respectively; for the young group and old group were 78 and 77 
respectively; and for the electrotactile group and vibrotactile group were 78 and 74 respectively.  
Asterisks indicate significant difference between the bars. 
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Figure 0-6 - Summary of tests performed and significant findings for the secondary objectives, 
comparisons between locations, ages and modalities. Significance is p < 0.05. Baseline versus 
Optimal compared the %correct at baseline (0% noise) to the %correct at the optimal noise level 
(the level with the largest %correct value). Comparisons across noise levels compared no noise 
(0%) to all other levels (20, 40, 60, 80, 100%). Shaded boxes with asterisks indicate significant 
findings.  
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Figure 0-7 - Number of participants in each group showing an SR effect at each % noise threshold 
level: comparisons between location (A), age (B) and modality (C). Black bars represent the MAIN 
group with calf, young and electrotactile variables. Light grey bars represent the other groups as 
indicated. N = 60 total. 
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Figure 0-8 - SR effect data for all 60 participants averaged. (A): Average SR curve. Each point is 
the average %correct value for all participants (N=60). Thin dashed line indicates the 17.5% cutoff 
for an SR effect. (B): Box-and-whiskers plot. Baseline (dark grey box; 65%) versus optimal (light 
grey box; 78%) average %correct values with mean, standard deviation and individual points 
illustrated. Baseline represents the participants’ %correct value at 0% noise; Optimal represents 
the participant’s highest %correct value at any other noise level. Asterisk indicates significant 
difference between the bars. Optimal was most frequently seen at 80% noise (22/60 participants). 

  



 

 

 

 

74 

Transition from Study 1 to Study 2 

            One major, unexpected result of the first study in this thesis was that perceptual 

threshold (PT) values appeared to fluctuate over the course of the testing session. The 

results of perceptual studies rely heavily on the ability to accurately determine and 

maintain a PT. The test input (in this case, vibrotactile stimulation at the calf) must be 

maintained at a level that is just below PT so that it is not felt in the absence of noise but 

can come above PT with the addition of noise. The noise input (in this case, electrotactile 

stimulation at the thigh) must be maintained throughout testing as well because different 

noise levels are specifically studied and compared. We suspect that one reason we did 

not see an optimal level of noise in any test group was that PTs were changing over the 

course of the approximately 75-minute protocol. One noise level that may have started 

out as optimal might have increased or decreased over the course of the test session, 

rendering it “less optimal” either way. We saw evidence of vibrotactile PT decreasing in 

some participants, such that the intensity that had started out at 80% PT became 

suprathreshold by the second part of the study. We did not have a way of knowing 

retroactively if the vibrotactile PT of the test input increased or if the electrotactile PT of 

the noise changed in either direction. These are limitations inherent to perceptual testing 

but are not typically discussed in SR studies. 

            There are several methods used to determine PT, and several methods used to 

test SR to see whether noise can evoke an SR effect. All these methods vary in length 

and the subjectivity of the specific measures. These two factors often vary inversely, with 

shorter protocols having a greater amount of inherent subjectivity and vice versa. In 

piloting, we had briefly tested a limited number of these methods on a limited sample size 

to determine what we felt was the best method to use in Study 1. As far as we are aware, 

no studies have specifically compared the accuracy and results of several of these 

methods. Thus, we designed the second study in the series to be a methods study, to 
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gain a better sense of whether these findings were a result of specific testing methods in 

the above study or whether they are an inherent property of SR testing in general. 
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Chapter 3: Study 2 (SR Validation) 

3.1 Introduction 

         A loss of skin sensitivity at the bottom of the foot, seen in aging and various clinical 

populations, can lead to poor balance and a greater risk of falls (Liu et al., 2002; Peters 

et al., 2016). Sensory loss decreases the feedback provided from the foot sole that is 

relevant for an individual to discern position relative to the support surface; for example, 

pressure distribution changes while standing or walking (Kennedy & Inglis, 2002; 

Strzalkowski et al., 2017). Augmenting or restoring the information received from the skin 

of the foot sole may help to improve balance (Liu et al., 2002). 

         A phenomenon known as stochastic resonance (SR) has been used previously as 

a way to enhance skin sensitivity (Collins et al., 1997). SR occurs when a weak stimulus 

is strengthened by the addition of a second weak, noisy stimulus (Collins et al., 1997). 

Using the example of a vibration stimulus applied to the skin at an intensity level just 

below the threshold for detection, the addition of an undetectable tactile white noise can 

resonate with the stimulus of interest and strengthen it, making it detectable (Collins et 

al., 1997).  

 SR has been studied as a means to improve the perception of stimuli presented at 

the foot (Cloutier et al., 2009; Dhruv et al., 2002; Khaodhiar et al., 2003) and hand (Enders 

et al., 2013; Iliopoulos et al., 2014). Less frequently, it has been measured in hairy skin 

(Breen et al., 2016; Collins et al., 2009). Previous work from our group has found that it 

can improve sensitivity at the hairy skin of the calf (Plater et al., 2021). However, this work 

also highlighted an important limitation to perceptual enhancement research: the 

subjectivity of perceptual methods can lead to perceptual threshold fluctuations 

throughout a testing session. 
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          To use the SR augmentation procedure, perceptual threshold (PT), or the smallest 

intensity of stimulation that can be detected, is of key importance. It is the outcome 

measure used to set stimulation intensity for the test procedure and to determine whether 

skin sensitivity changes in the presence of noise. In our previous work, we noted variability 

in PT during many of our test sessions; this variability may have been the cause of the 

lack of consistent optimal SR effect that has been reported in other studies (e.g., Wells et 

al., 2005).  

Research is varied as to exactly how PT is determined, with methods varying in 

complexity as well as time to complete (Gescheider, 1997; Green & Swets, 1966). 

Additionally, the outcome measures used to determine PT, and to determine the SR 

response (the difference in an outcome measure in the absence versus in the presence 

of noise), vary across the literature. Some of the most common variations in PT testing 

are presented in the following sections. 

3.1.1 PT Measurements: Determining Sensory Threshold 

            It is now commonly accepted that an individual’s PT is not a single value; rather, 

it varies over time within a range (Gescheider, 1997; Green & Swets, 1966). Early 

experiments in the field failed to demonstrate a consistent cut-off value above which 

participants could always perceive the stimulus and below which participants never 

perceived the stimulus. Instead, within a range of stimulus intensities, participant 

response was variable (Gescheider, 1997; Green & Swets, 1966). The study of this 

concept has become known as psychophysics. Part of PT variability is due to 

physiological factors: variability of action potential firing within the nervous system, 

internal noise and the surrounding environment (Gescheider, 1997; Green & Swets, 

1966). 

         The variability is also thought to be based on several non-physiological factors 

including participant expectations and biases (Gescheider, 1997; Green & Swets, 1966).  
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In a PT experiment, any time a participant is asked to determine whether they detect a 

target stimulus during an interval of time, there are four possible outcomes: a hit (correctly 

indicating the stimulus is present), a correct rejection (correctly indicating the stimulus is 

absent), a miss (indicating the stimulus is absent when it is present) and a false positive 

(indicating the stimulus is present when it is absent) (Gescheider, 1997; Green & Swets, 

1966). Biases towards or away from any of these responses will influence participant 

responses. For example, during a war, if an air traffic controller perceives small objects 

in the distance, they are more likely to label these objects as enemy aircraft rather than 

birds if they are unsure because of the higher risk involved in a “miss” than a “false 

positive” (Gescheider, 1997; Green & Swets, 1966). In general, if there is a greater 

perceived risk or perceived reward with detection or non-detection, the threshold will be 

shifted one way or the other (Gescheider, 1997; Green & Swets, 1966). Additionally, 

attention can play a role in whether detection occurs; a stimulus just above PT may not 

be detected if the participant is not paying close attention (Gescheider, 1997; Green & 

Swets, 1966). 

3.1.1.1 Psychophysical Procedures 

            Various procedures can be used to estimate an individual’s PT. Two main 

procedures can be used, the choice of which must take into consideration the tradeoff 

between efficiency and objectivity (Lesmes et al., 2015). 

In the Yes-No Procedure (YN), participants have to judge whether the target 

stimulus is present (by stating “yes”) or absent (by stating “no”) during one interval of time 

(Gescheider, 1997; Green & Swets, 1966). The benefit to the YN Procedure is that it is 

efficient, allowing for a shorter overall testing time while covering a greater range of stimuli 

than other procedures (Lesmes et al., 2015). The major drawback of this technique is that 

it is highly dependent on participant biases (Gescheider, 1997; Green & Swets, 1966; 

Lesmes et al., 2015). For example, one participant may choose to say “yes” only if they 
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are certain they detect the stimulus, while another may say “yes” under much less 

certainty (Gescheider, 1997; Green & Swets, 1966). 

           The Forced-Choice Procedure (FC) involves a series of trials during which there 

are two time points, one of which contains the stimulus of interest and the other does not 

(Gescheider, 1997; Green & Swets, 1966). The participant is asked to indicate which time 

point contained the stimulus (by stating “first” or “second”); if they are unsure, they are 

required to guess (Gescheider, 1997; Green & Swets, 1966). The associated outcome 

measure is percent correct (%correct; the percentage of trials where the participant’s 

response was correct) (Collins et al., 1997; Gescheider, 1997; Green & Swets, 1966). A 

%correct value of around 50% indicates an inability to accurately detect the stimulus. Fifty 

% correct, when given two options, is guessing (Collins et al., 1997; Gescheider, 1997; 

Green & Swets, 1966). A %correct value closer to 100% indicates that the participant is 

accurately detecting the stimulus (Collins et al., 1997; Gescheider, 1997; Green & Swets, 

1966). Using a binomial test assuming equal likelihood of a correct versus an incorrect 

response, 67.5% correct is the statistical cut-off corresponding to two standard deviations 

away from the mean. It is generally considered the cut-off above which perception is 

occurring when the baseline %correct is 50% (Collins et al., 1997).   This is the cut-off 

above which it is statistically unlikely that the participant is guessing, which strongly 

suggests that they can feel the stimulus. Compared to the Yes-No Procedure, the Forced-

Choice Procedure is significantly less influenced by bias because participants have two 

time points they must choose between; it is essentially two iterations of a Yes-No 

Procedure with the added information that one iteration contains the stimulus and the 

other does not (Gescheider, 1997; Green & Swets, 1966; Lesmes et al., 2015). The FC 

Procedure has also been shown to yield lower PTs than the YN Procedure experimentally 

(Gescheider, 1997). The drawback of this procedure is the greater time required to 

provide two time points for each trial compared to one (Merfeld, 2011). 
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3.1.1.2 Psychophysical Methods 

            When determining threshold, a number of stimuli must be presented in some order 

to hone in on what can be considered the best estimate of PT. Different presentation 

orders are commonly used in research, each with benefits and drawbacks including their 

complexity and length of time needed to perform them. A brief introduction to some of 

these methods is discussed here, and more details of the specific methods used in this 

paper are presented in the Methods & Results section. 

A common method of presentation order is the Method of Limits (MoL) 

(Gescheider, 1997; Green & Swets, 1966). In MoL, the stimulus intensity is increased 

and/or decreased in distinct steps until a change in perception is reported; that is, the 

stimulus is increased from a very low level until the participant perceives it, decreased 

from a clearly suprathreshold level until the participant stops perceiving it, or a 

combination of both (Gescheider, 1997; Green & Swets, 1966). Visually, this is similar to 

climbing up and down a staircase, with each step being a different intensity of stimulation. 

There are many variations of the MoL and there are usually several alternating ascending 

runs and descending runs with the average inflection point being used as PT (Gescheider, 

1997; Green & Swets, 1966). Final PT is normally calculated as the mean of several 

ascending and descending runs (Gescheider, 1997; Green & Swets, 1966). This method 

is highly subject to bias: some participants are more likely to indicate perception only 

when they are certain, while others may indicate perception as soon as they think they 

may detect the stimulus (Gescheider, 1997; Green & Swets, 1966). Another limitation of 

this method is that the participant might start to habitually indicate a change in perception 

after the same number of iterations in each trial, particularly if each run starts at the same 

value and/or participant attention drifts (Gescheider, 1997; Green & Swets, 1966). This is 

called an “error of habituation”, where participants start to make the same response for 

the same number of instances in each run out of habit, even if perception is different; this 
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results in lower thresholds in the descending runs and higher thresholds in the ascending 

runs (Gescheider, 1997; Green & Swets, 1966). 

Another common method of presentation order is the Method of Adjustment (MoA). 

In MoA, the stimulus is again adjusted up and/or down, but this is done in a continuous 

manner or in very small, discrete steps; if MoL can be visualized as a staircase, MoA are 

similar to the turning of a dial (Gescheider, 1997; Green & Swets, 1966). This adjustment 

can be made by the researcher following the participant’s verbal responses, or the 

participant can physically adjust on their own, the latter having the benefit of active 

participation which may reduce boredom (Gescheider, 1997; Green & Swets, 1966). The 

benefit of the MoA is that it is very quick; it is commonly used in clinical applications, 

whereas in research its main role is an initial test to determine a rough PT range before 

moving on to other measures (Gescheider, 1997; Green & Swets, 1966). The MoA has 

the same drawbacks as the MoL as far as the risk of participant bias, but this quick method 

can help ensure enough attention is afforded to the task throughout without as great a 

risk of attentional lapses.  

 Considering the limitations of the above techniques in terms of participant attention 

and bias, the modified Bayesian Adaptive Procedure (BAP) has been developed 

(Goldreich et al., 2009; Kontsevich & Tyler, 1999). The BAP takes the outcomes from all 

previous trials into account and mathematically predicts which intensity level would then 

give the most information in the next trial (Goldreich et al., 2009; Kontsevich & Tyler, 

1999). After each trial, the BAP calculates the participant’s estimated psychometric 

function; that is, the range of stimulus intensities that they detect some of the time and 

not others, or the range within which threshold varies (Goldreich et al., 2009; Kontsevich 

& Tyler, 1999). With more trials, the range typically decreases as this process hones in 

on the “true” PT range, as long as participants are relatively consistent with their 

responses (Goldreich et al., 2009; Kontsevich & Tyler, 1999). Even when there is some 
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inconsistency (e.g., during lapses in attention), because the BAP is based on probability, 

these outliers do not have as much weight in the overall calculation as more trials are 

completed (Goldreich et al., 2009; Kontsevich & Tyler, 1999). This customized narrowing 

down of a range makes this process more efficient than a MoL, but it still takes 

significantly longer than a MoA. 

3.1.2 SR Measurement: Evaluating the SR Response 

There is large variation in terminology across SR studies. Thus, it is imperative at 

this point to define two outcome measures as they will be discussed throughout this 

paper: 1) An SR response is the difference between the value of an outcome measure in 

the absence of noise and the value of an outcome measure in the presence of noise. An 

SR response can be reported on a continuous scale for all individuals and means and 

standard deviations can be calculated. 2) An SR effect is considered present if detection 

of a subthreshold test stimulus is significantly greater with the addition of noise compared 

to in the absence of noise (Collins et al., 1997). An SR effect can be reported on a nominal 

scale, i.e., it is or is not present. SR responses will be analyzed across the study 

population throughout this series of experiments. SR effects will be reported on the 

individual level (i.e., how many participants had an SR effect) and on the group level (i.e., 

when significance is reached in the comparisons of group means of SR response data). 

Methods used to evaluate SR responses also vary widely across the literature and 

the differences between the methods are not readily discussed. The only typical constants 

are that noise must enhance some aspect of a signal and that there is an optimal level of 

noise that best enhances it. Once PT for the test stimulus and PT for the noisy stimulus 

are achieved using methods outlined above, the test stimulus is set below PT at baseline 

and detection is tested without noise and in the presence of one or more noise levels 

(Collins et al., 1997). 
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            Research suggests that there is an optimal level of noise needed to achieve an 

SR effect (Collins et al., 1997; Wells et al., 2005). If the noise is too strong, it will 

overpower the test stimulus; if it is not strong enough, it will not be able to enhance the 

detection of the test stimulus (Wells et al., 2005). One previous study on SR at the foot 

sole found optimal levels in young participants of 33% and 50% (Wells et al., 2005). 

However, many other studies have not found an optimal level, including a previous study 

from our group (Plater et al., 2021). There is the potential that these studies did not have 

the resolution to find one optimal level if it is very restrictive:  the more levels tested, the 

more likely the true optimal value is tested; the greater number of trials at each level, the 

greater the likelihood to find significant differences between effective and ineffective noise 

levels. However, increasing either of these variables significantly increases the total time 

of the experiment. As mentioned earlier, attention influences these measures; the shorter 

the overall time of the testing, the less attention may influence the results. 

3.1.3  Purpose and Hypotheses of the Current Study 

 Much research in psychophysics has used different combinations of the above 

techniques to estimate PT, but there is no “gold standard”. Much SR research has been 

unable to find one “optimal” level of noise that consistently leads to maximal improvement 

across individuals; there is normally some level of individual variability (Breen et al., 2014; 

Liu et al., 2010). Since SR testing relies on applying stimuli of specific intensities relative 

to PT, the inability to determine an optimal value may have to do with PT variability. This 

inability may also relate to resolution (i.e., how many stimulus intensities are tested). The 

objective of the second study was to carry out 4 different combinations of PT and SR 

testing methods to see if they had similar results with respect to variability and threshold 

drift (suprathreshold results) and if any produced an optimal level of noise across the 

population. This would help to determine whether the limitations seen in Study 1 were a 

result of the specific methodology tested. The most robust PT method would have the 

least number of participants with %correct values above PT in the absence of noise. The 
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most robust SR method would be the most likely to show one noise level with a 

significantly greater SR effect than the others between participants. 

To compare the methods, we first tested a common PT measure [Method of Limits 

(MoL) & Yes-No Procedure (YN)] and SR measure [%correct], the combination of which 

was used in a recent study (Wells et al., 2005). We then explored three other 

combinations (see Figure 3.1 for a summary of the four combinations). We hypothesized 

that the shortest method [Method of Adjustment (MoA) & Yes-No Procedure (YN) + VPT] 

with the most tested noise levels (10 non-zero levels) would yield the most consistent 

thresholds, demonstrated as showing an optimal noise level of 40% for the SR effect 

(similar to the levels seen in the Wells study (Wells et al., 2005) as discussed above). The 

assumption that this combination would yield the most consistent thresholds is based on 

the large influence that attention has on threshold drift and the optimal values seen in 

some previous SR studies. 

3.2 Methods and Results 

We conducted four main experiments with different PT measures and SR 

measures (see Figure 3.1 for a summary). Different participants were involved in each 

experiment (see Table 3.1 for summary and demographic information). Participants had 

no history of a clinically diagnosed condition resulting in sensory loss of the lower 

extremity or any conditions that affect attention (e.g., concussion). Participants provided 

informed, written consent to participate in the study. The study was approved by the 

University of Guelph’s Research Ethics Board and conformed to the Declaration of 

Helsinki standards. 

3.2.1 Participant Setup 

For all testing, participants lay prone on a height-adjustable treatment table with 

the right (test) limb supported by a VersaForm® pillow to minimize movement. 

Participants were instructed to lie as still as possible and be attentive to the site being 
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tested. Test sites on the right limb of each participant were marked on the skin with a pen 

prior to testing. The test input was applied 10 cm below the popliteal crease and the noisy 

stimulus was applied 10 cm above the popliteal crease. Hairy skin was shaved to reduce 

electrical impedance through the skin. Participant setup is seen in Figure 3.2. 

3.2.2  Tactile Stimulation 

3.2.2.1 Vibrotactile (Test) Input 

Vibration was produced using a probe of 6mm diameter attached to an 

electromagnetic vibrator (mini-shaker type 4810, Bruel and Kjaer, Naerum, Denmark), 

and applied perpendicularly to the skin. Vibration frequency was set to 30 Hz to 

preferentially activate fast-adapting type 1 receptors; fast-adapting type 1 receptors are 

commonly studied at the foot sole (Strzalkowski et al., 2018) because they are functionally 

relevant as they can detect transient pressure such as what occurs during fast sway and 

slips (Macefield, 1998). Frequency was set using a custom program in LabVIEW® and 

amplified using a power amplifier (Type 2718, Bruel and Kjaer, Naerum, Denmark). 

Acceleration and force data were collected at a sampling frequency of 1000 Hz using a 

computer with an analog-to-digital board (acceleration – type 2693-0S2, Bruel and Kjaer, 

Naerum, Denmark; force - Model 31 load cell, Honeywell, MN, USA). Displacement of the 

probe was measured by a custom sensor (model RGH24Z, Renishaw, Gloucestershire, 

UK) and input via a DAQ interface (SCC68, National Instruments, Austin, TX, USA) into 

the custom LabVIEW® program. 

3.2.2.2  Electrotactile (Noise) Input 

Electrotactile nonuniform white noise was applied at the posterior thigh within a 

frequency band of 0-50 Hz (the band must contain the target frequency of 30 Hz to allow 

for the resonance effect). Electrical noise was generated with a custom LabVIEW® 

program and output via a DAQ interface (SCC68, National Instruments, Austin, TX, USA) 

to a constant current isolated stimulator (A395, World Precision Instruments, Sarasota, 

FL, USA) through two 34 mm round sensor adhesive electrodes (Ambu® BlueSensor M, 
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Ambu Sdn. Bhd., Penang, Malaysia) affixed to the skin with Transpore® medical tape on 

either side of the SR location. 

3.2.3  Evolution of Methods 

Each testing occasion was divided into two parts, PT testing (for both test and 

noise stimuli) followed by SR testing. All experiments involved the same setup and stimuli 

described above. All data were processed using a custom LabVIEW® program and 

statistics were run using IBM® SPSS® Statistics v25. Normality, homogeneity of variance 

and sphericity were assessed by Shapiro-Wilk test, Levene’s test and Mauchly’s test 

respectively for all variables and comparisons. Single points that were outliers were kept 

within the dataset to maintain statistical power because removing one data point would 

mean removing an entire participant; instances, where all points from a single participant 

were outliers, were removed. Non-parametric tests were used when data were not 

normally distributed and when transformations were unable to produce normality. All data 

are presented as mean ± standard deviation unless otherwise stated. Statistical 

significance was set at p < 0.05. 

3.2.3.1 Experiment One (MoL & YN + %correct at 6 noise levels) 

                  This initial experiment had similar elements to previous experiments testing SR in 

hairy skin (Collins et al., 1997; Dhruv et al., 2002; Wells et al., 2005) but was the first to 

test SR at the calf (hairy skin) as far as we are aware. Fifteen healthy participants were 

recruited for this experiment (Table 3.1).  

Thresholds were determined for both vibrotactile (VPT; test) and electrotactile 

(EPT; noise) stimuli using MoL and YN. The specific MoL was an up-and-down staircase 

method as per Wells et al. (Wells et al., 2003, 2005). PT was set at 75% correct where d-

prime = 0.95. The stimulus interval was indicated audibly with a beep; the participant said 

“yes” if they could perceive it and “no” if they could not perceive it. If they were unsure, 

they were instructed to say “yes” for the PT estimate to be as conservative as possible. 

The initial stimulus was applied starting well above expected PT (output of 7 V) and 
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decreased in base-10 logarithmic steps using a custom-made LabVIEW® program. When 

the participant could no longer perceive it, it was decreased three steps and then 

increased logarithmically until it was perceived again. At this point, the stimulus was 

increased by three steps and again decreased logarithmically. Seven descending runs 

and seven ascending runs took place and PT was determined as the average of the 

inflection points of the five last ascending runs and the five last descending runs. 

For SR testing, the vibrotactile stimulus was set to 90% of VPT, and the 

electrotactile noise varied randomly between six levels: 0, 20, 40, 60, 80 and 100% EPT. 

Testing commenced with 20 practice trials, the first five of which supplied suprathreshold 

vibration to familiarize the participant with the protocol. The following 15 supplied vibration 

at 90% of VPT. Noise in all 20 of these trials was supplied at 80% of EPT. Feedback was 

given after each iteration. Following practice, 20 trials were given at each noise level (with 

trials randomized for a total of 120 trials), all with the test input vibration at 90% VPT. No 

feedback was given at this time, and ten seconds passed between participant response 

and initiation of the next trial to decrease any lingering sensations at the test sites. After 

completion of all 120 trials, %correct was calculated for participant responses at each 

noise level. SR curves were produced with noise level (%EPT) on the x-axis and 

performance (%correct) on the y-axis (Figure 3.3A). 

3.2.3.1.1 Results Experiment One 

Participants’ average score at 0% EPT was 60% correct, which was well below the 

67.5% cutoff. Individually, five participants’ scores at 0% EPT were above 67.5% correct 

(70, 85, 85, 75 and 75%), indicating that the vibrotactile stimulation was not being given 

below PT. It was also noted by some participants during testing that they were clearly 

feeling the stimulation throughout. 

Using the classic definition of an SR effect, where the stimulation is below 67.5% 

correct at 0% noise PT and reaches above 67.5% correct at some nonzero level of noise, 

eight of the 15 participants showed an effect. The noise level at which this occurred 

varied. Considering the large span of %correct values at 0% EPT, we modified our SR 
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definition slightly: to normalize all participants to a common starting point, we called an 

SR effect any time the %correct value at any level of noise was 17.5% (67.5% - 50%) 

above that seen at 0% EPT. With this criteria, nine of the 15 participants had an SR effect. 

Again, the noise level at which this occurred varied. The resultant SR curve can be seen 

in Figure 3.3A. 

To determine whether SR exists in the calf, the participants’ %correct value at 0% 

EPT (“baseline”) was compared to their highest %correct value at any other noise level 

(“optimal”) using a paired t-test. Participants were more sensitive in the optimal condition 

(76.33 ± 12.0% correct) compared to the baseline condition (59.67 ± 15.5% correct), a 

statistically significant increase of 16.7% correct (95% CI, 11.9 to 21.4), t(14) = 7.513, p 

< 0.001, d = 1.940, power = 1.0 (Figure 3.3B). 

To determine whether there is a noise level that is the best at evoking an SR effect, 

participants’ baseline %correct was compared to %correct obtained at each noise level 

using a one-way repeated-measures ANOVA with simple contrasts (referencing the 

baseline level). Noise did not lead to any statistically significant differences in %correct 

between noise levels, F(5, 70) = 0.744, p = 0.593, partial η2 = 0.050, power = 0.61. 

%correct increased from 59.67 ± 15.5% at baseline to a maximum value of 66.00 ± 12.4% 

at 40% EPT (Figure 3.3A). 

Overall, an SR effect was seen with one optimal nonzero level of noise (as shown 

by the t-test), but this optimal noise level varied between individuals (Figure 3.3C). There 

were no significant differences in %correct at any one noise level compared to that at 0% 

EPT (as shown by the ANOVA). However, the scores above 67.5% correct at baseline 

(0% EPT) caused some concern as to the accuracy of the MOL + YN threshold 

determination method. The test stimulus was supposed to be subthreshold at baseline, 

so %correct scores should have consistently been below 67.5% in all participants at 0% 

of EPT. Scores above 67.5% correct suggest that these participants were detecting what 

should have been a subthreshold stimulus. It was possible that the MOL + YN 
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combination was too subjective to provide an appropriate estimate of PT. This led us to 

repeat the experiment using a more robust PT measure. 

3.2.3.2 Experiment Two (BAP & FC + %correct at 6 noise levels) 

            In this second experiment, the BAP and FC were used to determine PT. FC was 

chosen because it is less likely to be influenced by participant attention and biases than 

YN, as discussed earlier. It was combined with BAP to avoid adding significant time to 

the process; BAP is a more efficient method than MoL, honing in on PT much more 

quickly. Taken together, BAP with FC allowed this more objective measure of stimulus 

presentation (FC) to be used while not significantly increasing the time required, as MoL 

and FC would have. Fifteen new healthy participants were recruited for this experiment 

(Table 3.1). Results from Experiment Two have been published previously (Plater et al., 

2021). 

            VPT and EPT were determined using BAP and FC. To use the BAP most 

effectively, an initial “rough estimate” of the range within which PT fell was determined 

first. This was because BAP quickly narrows in on a range along the y-axis, and since 

absolute thresholds differ between participants, a single range of stimulus level for all 

participants may have fallen well above or well below some participants’ thresholds. Here, 

the stimulus was initially applied at 0.5 V. If the participant could perceive this intensity, it 

was adjusted down in base-10 logarithmic steps until they no longer perceived it, and 

then adjusted back up until they could perceive it again; if they could not perceive the 

initial intensity, it was adjusted up first and then down. If they were unsure, they were able 

to say “maybe” and adjustment continued in the same direction. This resulted in a range 

between the smallest perceived stimulus and the largest stimulus not perceived (with 

“maybe” responses in between). The final range used in the BAP was three steps below 

the bottom of the rough range to three steps above the top of the rough range, divided 

into 50 intensities an equal distance apart. In this way, the overall resolution along the y-

axis could be quite large without a large increase in time to complete. 
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The BAP with FC was then completed over 50 trials. In each trial, the target 

stimulus was applied at the intensity determined by the BAP [using expected entropy 

minimization – see (Kontsevich & Tyler, 1999) for a detailed description of the BAP]. PT 

was set at 76% correct where d-prime = 1. The use of 50 trials was chosen as Kontsevich 

and Tyler recommended at least 40 trials for accurate estimates with this specific protocol 

(Kontsevich & Tyler, 1999). The specific FC Procedure used here was two-interval Forced 

Choice, where each trial had two time points which were indicated audibly with beeps. 

The target (vibrotactile) stimulus was given in one of these time points and not given in 

the other, and the order was randomized across trials. The noise (electrotactile) stimulus 

was given in both trials at the same level. Participants were instructed to indicate verbally 

if they felt the target stimulus at the first (“first”) or second (“second”) beep. If they could 

not differentiate, they were instructed to “make their best guess”. 

SR testing was conducted similarly to in Experiment One, with one key difference. 

In pilot testing, to test whether the cut-off of 90% VPT was too high, we ran the full 

experiment three times on 20 individuals: once with the vibrotactile stimulus set at 90% 

of VPT, once at 80% of VPT and once at 60% of VPT. In all cases, those participants who 

had scored above the 67.5% cut-off with no added noise at 90% also scored above the 

cutoff at 80% and 60% (six of 20). Ultimately, we chose to use 80% of VPT for all 

participants and again call an SR effect any time the %correct value was greater than 

17.5% above where it was at 0% EPT.  

As in Experiment One, here the electrotactile noise varied randomly between six 

levels: 0, 20, 40, 60, 80 and 100% of EPT. Again, 20 practice trials were given at 80% 

EPT before 20 trials were given at each noise level (120 trials total). SR curves were 

produced with % EPT on the x-axis and %correct on the y-axis (Figure 3.4A). 

3.2.3.2.1 Results Experiment Two 

Participants’ average score at 0% of EPT was 62.7% correct, which was below the 

67.5% cutoff. Individually, five participants’ scores at 0% were above 67.5%, indicating 

that the vibrotactile stimulation was not below PT. This is similar to the five participants 
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having suprathreshold scores in Experiment One. In the current study, the presence of 

an SR effect occurred in six of 15 of the participants. An SR effect was again considered 

present if there was a %correct value at some nonzero level of noise that was greater 

than the value at baseline (0%) plus 17.5%. Optimal was most frequently seen at 100% 

of EPT (6/15 participants). 

To determine whether SR exists in the calf, the participants’ %correct value at 0% 

EPT (“baseline”) was compared to their highest %correct value at any other noise level 

(“optimal”) using a related-samples Sign test. Participants were more sensitive in the 

optimal condition (78 ± 10.3% correct) compared to the baseline condition (62.7 ± 14.0% 

correct), a statistically significant increase of 15.3% correct (p < 0.001; Figure 3.4B). 

To determine whether there is a noise level that is the best at evoking an SR effect, 

participants’ baseline %correct was compared to %correct obtained at each noise level 

using a one-way repeated-measures ANOVA with simple contrasts (referencing the 

baseline level). Noise did not lead to any statistically significant differences in %correct 

between noise levels, F(5,70) = 1.965, p = 0.095, partial  η2 = 0.123, power = 0.98. 

%correct increased from 59.67 ± 15.5% at baseline to a maximum value of 66.00 ± 12.4% 

at 40% noise (Figure 3.4A). Variability between subjects is illustrated in Figure 3.4C. 

          Results in this experiment were similar to Experiment One with MoL + YN. Again, 

despite a more objective PT measure (FC compared to YN), some of the participants’ 

%correct values at 0% EPT were still above the 67.5% cutoff for detection. Considering 

the objectivity and well-established rigour of the FC (e.g., Gescheider, 1997), we 

suspected that the threshold issue was not an inaccuracy in measurement, but instead 

might be threshold drift over the course of the experiment (Green & Swets, 1966). 

Threshold drift means that the PT might change over the course of the experiment, either 

getting higher or lower due to natural variability and changes in attention as discussed 

earlier. Despite the relatively quicker BAP compared to MoL, the attentional demand of 

this protocol was still high (approximately 90 minutes). 
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         To increase confidence that the %correct at the optimal noise intensity was greater 

than that at the baseline noise intensity because of the addition of noise, rather than due 

to natural variation and attentional drift throughout the experiment (i.e., a false positive or 

type 1 error), this experiment was repeated without electrotactile noise in fifteen 

participants (Table 3.1), although participants were told that noise would be applied. 

Testing protocols were identical except that after the electrotactile threshold was 

determined, all the electrotactile equipment was turned off for the remainder of the test. 

Data were still graphed and analyzed as if several noise levels were given at random 

(Figure 3.5). Here, the optimal SR value was no longer significant as per paired t-test 

(medians = 67% at “baseline” versus 74% at “optimal”, p = 0.115), allowing us to be more 

confident that, despite attentional drift, an optimal level of noise was improving sensitivity 

in our population. 

 It was possible that having only 20 trials at each noise level was the reason no 

optimal level was found for the population. Each response contributed to 5% of the total 

%correct value, and if attention drifted for a single trial and made one of the responses 

inaccurate, this would impact the result. Therefore, we then increased the resolution along 

the y-axis by providing more trials at each noise level to increase any difference between 

trials and reduce the impact of any single trials where participant attention may have 

drifted. In this way, any trials with attentional drift would not have as great an influence on 

the results. 

3.2.3.3 Experiment Three (BAP & FC + %correct at 4 noise levels) 

In this third experiment, only four levels of noise were used to enable more trials 

for each level, without a significant increase in total time for the study. Now, 40 trials were 

given at each noise level (previously 20). This increased the resolution on the %correct 

(y) axis, increasing the likelihood of seeing any significant differences between levels, if 

they do exist. Fifteen healthy participants were recruited for this experiment (Table 3.1). 

            VPT and EPT were determined using BAP and FC as in Experiment Two. For SR 

testing, the vibrotactile stimulus was set to 80% of VPT and the electrotactile noise varied 
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randomly between four noise levels: 0, 33, 67 or 90% of EPT. After 20 practice trials at 

80% of EPT, 40 trials were given at each noise level (160 trials total). SR curves were 

produced with % of EPT on the x-axis and %correct on the y-axis (Figure 3.6A). 

3.2.3.3.1 Results Experiment Three 

Participants’ average score at 0% of EPT was 70% correct, which was above the 

67.5% cutoff. Individually, four participants’ scores at 0% were above 67.5%, indicating 

that the vibrotactile stimulation was not below PT. This is a similar number to the 

participants having suprathreshold scores in Experiments One and Two (five each). 

Based on our definition of an SR effect (i.e., a %correct value at some nonzero level of 

noise that is greater than 17.5% above the %correct value at 0% of EPT), the presence 

of an SR effect occurred in five of 15 of the participants. Optimal was most frequently 

seen at 33% of EPT (7/15 participants). 

To determine whether SR exists in the calf, the participants’ %correct value at 0% 

of EPT (“baseline”) was compared to their highest %correct value at any other noise level 

(“optimal”) using a paired t-test. Participants were significantly more sensitive in the 

optimal condition (70.34 ± 11.1% correct) compared to the baseline condition (60.75 ± 

14.7% correct), (95% CI, 4.08 to 15.10), t(15) = 3.711, p = 0.002, d =0.928, power = 0.92 

(Figure 3.6B). 

To determine whether there is a noise level that is the best at evoking an SR effect, 

participants’ baseline %correct was compared to %correct obtained at each noise level 

using a one-way repeated-measures ANOVA with simple contrasts (referencing the 

baseline level). Noise did not lead to any statistically significant differences in %correct 

between noise levels, F(3, 45) = 0.979, p = 0.411, partial η2 = 0.061, power = 0.72. 

%correct increased from 60.75 ± 14.713% at baseline to a maximum value of 63.875 ± 

12.0% at 33% noise (Figure 3.6A). Variability between subjects is illustrated in Figure 

3.6C. 
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Thus far, Experiments One through Three yielded similar results. In Experiments 

One through Three, four to five out of 15 participants scored greater than chance in the 

0% of EPT condition. This indicates that they were perceiving a stimulus meant to be 

subthreshold and thus each of these experiments appeared to have a similar amount of 

threshold drift. In terms of the SR effect, all three experiments resulted in a significantly 

greater %correct in the optimal compared to the baseline condition, but no significant 

differences between noise levels. This suggests that SR may influence perception, but 

that a single noise level was not more effective than any other at evoking the effect in the 

population. 

Considering the threshold drift and the similar length of time needed to complete 

each of these experiments, a final experiment was undertaken to minimize the time 

needed to complete the experiment, while also maximizing resolution along the x-axis. 

3.2.3.4 Experiment Four (MoA & YN + VPT at 11 noise levels) 

            This fourth and final experiment used the quickest of the PT measures explored 

(MoA) to minimize the potential effect of attentional and therefore threshold drift over time. 

This was paired with YN because the software program required that amplitude 

adjustment be done in very small steps rather than a continuous ramp. Since the MoA 

uses a YN method rather than FC, %correct is not the outcome measure in this case; the 

outcome measure is simply the average VPT determined at each noise level. The 

significantly reduced time commitment also allowed testing of 11 noise levels to increase 

resolution on the %noise (x) axis while only taking approximately 20 minutes. Fifteen 

healthy participants were recruited for this experiment (Table 3.1). 

            EPT was first determined using the MoA. The specific MoA used here was a ramp 

of discrete steps adjusted by the experimenter using a custom-made LabVIEW program. 

The intensity was increased from 0 in steps of 0.1 V until the participant indicated 

perception. Then, it was decreased by 0.1 V and then increased again in steps of 0.001 

V until the participant again indicated perception. This final value was taken as EPT. 

Three runs of the MoA were completed, and the mean value was taken as EPT. 
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For SR testing, VPT was then determined at 11 different noise levels (0, 10, 20, 

30, 40, 50, 60, 70, 80, 90 and 100% of established EPT). This was done by determining 

VPT using the MoA, with three trials at each level. Trials were randomized (including 0% 

noise). SR curves were produced with % of noise threshold on the x-axis and VPT on the 

y-axis (Figure 3.7A), which were visually similar to the curves in the previous experiments 

but with a different outcome measure. 

It is important to note here that the first objective (assessment of PT) could not be 

assessed here in the same statistical way as Experiments One to Three (how many 

participants scored above 67.5% correct at 0% EPT). As VPT itself was used as the 

outcome measure, there was no assessment of %correct or corresponding cutoff value. 

Instead, whether an individual had an SR effect was determined by whether they had a 

VPT value at some non-zero level of noise that was less than 2SD below the average 

VPT they scored at 0% noise (average of 3 trials at 0% noise). 

3.2.3.4.1 Results Experiment Four 

The average VPT at 0% EPT was 0.33 ± 0.3 V, which is higher than the average 

VPT found in Experiments One through Three (0.20 ± 0.1 V). Initial analyses revealed 

three outliers. The average VPT for the whole group, in the 0% EPT condition, was 0.33 

± 0.3 V; these three participants scored outside of 2 standard deviations of the mean (1.6, 

2.8 and 1.3 V respectively) and therefore their data were removed from the analysis. 

Further analyses compared the data from the remaining 12 participants, where an 

average score in the 0% noise condition was a VPT of 0.36 ± 0.2 V. Three of the 12 

participants had an SR effect, and this was most seen at 60% and 70% noise. 

 In the literature, VPT has been reported using various different units: volts [V; e.g., 

(Cloutier et al., 2009)], micro-amps [µA; (e.g., Breen et al., 2014, 2016)] and microns [µm; 

e.g. (Goldberg & Lindblom, 1979)]. typically because of different testing equipment. Due 

to the variability seen between equipment outputs, the amplitude of the vibration shaker 

(measured in µm) is an appropriate best report (Goldberg & Lindblom, 1979). Raw voltage 

values in this study were converted to microns for comparison to other studies using the 
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conversion factor we previously developed for our equipment setup: µm = 0.83(V) + 6.75 

(Plater et al., 2021). It is important to note, however, that the resolution of the 

displacement transducer itself was only 0.5 µm so these are only mathematical estimates; 

the implications of which will be discussed in a following section. 

Participants’ VPT value at 0% of EPT (“baseline”) was compared to their highest 

VPT value at any other noise level (“optimal”) using a paired t-test. It is important to 

reiterate here that, unlike %correct, a decrease in VPT is synonymous with greater 

sensitivity, or the ability to feel a smaller intensity of vibration. According to the t-test, 

participants were more sensitive (i.e. had lower thresholds) in the optimal condition (6.98 

± 0.2 µm) compared to the baseline condition (7.05 ± 0.2 µm), a statistically significant 

decrease of 0.07 um, t(11) = 5.005, p < 0.001, d = 1.8445, power = 1.0 (Figure 3.7B). 

To determine whether there is a noise level that is the best at evoking an SR effect, 

participants’ baseline VPT was compared to VPT obtained at each noise level using a 

one-way repeated-measures ANOVA with simple contrasts (referencing the baseline 

level). Noise did not lead to any statistically significant differences in %correct between 

noise levels, F(2.461, 27.074) = 1.061, p = 0.372, partial η2 = 0.088, power = 0.89. VPT 

decreased from 7.05 ± 6.9 µm at baseline to a minimum value of 7.01 ± 6.9 µm at 90% 

noise (Figure 3.7A). Variability between subjects is illustrated in Figure 3.7C. 

Finally, we again wanted to test the rigour of this experiment to determine whether 

attention influences the outcomes. To do this, the experiment was repeated without 

electrotactile noise in fifteen participants (Table 3.1), although participants were told that 

noise would be applied. Testing protocols were identical except that after the EPT was 

determined, all the electrotactile equipment was turned off for the remainder of the test. 

Data were still graphed and analyzed as if several noise levels were given at random 

(Figure 3.8). Initial analyses revealed that the same three participants whose data were 

outliers above again had significantly higher threshold values throughout, and these 

participants’ data were again removed from the analysis. Data were not normally 

distributed according to the Shapiro-Wilk test (p = 0.016), so a related-samples sign test 
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was used for analysis. This test indicated a statistically significant difference between 

“baseline” (7.06 ± 7.0 µm) and “optimal” (6.97 ± 6.9 µm; p < 0.001) despite no actual 

added noise in the “optimal” condition. This suggests that, for this method of testing the 

SR effect using VPT as the outcome measure, it was not an SR effect being seen. 

Instead, the significance between levels was simply a reflection of natural variability within 

a participant’s response during testing (i.e., a type 1 error or false positive result), where 

the difference between the mean of one set of trials (3 x “0% noise”) was significantly 

different from the smallest mean out of 10 other sets of trials. With so many “levels”, there 

was a greater likelihood that the “level” with the lowest magnitude would be significant 

when compared with one other arbitrary “level”. 

3.3 Discussion 

There are many methods that can be used to test SR using perception as an 

outcome measure. These methods vary in length and in the degree of subjectivity, both 

of which influence the results in perceptual research. This study looked to determine the 

best series of methods to limit threshold drift and, further, to enable adequate resolution 

between noise levels to show an optimal noise level if one exists. We found a similar 

amount of threshold drift in Experiments One through Three, as evidenced by four to five 

out of fifteen participants scoring above 67.5% correct with no added noise. We also 

found, for all methods, that there were significant differences between the baseline level 

(with no added noise) and the optimal level (showing the individual’s most optimal value 

for improved perception) but no unique level of noise that most benefited the SR response 

across the population. Null testing validated Test 2 but not Test 4. While these findings 

do not indicate that one of these tests is clearly superior to the others in all ways, the take-

aways of this series of experiments are discussed below. These results and the high 

variability seen in each of the experiments between individuals suggest that perception is 

limited as an outcome measure for testing of the SR effect. 
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3.3.1  Limiting Threshold Drift 

 One limitation in perceptual SR is the finding of threshold drift. Three tests were 

used to determine initial PT: the MoL (Experiment One), the BAP (Experiments Two and 

Three) and the MoA (Experiment Four). This PT assessment comprised Part One of the 

experiments (while testing for SR comprised Part Two). The PT assessment comparison 

was undertaken to see whether any of these tests results in less threshold drift than the 

others. The reason for this objective was that, in initial experimentation, it was noted that 

some participants’ PTs did not appear to be accurately measured. After PT was assessed 

in Part One, a stimulus intensity below PT was given in Part Two, yet several participants 

scored %correct values indicating perception. Throughout the course of the current study, 

it appeared much more likely that this was not a problem with PT determination accuracy, 

but rather that PT changed (“drifted”) over time and thus was not the same by the end of 

the test session. 

Only Experiments One through Three had the capacity to determine threshold drift 

as assessed using %correct and the 67.5% correct cut-off. To assess for potential 

threshold drift, there needed to be an assessment of PT accuracy later in time than when 

PT was initially determined. In Experiments One through Three, PT was determined in 

Part One, set to 80% and then %correct was assessed at 0% noise in Part Two (along 

with all the noise levels). If %correct was higher than chance in Part Two at 0% noise, 

this was indicative of threshold drift (specifically, a decrease in PT between Part One and 

Part Two such that 90% initial PT was now detectable). However, it could not be 

determined whether an increase in PT occurred, or if the PT for the noise stimulus (i.e., 

EPT) changed in either direction. 

The cause of a decrease in PT could have been participants adapting to the test 

environment in a way that they were staying very still and paying greater attention to the 

tested area in Part 2, essentially turning up the gain; movement has been shown to 
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decrease sensitivity through a decrease in signal to noise ratio (Williams et al., 1998). 

Conversely, an increase in PT could have resulted from decreased attention between 

Part 1 and Part 2. 

MoL has been used extensively in previous SR research (Collins et al., 1997; 

Enders et al., 2013; Iliopoulos et al., 2014; Kurita et al., 2013; Liu et al., 2002; Wells et 

al., 2003). However, exact methods vary across studies and are often not reported in 

detail. Wells et al. (2003) had the closest methodology to the current study: 10 iterations 

of an up-down staircase; they reported an average PT of 64.7 ± 2.2 µm at the great toe, 

44.0 ± 1.8 µm at the metatarsal region and 53.83 ± 2.3 µm at the heel (note the standard 

deviations were 3-4% of the mean) (Wells et al., 2003). Additionally, many of these papers 

did not report threshold values, as the %correct value was typically the outcome measure. 

Enders et al. (2013) reported raw threshold values for 10 participants at various locations 

at the hand and wrist and found threshold variability to be between 25% and 89% of the 

mean values (Enders et al., 2013). Liu et al. (2002) studied vibrotactile sensitivity at the 

metatarsal heads in individuals with diabetes, reporting 64.3 ± 25.8 mN as PT for their 

population (note the standard deviation was 40% of the mean) (Liu et al., 2002). 

Notably, no previous papers reported participants scoring abnormally high 

%correct values in the baseline (0% EPT) condition. It is possible that outliers existed but 

were not reported in other studies. Collins et al. (1997) described an additional test done 

with a purposely-suprathreshold test stimulus (but did not report the % of PT) and saw a 

worsening performance with all 6 subthreshold noise levels (Collins et al., 1997). It 

appears unlikely, with these long protocols, that attention did not significantly influence 

the maintenance of PT in these studies as it did with the current study. For example, the 

Wells study assessed thresholds for 55 different foot sole sites at four different 

frequencies each, all with 10 iterations of an up-and-down staircase MoL, in the same 

experimental visit (Wells et al., 2003); the current study assessed one frequency at one 
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site, and the 7-iteration staircase took approximately 20 minutes. Then, the SR 

component of the Wells study (Wells et al., 2005) involved 720 trials of FC at each of four 

locations (12 blocks of 60 trials x 20 minutes) in a single study visit while giving 

participants breaks as needed. The current study involved 120 trials at a single location 

which took approximately 40 minutes. It is very unlikely that, even with breaks as needed, 

a single-day protocol containing 720 trials would not have any attentional influence; while 

not reported, it appears that this protocol took several hours. 

BAP, as described previously in (Goldreich et al., 2009 and Kontsevich & Tyler, 

1999), has not been used as a method of assessing PT in any SR studies except for our 

group’s previous work (Plater et al., 2021) (Experiment Two here). While the goal of 

incorporating the BAP into the SR experiment was to decrease the number of participants 

with a %correct above 67.5% at 0% EPT, this goal was not met - in each of Experiments 

One through Three, four to five participants out of 15 showed this unexpected trend. In 

piloting as discussed earlier, this held true when the test stimulus was set to 90%, 80% 

and 60% VPT. Thus, the BAP does not reduce the likelihood of threshold drift as had 

been proposed. 

3.3.2  Optimal Noise for SR Effect 

 The greatest number of participants had an SR effect in Experiment One (9 of 15) 

compared to Experiments Two through Four (5, 6 and 3 of 15 respectively). However, 

none of these experiments were able to elucidate a single optimal noise level with which 

to produce an SR effect. 

All else being equal, maximizing resolution across both axes of the SR curve would 

be most likely to find the optimal level if one exists. Experiment Three had the greatest 

resolution across the y-axis by including 40 trials at each tested noise level, and 

Experiment Four had the greatest resolution across the x-axis by including 11 different 

noise levels. It should be very clear at this point, though, that increasing resolution without 
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consideration for the added time component severely influences participant attentional 

capacity and thus the results. Additionally, having many noise levels may lead to false 

significance as seen in Experiment Four (null) and discussed further in the next section. 

 Most other studies that compared different noise levels did not find one optimal 

level [other studies found optimal noise at 4 (Breen et al., 2014), 6 (Dhruv et al., 2002; 

Liu et al., 2006, 2010) or 9 (Collins et al., 1997) different levels] despite the majority of 

participants having an SR effect at some level of noise. Breen et al. (2014) then compared 

each individual’s optimal value to the no-noise condition, as was done in this study, and 

found significant differences as were seen here (Breen et al., 2014). Other studies only 

compared one noise level to the no-noise condition [either a constant value (Collins et al., 

2009) or a single % of PT (Cloutier et al., 2009; Iliopoulos et al., 2014; Khaodhiar et al., 

2003; Liu et al., 2002)] and found significant differences. Altogether, the results of this 

study are similar in this regard: when comparing baseline %correct to optimal %correct 

there were significant differences; when comparing across noise levels, there were no 

significant differences. Despite increasing the resolution across both axes in separate 

experiments, without significantly increasing the time to complete the experiment, these 

results stayed the same. Thus, despite the increase in resolution, no optimal level was 

determined in this study. 

3.3.3 Null Testing 

Null testing (i.e., repeating Experiments Two and Four while not actually supplying 

the electrotactile stimulus, while telling participants that the electrotactile stimulus was 

being applied) was undertaken as an additional “check”, beyond that provided by 

statistical analysis, to ensure that any significant changes in %correct across noise levels 

were a result of the noise itself rather than natural variability over time. Knowing that 

thresholds are variable and change over time within a range, as discussed earlier and in 

psychophysical references (e.g., Green & Swets, 1966), we felt this additional check was 
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warranted and chose to do it for one BAP experiment (initially thought to be the most 

objective method) and the MoA experiment (initially thought to be the least objective 

method). In Experiment Two, null testing increased our confidence that the significant 

difference between baseline and optimal was due to the application of the SR noise. 

In Experiment Four, however, null testing also found a statistically significant 

difference between “baseline” and “optimal”, which calls into question the results of 

Experiment Four. It is clear from the Null results that we cannot assume that noise caused 

the differences in VPT in this experiment. Instead, there was enough natural variability 

over time that, spread across 11 possible levels, the smallest value at one of these levels 

was statistically significantly different than VPT in the baseline condition.  

Further, this variability, while statistically significant, is unlikely functionally 

meaningful; there might not even be enough resolution for these changes to make any 

effect whatsoever. The change from baseline to optimal was 0.07 µm, while the resolution 

of the FAI afferents is 2 µm at best (Mountcastle et al., 1972). Additionally, the resolution 

of the displacement transducer is 0.5 um, so these minute changes in voltage output 

would not even actually translate into a change at the level of the shaker. Therefore, these 

mathematical and statistical differences do not translate into meaningful differences in 

real-world application. 

Thus, despite this test being by far the quickest with the greatest resolution across 

the x-axis, it cannot be used exactly as described to assess SR. That the seemingly 

significant change between the baseline and optimal level results from inherent natural 

variability in the outcome measure over time has been suggested as a mechanism for 

supposed “SR effects” in recent research looking at noise in the vestibular system 

(Assländer et al., 2021). Assländer and colleagues suggest that, in the vestibular system, 

supposed SR effects are instead a result of false positive findings (i.e., natural variation 

in the outcome measure) (Assländer et al., 2021). The findings in Experiment Four here 
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lend support to this hypothesis in the perceptual system as well. However, the null testing 

in Experiment Two suggests that SR effects are being seen that are not the result of 

random variability. Further work testing a more objective measure than perception would 

be beneficial to determine whether it is perception, or SR itself that leads to these 

limitations. 

3.3.4 Conclusions 

 Based on the specific questions posed in this study, all four of the experiments in 

this series had similar results with respect to variability and threshold drift, and none 

produced an optimal level of noise for an SR effect. There are many factors that influence 

these tests and maximizing the benefit of one parameter almost always comes as a 

detriment to another parameter. The results here across the four experiments did not 

differ in any meaningful way. Despite a general preference for FC over YN in the scientific 

community (Lesmes et al., 2015), we do not have evidence in this study to suggest that 

BAP + FC did a superior job at limiting threshold drift compared to MoL + YN because of 

the similar numbers of participants scoring above chance at 0% noise. Additionally, while 

Experiment Four is much quicker it cannot be trusted to evoke an SR effect, as evidenced 

by the significant result in the null experiment. 

The major limitation of the current series of experiments was that it did not test 

every possible combination of the methods discussed. Theoretically, a different 

combination may have produced superior results. Most importantly, the result from 

Experiment Four does not mean that using VPT is inherently problematic in every 

iteration. For instance, a VPT test using less noise levels may not result in the null results 

seen here. However, despite the use of VPT in several other studies (e.g., Breen et al., 

2014; Khaodhiar et al., 2003; Liu et al., 2006), we are not aware of any experiments that 

have attempted to validate its use through null testing as we have. 
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 Ultimately, there are situations that require an experimenter or clinician to 

maximize one of the parameters at the expense of the others. Most commonly, MoA + 

VPT is used in clinical settings because it is very quick despite knowledge of its 

drawbacks. Our recommendation is, when using MoA, “null checks” should be conducted 

to confirm the specific test’s reliability and that, if possible, less than 10 noise levels should 

be used. 

 Finally, it is important to consider the practicality of using these techniques. The 

major application of SR is in wearable technology. Much SR research directly studying 

balance control has used vibrating insoles to supply vibrotactile stimulation to the foot 

soles bilaterally, in standing, while assessing postural sway (e.g., Aboutorabi et al., 2017; 

Dettmer et al., 2015; Keshner et al., 2014; Lipsitz et al., 2015; Miranda et al., 2016). If SR 

is to be used in clinical populations and otherwise outside of the laboratory setting, it must 

be user-friendly. A device that requires a set-up time of 80 minutes or more, to determine 

PT and then the participants’ optimal noise intensity, is impractical for “real world” 

settings. Additionally, if the user must repeat this every morning before donning the 

apparatus, or frequently throughout its use, to take threshold drift into account, this 

becomes even more practically problematic. Anecdotally, a clinician this research group 

consulted suggested that if a wearable device takes more than 10 minutes to don and 

doff, it is unlikely it will be used. In a clinical context, then, only Experiment Four (MoA & 

YN + VPT) is practical, and only if very few noise levels are assessed. Considering PT 

drift, noise PT would need to be reassessed frequently, perhaps hourly (our 80-minute 

protocols demonstrated notable drift). This assumes that an individual’s optimal noise 

intensity stays constant; if not, the full test would need to be repeated at this frequency 

throughout use. Considering these factors, this technique as it is currently tested is not 

practical for use in a wearable device. 
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 This series of four experiments has demonstrated that the assessment of SR using 

perceptual measures has inherent flaws - including the subjectivity of tests and perceptual 

variability and drift. Perception is not the only way to assess for SR effect, however; the 

future direction from the current research is to test SR using a more objective technique, 

such as magnitude of postural sway or reflexive activity following cutaneous stimulation. 

This will help to determine whether the limitations seen here result from limitations in 

perceptual testing, or if they carry over into other areas of SR testing.  
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TABLES – STUDY 2 

Table 0–1 - Demographic data. Columns: Test group, demographics (age in years, sex, height in m 
and weight in kg). Data are presented in mean ± standard deviation, N = 15 in each group, total N = 
90. 

Experiment 
Name 

Methods Age (y) Sex 
(#males) 

Height 
(m) 

Weight 
(kg) 

Experiment 1 MoL & FC + %correct at 6 
levels 

24.3 ± 
3.11 

8 1.72 ± 
0.08 

71 ± 
14.23 

Experiment 2 BAP & FC + %correct at 6 
levels 

24.4 ± 
3.22 

8 1.74 ± 
0.08 

73.5 ± 
14.72 

Experiment 2 
NULL 

BAP & FC + %correct at 6 
levels (noise turned off) 

23.9 ± 
3.49 

9 1.74 ± 
0.11 

73.5 ± 
14.14 

Experiment 3 BAP & FC + %correct at 4 
levels 

23.6 ± 
3.31 

7 1.75 ± 
0.09 

71.5 ± 
11.22 

Experiment 4 MoA + VPT at 11 levels 25.3 ± 
4.46 

8 1.73 ± 
0.09 

67.2 ± 
10.65 

Experiment 4 
NULL 

MoA + VPT at 11 levels 
(noise turned off) 

24.5 ± 
3.21 

9 1.74 ± 
0.08 

71.7 ± 
8.67 
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FIGURES – STUDY 2 

 

Figure 0-1 – Illustration of methods for each test. Images illustrate each of the component 
methods, ordered the same way as written in the leftmost column, from left to right. The two left 
panels indicate the methods used to determine PT (Part 1 of experiments) and the right three 
panels indicate the methods used to test SR (Part 2 of experiments). MoL = Method of Limits, FC = 
Forced Choice, BAP = Bayesian Adaptive Procedure, MoA = Method of Adjustment, VPT = 
Vibration Perception Threshold. NULL refers to tests where the electrotactile noise was not given 
(conceptually similar to “catch” trials but maintained through the whole test procedure). 
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Figure 0-2 - Participant setup for the duration of the experiment. A: participant lying prone on a 
treatment table with the right leg strapped down and secured by a VersaForm pillow. Electrodes 
are placed on the posterior thigh. The stand holding the vibration apparatus is also visible on the 
right, with the probe in contact with the posterior calf. B: posterior view of the leg to illustrate 
stimulation locations; the two stimulating electrodes providing the electrotactile input were placed 
10 cm above the popliteal crease and the probe contacted the calf 10 cm below the popliteal 
crease. 
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Figure 0-3 - SR effect data for Experiment One (MoL & FC + %correct at 6 noise levels) (N=15). (A): 
Average SR curve. Each point is the average %correct value for all participants in the group. Thin 
dashed line indicates the 17.5% cutoff for an SR effect. (B): Comparison between the %correct 
values for individuals in the baseline condition (60%) and the optimal noise condition (76%). 
Baseline represents the participants’ %correct value at 0% EPT, optimal represents the 
participant’s highest %correct value at any other noise level. Black dots represent individual data 
points and black bars represent group means. Asterisk indicates a significant difference between 
the bars. Optimal was most frequently seen at 40% noise (6/15 participants). (C): SR curve with 
each participant’s data normalized to their starting point (i.e., the value at 0% EPT subtracted from 
the raw value). Dashed line represents 17.5% correct above this starting point (at 0% EPT). Grey 
solid lines represent data from each participant, with black dots representing the optimal level(s) 
for each participant, and the black solid line is the average SR curve. 
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Figure 0-4 - SR effect data for Experiment Two (BAP & FC + %correct at 6 noise levels) (N=15). (A): 
Average SR curve. Each point is the average %correct value for all participants in the group. Thin 
dashed line indicates the 17.5% cutoff for an SR effect. (B): Comparison between the %correct 
values for individuals in the baseline condition (63%) and the optimal noise condition (78%). 
Baseline represents the participants’ %correct value at 0% EPT, optimal represents the 
participant’s highest %correct value at any other noise level. Black dots represent individual data 
points and black bars represent group means. Asterisk indicates a significant difference between 
the bars. Optimal was most frequently seen at 100% noise (6/15 participants). (C): SR curve with 
each participant’s data normalized to their starting point (i.e., the value at 0% EPT subtracted from 
the raw value). Dashed line represents 17.5% correct above this starting point (at 0% EPT). Grey 
solid lines represent data from each participant, with black dots representing the optimal level(s) 
for each participant, and the black solid line is the average SR curve. 
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Figure 0-5 - SR effect data for Experiment Two (null) (BAP & FC + %correct at 6 noise levels NULL) 
(N=15). Comparison between the %correct values for individuals in the “baseline” condition (67%) 
and the “optimal” noise condition (74%). “Baseline” represents the participants’ %correct value at 
0% EPT, “optimal” represents the participant’s highest %correct value at any other “noise” level 
(NULL indicates that no noise was given for the duration of this test). Black dots represent 
individual data points and black bars represent group means. 
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Figure 0-6 - SR effect data for Experiment Three (BAP & FC + %correct at 4 noise levels) (N=15). 
(A): Average SR curve. Each point is the average %correct value for all participants in the group. 
Thin dashed line indicates the 17.5% cutoff for an SR effect. (B): Comparison between the 
%correct values for individuals in the baseline condition (61%) and the optimal noise condition 
(70%). Baseline represents the participants’ %correct value at 0% EPT, optimal represents the 
participant’s highest %correct value at any other noise level. Black dots represent individual data 
points and black bars represent group means. Asterisk indicates a significant difference between 
the bars. Optimal was most frequently seen at 33% noise (8/15 participants). (C): SR curve with 
each participant’s data normalized to their starting point (i.e., the value at 0% EPT subtracted from 
the raw value). Dashed line represents 17.5% correct above this starting point (at 0% EPT). Grey 
solid lines represent data from each participant, with black dots representing the optimal level(s) 
for each participant, and the black solid line is the average SR curve. 
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Figure 0-7 - SR effect data for Experiment Four (MoA & YN + VPT at 11 noise levels) (N=12). (A): 
Average SR curve. Each point is the average VPT value for all participants in the group. (B): 
Comparison between the VPT values for individuals in the baseline condition (7.05 ± 6.9 um) and 
the optimal noise condition (6.98 ± 6.9 um). Baseline represents the participants’ VPT value at 0% 
EPT, optimal represents the participant’s lowest VPT value at any other noise level. Black dots 
represent individual data points and black bars represent group means. Asterisk indicates a 
significant difference between the bars. Optimal was most frequently seen at 10% noise (3/12 
participants). (C): SR curve with each participant’s data normalized to their starting point (i.e., the 
value at 0% EPT subtracted from the raw value). Grey solid lines represent data from each 
participant, with black dots representing the optimal level(s) for each participant, and the black 
solid line is the average SR curve. 
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Figure 0-8 - SR effect data for Experiment Four (null) (MoA with 11 noise levels NULL) (N=12). 
Comparison between the VPT values for individuals in the “baseline” condition (7.06 ± 7.0 um) 
and the “optimal” noise condition (6.97 ± 6.9 um). “Baseline” represents the participants’ VPT 
value at 0% EPT, “optimal” represents the participant’s lowest VPT value at any other “noise” 
level (NULL indicates that no noise was given for the duration of this test). Black dots represent 
individual data points and black bars represent group means. Asterisk indicates a significant 
difference between the bars. 
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Transition from Study 2 to Study 3 

We have established in the first two studies of this thesis that SR may be effective 

at improving perceptual function in hairy skin in a subset of the studied population. This 

was consistent across all four experiments conducted as part of Study 1 and Study 2. 

None of the tested experiments, however, were able to evoke a consistent optimal level 

of noise to best evoke an SR effect. Additionally, Study 2 highlighted various drawbacks 

to using perception as an outcome measure for SR testing in general. For one, the 

individual experiments in Study 2 all showed a degree of PT drift, such that the PT 

assessed at the beginning of the experiment often changed by the end of the experiment. 

This was consistent across three experiments that had robust PT assessment methods 

but took a long period of time. For another, there appear to be limitations to maximizing 

the number of SR levels tested in a single test session. Although in theory it is ideal to 

test many noise levels in order to discern the optimal level (i.e., cover as many potential 

levels as possible), this can lead to statistically significant differences that result from 

inherent natural variability in the outcome measure. These limitations make conclusions 

about SR in perception challenging. 

SR can also be measured more functionally; for example, by using measures of 

standing balance and gait. However, when testing hairy skin in healthy individuals as a 

proxy for residual limb skin, we cannot test the ability of hairy skin to act as an interface 

with the ground in standing and gait. Another way that we can assess the contribution of 

the skin to functional neural outcomes is using cutaneous reflexes. This is a more 

objective measure as it measures direct muscle activity through electromyography (EMG) 

and these reflexes have been shown to contribute to balance and gait. The effects of SR 

have not been firmly established for cutaneous reflexes at the quadriceps, but our 

research group recently tested the effects of subthreshold electrotactile noise on lower 

leg cutaneous reflexes generated from foot sole stimulation and found that SR was 

effective at enhancing cutaneous reflexes (Sharma et al., 2020). Thus, Study 3 in this 
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thesis assessed the presence of cutaneous reflexes in thigh muscles from stimulation at 

the calf, whether noise modifies the reflex and if there is an optimal noise level across the 

studied population. 
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Chapter 4: Study 3 (SR Reflexes) 

4.1 Introduction 

Sensory information from the cutaneous mechanoreceptors of the foot sole is 

essential for the maintenance of safe and efficient balance (Day & Cole, 2002) and gait 

(Yang & Stein, 1990). This is because this skin acts as the interface between the 

individual and their environment and this feedback allows the individual to discern their 

position relative to the support surface (Strzalkowski et al., 2018). Another important role 

of these mechanoreceptors during postural tasks is to evoke reflex responses that allow 

for rapid muscle contraction in response to changes in pressure across the foot sole 

(Nakajima et al., 2006a). Cutaneous reflexes evoked using electrical stimuli applied 

directly to the skin of the foot modulate muscle activity in the lower limb which allows for 

the generation of appropriate responses to postural instabilities (Nakajima et al., 2006a; 

Sharma et al., 2020; Zehr et al., 2014). These cutaneous reflexes can either facilitate 

(increase) or inhibit (decrease) muscle activity in order to modify limb position (Aniss et 

al., 1992; Nakajima et al., 2006a; Zehr et al., 2014). Particularly important to balance 

control appear to be the fast-adapting type 1 (FAI) receptors, which signal dynamic 

pressures across the foot sole such as what may occur in slips and trips (Fallon et al., 

2005; Macefield, 1998; Peters et al., 2016). FAI receptors have been shown to have 

strong synaptic coupling with lower extremity muscles, which indicates their importance 

in reflex generation (Fallon et al., 2005; Peters et al., 2016). 

Based on this evidence that skin reflexes alter motor outcomes, a loss of skin 

sensitivity at the foot sole, which occurs in aging and in many clinical conditions, can lead 

to poor balance and a greater risk of falls (Liu et al., 2002; Mildren et al., 2017b; Perry, 

2006; Peters et al., 2016). Many of these clinical conditions occur more commonly in older 

adults, with age compounding the overall effect; diabetes mellitus, for example, often 

results in a significant sensory loss in the feet and hands (Kraiwong et al., 2019). Older 
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adults with diabetes mellitus are at risk of requiring a lower extremity amputation (LEA) 

(Imam et al., 2017). In individuals with LEA that ambulate with a prosthetic, the skin of the 

residual limb (calf skin in a trans-tibial amputation) is required to provide the function that 

the bottom of the foot normally does, despite this hairy leg skin not being optimized for 

this function (Macefield, 1998). Hairy skin does not detect pressure and slips as well as 

non-hairy skin (Macefield, 1998). Deficits in force distribution and pressure transfer 

feedback across the prosthetic interface may inadequately indicate changes across the 

support surface, and lead to poor balance and falls (Ku et al., 2014). Therefore, enhancing 

the ability of these cutaneous mechanoreceptors to generate reflex responses may be a 

viable method of reducing the risk of falls in those with LEA. 

New wearable technologies have been and are being developed to improve 

sensation, especially in diabetes and aging, and thus far appear to be beneficial for both 

of these populations and others (Ma et al., 2016). Many utilize stochastic resonance (SR), 

which is a phenomenon whereby the addition of subthreshold noise to a system improves 

its performance (Collins et al., 1997). In theory, there exists an optimal intensity of noise 

that results in the greatest performance enhancements (Collins et al., 1997). Intensities 

below or above the optimal level either provide enhancement to a lesser degree or no 

enhancement at all. In the cutaneous somatosensory system, imperceptible vibrotactile 

and electrotactile noise stimuli applied to the skin of the feet increase the sensitivity of 

mechanoreceptors to tactile stimuli (e.g., Ma et al., 2016). and functional outcomes such 

as postural sway (Priplata et al., 2002). SR is effective in young adults (Collins et al., 

1997) as well as aging populations and those suffering from stroke or diabetes-related 

sensory deficits (Liu et al., 2002). However, recent work from our group found challenges 

with perceptual SR research (Plater et al., 2021). Currently, however, it is unknown 

whether functional enhancements are due to improved cutaneous reflex generation. 

Recent work from our lab has shown that cutaneous reflexes can be enhanced with the 
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addition of tactile noise to the glabrous skin of the foot sole (Sharma et al., 2020), but it 

is unknown if cutaneous reflexes, and SR, are effective in the hairy skin of the leg. 

The objectives of this study were to determine 1) whether calf skin electrotactile 

stimulation produces cutaneous reflexes in the quadriceps and 2) whether vibrotactile 

noise can modify any evoked reflex and if there is an optimal intensity of noise that is 

most effective. It was hypothesized that cutaneous reflexes would be produced at the 

quadriceps, the noise would increase the magnitude of the reflex, and the optimal level 

of noise would be 20% of the perceptual threshold as seen in a previous study (Sharma 

et al., 2020). 

4.2 Methods 

4.2.1 Subjects 

            Twenty participants were recruited for this study, 10 females and 10 males, with 

an average age of 26.9 ± 3.6 years, an average height of 1.72 ± 0.1 cm and an average 

weight of 68 ± 10.0 kg.  All participants indicated no history of a clinically diagnosed 

condition resulting in sensory loss of the lower extremity, or compromised motor function, 

and provided informed, written consent to participate in the study. The study was 

approved by the University of Guelph’s Research Ethics Board. 

According to an a priori calculation in G*Power v3 (Faul et al., 2007), the sample 

size needed for an ANOVA to achieve a moderate effect size (f = 0.5) with appropriate 

power (0.8) was N = 6. However, knowing that multiple tests would be run, and missing 

data points were expected in the SR test (i.e., reflexes may not be achieved at all noise 

levels), a sample size of N = 20 was chosen to ensure appropriate power in all 

calculations. 
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4.2.2  Experimental Setup 

            Testing consisted of one session lasting approximately three hours. Participants 

sat on a custom-made wooden box (Figure 4.1A) with a rectangular window cut out, to 

enable contact of the vibration probe to the posterior calf. The participant was positioned 

so that the back of the right calf lined up with the window (Figure 4.1B). The right lower 

leg was strapped down with a Velcro strap across the shin to minimize movement during 

leg extension. The skin at the test sites (Figure 4.1C) was shaved to reduce electrical 

impedance for stimulation. 

4.2.3 Tactile Input 

            Electrotactile stimulation was used to evoke the cutaneous reflex. It was applied 

to the skin of the calf 10 cm below the popliteal crease (Figure 4.1C) with two electrodes 

(Ambu® BlueSensor N, Ambu Sdn. Bhd., Penang, Malaysia). The calf location was 

chosen for the test input to mimic the skin surface that is most analogous to the base of 

the residual limb in transtibial amputees (Li et al., 2015). The electrodes were placed 

perpendicular to the long axis of the leg (and the muscle fibres) to minimize the chance 

of superficial muscle activation (i.e., gastrocnemius and soleus) that may occur with a 

parallel muscle current (Yue et al., 2019). The two electrodes were also placed 

approximately 5 cm apart to give space for the vibrotactile probe to be placed in between. 

Electrotactile stimulation (trains of five 1 ms pulses with 3 ms in between) was applied 

using an isolated constant current source (Grass S48, Astro-Med, West Warwick, RI, 

USA) driven from Spike2 software. 

4.2.4 Muscle Recording 

            Surface electromyography (EMG: AMT-8 system, Bortec Biomedical Limited, 

Calgary, AB, Canada) was measured from the right rectus femoris (RF), vastus lateralis 

(VL), biceps femoris (BF) and semitendinosus (ST). Two Ag/AgCl electrodes were placed 

over each muscle belly based on SENIAM guidelines (Hermens et al., 2000): RF – 50% 
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of the way along a line from the anterior superior iliac spine and the patella, VL – two-

thirds of the way down from the anterior superior iliac spine to the lateral margin of the 

patella, BF – 50% of the way along a line between the ischial tuberosity and the lateral 

epicondyle of the tibia, ST – 50% of the way along a line between the ischial tuberosity 

and the medial epicondyle of the tibia. Two electrodes (Ambu® BlueSensor M, Ambu 

Sdn. Bhd., Penang, Malaysia) were placed longitudinally along the muscle bellies of the 

four muscles above. A ground electrode was placed on the right patella. (VL, RF and 

patella sites can be seen in Figure 4.1A). EMG data were bandpass filtered (10–1,000 

Hz), amplified (x500) and sampled at 5,000 Hz (Spike2 software, version 7.14; Cambridge 

Electronics Design). 

4.2.5 Noise Input 

To enhance the cutaneous reflex using SR, vibrotactile noise was applied to the 

calf 10 cm below the popliteal crease, between the two electrodes that were providing the 

electrotactile stimulation (Figure 4.1C). Nonuniform white noise in a frequency band of 0-

50 Hz was produced in MATLAB®, delivered using Spike2 software (Spike2 software, 

version 7.14; Cambridge Electronics Design). 

The input was applied using an electromagnetic vibrator (mini-shaker type 4810, 

Power Amplifier Type 2719, Bruel and Kjaer, Naerum, Denmark) applied perpendicularly 

to the skin with a custom-made circular probe tip of approximately 4 cm diameter. 

Acceleration and force data were collected (acceleration - model 2221D, Endevco, CA, 

USA; force - Model 31 load cell, Honeywell, MN, USA) at a sampling frequency of 1000 

Hz (BNC-2111, National Instruments, Austin, TX, USA). Displacement of the probe was 

measured by a custom sensor (model RGH24Z, Renishaw, Gloucestershire, UK) and 

input via a DAQ interface (SCC68, National Instruments, Austin, TX, USA) into a custom 

LabVIEW® program (version 15; National Instruments, Austin, TX, USA). 
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4.2.6 Testing Protocol 

            See Figure 4.2 for a diagram outlining the testing protocol. The protocol took 

approximately 2.5 hours total, on one occasion. Participant setup, maximal voluntary 

contractions and perceptual threshold determination took approximately 20 minutes. 

Objective One (no-noise trials) took approximately 30 minutes. Objective Two (noise 

trials) took approximately 90 minutes. 

4.2.6.1  Maximal Voluntary Contractions 

            Maximal voluntary contractions (MVC) were performed isometrically for the knee 

extensor group (RF and VL) with the right hip and knee both in 90 degrees of flexion (i.e., 

sitting). The participant performed a maximal isometric knee extension in this position as 

hard as they could for 5 seconds with verbal encouragement from the experimenter. The 

MVC was repeated twice with two minutes of rest in between. EMG data from the VL were 

analyzed in Spike2 software. Raw EMG was rectified and smoothed using a time constant 

of 50 ms for MVC analysis. The trial that yielded higher muscle activity (estimated visually 

using EMG amplitude) was used to represent MVC. The actual MVC value was estimated 

visually as the highest amplitude reached in this 5 second rectified, smoothed EMG trace. 

One MVC was performed at the end of the study to assess for the presence of fatigue 

throughout testing. 

4.2.6.2 Perceptual Threshold Determination 

           Perceptual threshold (PT) for the electrotactile stimulation was determined at the 

outset of the experiment using a Method of Adjustment as in (Sharma et al., 2020). 

Stimulation was applied starting at 0 intensity and gradually increased on a dial until the 

participant indicated perception (stated “yes”). Then, the intensity was lowered from the 

intensity where perception was indicated until they could no longer feel it (stated “no”). 

This process was repeated three times and the intensity at the end of the third descending 

run was labeled PT for that individual. Both electrotactile perceptual thresholds (EPT) and 
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vibrotactile perceptual thresholds (VPT) were tested in the same way throughout the 

experiment. 

4.2.6.3 Objective One: Does Calf Skin Stimulation Evoke a Reflex Response in the 
VL? 

To test the first objective, whether the application of stimulation at the calf could 

generate a cutaneous reflex response in the VL, the electrotactile stimulation was first 

provided in the absence of noise. Participants were asked to perform an isometric knee 

extension at 15% of MVC by matching a line on the EMG trace that was calculated based 

on their highest MVC. In each trial, cutaneous reflexes were evoked using constant-

current rectangular pulse trains (200 trains of 5 x 1 ms pulses with random delays of 800-

1000 ms in between trains). These were delivered at twice the participant’s EPT. If the 

participant reported pain at 2 x EPT, the stimulation was turned down to just below the 

pain threshold. Participants held the isometric contraction for the duration of the trial, 

approximately 3 minutes. Five trials were given with 2.5 minutes of rest in between. 

The raw EMG from the VL was rectified and smoothed using a time constant of 5 

ms. Processed EMG was spike-trigger averaged with respect to the stimulus onset. 

Background EMG was calculated from the 100 ms prior to the onset of the stimulus train. 

Reflex responses were identified as deflections in the EMG trace that surpassed 2 

standard deviations of background EMG for more than 5 ms (Nakajima et al., 2006a; Zehr 

et al., 2001). 

Reflex latency was calculated as the time (in ms) at which the peak in muscle 

activity occurred (the maximal EMG value for an excitation response or the minimal EMG 

value for an inhibition response). A latency window of 60-110 ms was chosen within which 

to identify the reflex. This is based on the path length between where calf stimulation was 

delivered and EMG of the reflex was recorded from upper leg muscles, compared to 

latencies and path lengths reported in previous studies in the lower limb (Burke et al., 
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1991; Fallon et al., 2005; Gibbs et al., 1995). A more detailed explanation of the 

calculation of our reflex loop can be found in the Discussion. 

The first reflex response within the identified window was considered to be the 

individual’s reflex response to the cutaneous stimulus. Reflex responses were converted 

to absolute values to allow comparisons across all participants’ responses regardless of 

whether they were excitatory or inhibitory. The reflex response magnitude was calculated 

as the baseline-to-peak magnitude of the EMG trace using the following equation: 

Reflex response magnitude = Peak magnitude of reflex (mV) - Average background 

EMG (mV) 

 Both values were then converted into %MVC to normalize between participants 

while accounting for differences in strength and electrode placement: 

Reflex response = reflex response magnitude / MVC 

Background = average background magnitude / MVC 

To account for any influence of the background muscle activity on the magnitude 

of the reflex response, a reflex ratio was calculated using the following equation: 

Reflex ratio = Reflex response (%MVC) / Average background EMG (%MVC). 

4.2.6.3.1 Possible Factors Influencing the Presence of a Reflex 

Various factors could have had an influence on the magnitude of the reflex and 

thus were accounted for in data analysis, including the magnitude of the average 

background EMG within a participant as well as the initial MVC and EPT values calculated 

at the outset of the experiment. The level of background EMG has been shown to 

influence reflex magnitude in other studies (Nakajima et al., 2006a). A higher initial MVC 

can indicate either a greater overall capacity of the muscle to generate force and/or a 
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different placement of electrodes independent of force generating capacity. A higher initial 

EPT represents a greater absolute magnitude of electrotactile stimulus being input into 

the system, which has the potential to increase the absolute output. Also, stronger stimuli 

have a greater chance of being perceived as painful (and pain is perceived along a 

different neural pathway; (Iggo & Andres, 1982) and/or targeting other tissues such as 

muscle afferents (Aniss et al., 1990). Re-assessing PT throughout the experiment is 

important because, based on previous work in our group, PT changes over time (Plater 

et al., 2021). While the absolute magnitude of electrotactile stimulus was maintained 

constant, if the calculated EPT at the end was very different, this may cause a different 

response in the system by the end of the trials. 

Various factors could have also had an influence on the direction of the reflex 

response, including participant height and joint angle. Height could influence the direction 

of the response if the calf demonstrates location-dependency as seen at the foot (e.g. 

Nakajima et al., 2006a; Zehr et al., 2014). For example, there is an excitation of the soleus 

in response to heel stimulation, but inhibition of the soleus in response to forefoot 

stimulation (Nakajima et al., 2006a). The stimulation location here was kept constant at 

10 cm below the popliteal fossa, so was relatively a greater distance down the leg in 

shorter individuals. If there is a similar response gradient in the leg as seen in the foot 

sole, this may influence the reflex direction. 

4.2.6.4 Objective Two: Does Noise Modify the Reflex Response? 

            To test the second objective, does noise increase the magnitude of the reflex and 

is there an optimal noise intensity to enhance cutaneous reflex responses, reflex 

responses were evoked using electrotactile stimulation with additional vibrotactile noise 

to generate the SR effect. To begin, VPT was tested and then EPT was re-tested. Re-

testing of EPT was done to account for potential PT drift throughout the course of the 

session that can occur in perceptual studies (Plater et al., 2021). 
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            Participants performed isometric knee extensions at 15% of MVC while 

electrotactile pulse trains were used to evoke reflexes. Additionally, vibrotactile noise was 

applied throughout each trial. Two trials were given at each of six noise levels (0%, 20%, 

40%, 60%, 80% and 100% of VPT; herein called “noise”), for a total of 12 trials (2 trials x 

6 noise intensities). 0% noise represents control, where no added vibrotactile noise was 

added. The order of noise level presentation was randomly applied but the two trials at a 

given noise level were always consecutive to allow for spike-triggered averaging. 

Between each trial, 2.5 minutes of rest were given to minimize fatigue. Every four trials 

(i.e., after trial 4 and after trial 8), both EPT and VPT determination were repeated to 

account for any PT drift in between. After completion of all 12 trials, EPT and VPT 

determination were both repeated once more, and the MVC was also repeated to note 

any overall fatigue throughout the experiment. 

The earliest reflex response that occurred in at least one noise level condition was 

the individual’s reflex response. This was not necessarily the same response as in the 

0% noise condition. For example, if the first reflex response in the 0% noise condition was 

an excitation response at a latency of 80 ms, but in the 40% noise condition an inhibition 

response was seen at 70 ms, this earlier inhibition response was the reflex response 

recorded for that individual; the response was absent in the 0% noise condition and 

appeared in the 40% noise condition. 

An SR effect was identified if 1) in the absence of a reflex response at 0% noise 

there was a reflex response that appeared at some level of noise, or 2) in the presence 

of a reflex response in the 0% noise condition, the reflex response at some level of noise 

increased the magnitude of this response. An SR response was calculated for all 

participants (as a magnitude value, regardless of whether an SR effect was seen) to run 

regression analyses with potential influencing factors. Where there was no reflex at 
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baseline, it was given the value of 0 for comparison. The SR response was quantified 

using the following equation: 

SR response = reflex ratio in “optimal” condition - reflex ratio in “baseline” 

condition 

4.2.6.4.1 Possible Factors Influencing the Change in Reflex Across Noise Trials 

Various factors could have had an influence on the change in the reflex across 

noise trials within an individual and thus were accounted for in data analysis: the 

presentation order of noise trials and the force of the vibrating probe. The presentation 

order of noise levels was included as a proxy for fatigue, which has been shown to 

reflexively decrease motor neuron excitability (Garland & McComas, 1990) and thus could 

lead to a decrease in reflex response magnitude in later trials regardless of the noise 

level. The average force of the vibrating probe during each trial was included to account 

for the potential effect of drifts in force throughout testing. 

Various factors could have influenced the SR response within the population and 

thus were also accounted for in data analysis: the change in MVC and EPT throughout 

the experiment. The change in MVC could have an influence because it is another 

indicator of fatigue (Garland & McComas, 1990). The potential influence of a change in 

EPT was discussed above. 

Additionally, latency across noise levels was considered because a larger 

response would be expected to have a slightly shorter latency, as it indicates the 

recruitment of larger motor units whose alpha motor neurons have faster conduction 

velocities (Sherrington, 1910). 
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4.2.6.5 Statistical Analysis 

Statistics were run using IBM® SPSS® Statistics v25. Normality was assessed by 

the Shapiro-Wilk test. Linearity, homoscedasticity and normality of residuals were 

assessed by visual inspection of scatterplots of raw data (dependent variable versus 

independent variable), standardized residuals and normal probability plots, respectively. 

The independence of observations was assessed using the Durbin-Watson statistic. 

Multicollinearity was assessed using tolerance values. Non-parametric tests were used 

when data did not meet statistical assumptions. Outliers were kept within the dataset to 

maintain statistical power because removing one data point would mean removing an 

entire participant. Bonferroni corrections were made for multiple comparisons where 

appropriate. Data are mean ± standard deviation unless otherwise stated. Statistical 

significance was set at p < 0.05. 

4.2.6.6 Objective One: Does Calf Skin Stimulation Evoke a Reflex Response in the 
VL? 

 To determine whether MVC or PT changed over the course of the experiment, 

paired-samples t-tests were run between MVC, EPT and VPT at the beginning of the 

experiment compared to these values at the end of the experiment. To determine whether 

the level of background EMG influenced the size of the reflex response, a linear 

regression analysis was run with the independent variable being average background 

EMG (mV) and the dependent variable being reflex response magnitude (mV). Secondly, 

a multiple regression analysis was performed to account for three variables that could 

potentially have an influence on the reflex ratio. The independent variables were these 

variables (initial MVC, initial EPT and change in EPT) and the dependent variable was 

the reflex ratio. It is important to note that the change in EPT here is the change from the 

beginning of the entire experiment to the end of the first part of the experiment (i.e., the 

no-noise part only; at ~0 mins and at ~50 mins respectively in Table 4.1 and Figure 4.2). 

To determine whether the reflex ratio was different between individuals showing an initial 

excitation response and individuals showing an initial inhibition response, an independent 
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t-test was run to compare the average reflex ratio in excitation responses to the average 

reflex ratio in inhibition responses. To determine whether height influenced the response 

(i.e., considering excitation versus inhibition responses), a linear regression analysis was 

run with the independent variable being participant height and the dependent variable 

being the raw reflex ratio (i.e., not converted to absolute values). 

4.2.6.6.1 Objective Two: Does Noise Modify the Reflex Response? 

To determine whether noise significantly influences the reflex response, a paired-

samples t-test was run with the independent variable being the participants’ reflex ratio in 

the 0% noise condition (“baseline”) and the dependent variable being the participants’ 

reflex ratio that was highest in absolute magnitude at any other noise level (“optimal”). To 

determine whether there is an optimal noise level (a % of noise that increases the 

magnitude of the reflex ratio the greatest amount), a linear mixed-model analysis 

(repeated covariance type = compound symmetry) was run with the independent variable 

being noise level (0%, 20%, 40%, 60%, 80% or 100% noise) and the dependent variable 

being the participants’ reflex ratio. This analysis accounts for missing data, as participants 

were not expected to necessarily have a significant reflex response at all noise levels. 

The presentation order of noise levels was included as a fixed effect to account for the 

potential effects of fatigue throughout testing [and thus could lead to a decrease in reflex 

response magnitude in later trials regardless of the noise level]. The average force of the 

vibrating probe during each trial was included as a covariate to account for the potential 

effect of drifts in force throughout testing. 

A multiple regression analysis was performed to account for two variables that 

could potentially have an influence on the SR response. This was done separately from 

the analysis in the preceding paragraph because these variables were only assessed at 

the beginning and the end of the experiment so were not associated with each noise trial. 

The independent variables were change in MVC and change in EPT and the dependent 

variable was the SR response (reflex ratio in “optimal” condition - reflex ratio in “baseline” 

condition). It is important to note that the change in EPT here is the change from the 
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beginning of the second half of the experiment to the end of the entire experiment (at ~50 

mins and at ~140 mins respectively in Table 4.1 and Figure 4.2), which is a different 

value than the one assessed above for Objective 1. 

To determine whether the SR response was different between individuals showing 

an excitation response and individuals showing an inhibition response, an independent t-

test was run to compare the average SR response in excitation responses to the average 

SR response in inhibition responses.  

To determine whether there was a significant difference in latency between the 

“baseline” condition and the “optimal” condition, a paired-samples t-test was run with the 

independent variable being condition (“baseline” or “optimal”) and the dependent variable 

being latency. To determine whether there were significant differences in latency between 

noise levels, a linear mixed-model analysis (repeated covariance type = compound 

symmetry) was run with the independent variable being noise level (0%, 20%, 40%, 60%, 

80% or 100% noise) and the dependent variable being the latency of the reflex in ms. 

4.3 Results  

4.3.1 Participant Demographics 

            Participants’ MVC decreased to 78 ± 12% of initial MVC throughout the study (a 

significant decrease, t = -4.651, p < 0.001, d = -1.096). EPT increased on average from 

16 to 20 V (a significant increase of 25%, t = 2.638, p = 0.017, d = 0.622). VPT increased 

on average by 18% (an insignificant increase, t = 0.468, p = 0.647, d = 0.117).  Table 4.1 

shows the MVC, EPT and VPT values at each tested time point throughout the experiment 

as well as percent changes from initial values where appropriate. 

4.3.1.1  Objective One: Does Calf Skin Stimulation Evoke a Reflex Response in 
the VL? 

            Of the 20 participants recruited, 16 showed evidence of having a cutaneous reflex 

in the VL following electrotactile stimulation at the calf. As seen in Figure 4.3, the 
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characteristics of the reflex responses were highly variable between individuals. 

Interestingly, the response varied, with half having an excitation response (positive 

values; 8/20) and half having an inhibition response (negative values; 8/20) as the first 

response seen in the window. Eleven were biphasic, where both an excitation and an 

inhibition response were seen within the window; only the first response was considered 

in further analysis. 

When taken as absolute values, the average reflex response magnitude (baseline-

to-peak) was 1.632 ± 9.6 mV (0.71 ± 0.04% of MVC). The average background EMG was 

30.44 ± 10.9 mV (12.87 ± 2.0% of MVC). Background EMG accounted for 25.0% of the 

variation in reflex magnitude with R = 0.500 and adjusted R2= 19.6%, a medium-size 

effect (Cohen, 1988) with power = 0.81. Background EMG statistically significantly 

predicted reflex magnitude, F(1, 14) = 4.667, p = 0.049, with a greater magnitude of 

background EMG associated with a greater reflex response magnitude (Figure 4.4). 

The average reflex ratio was 5.41 ± 2.6, meaning that the magnitude of the reflex 

was approximately 5% of the magnitude of the background EMG. The magnitude of the 

reflex ratio was not statistically significantly predicted by initial MVC, initial EPT or change 

in EPT [F(3, 12) = 1.143, p = 0.371, R = 0.471, adjusted R2= 2.8%, a medium-size effect 

(Cohen, 1988)] with power = 0.80. 

There was no significant difference between the magnitude of the reflex responses 

of the individuals showing an initial excitation response (5.29 ± 3.4) and those showing 

an initial inhibition response (5.54 ± 1.7), an insignificant difference of 0.25 [95% CI = -

2.75 to 3.24, t(10.125) = 0.183, p = 0.858, d = 0.091, a small-size effect (Cohen, 1988)] 

with  power = 0.80 (Figure 4.5). Height accounted for 7.3% of the variation in raw reflex 

magnitude with R = 0.270 and adjusted R2 = 0.6%, a small-size effect (Cohen, 1988)] 

with power = 0.22. Height did not statistically significantly predict raw reflex magnitude, 

F(1, 14) = 1.097, p = 0.313. 
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4.3.2 Objective Two: Does Noise Modify the Reflex Response? 

In all 20 individuals recruited for this study, the addition of the noisy vibrotactile 

input resulted in modulation of the initial reflex response of VL to cutaneous electrotactile 

stimulation. The modulation appeared in 10 participants as a change in an existing reflex 

response magnitude, either an increase or decrease, and in 10 participants as the 

appearance of a reflex response where one was absent without the addition of 

electrotactile noise. 

It is important to note here that 10 of 20 participants were not considered to have 

a reflex response in the 0% noise condition, which is different from the four of 20 

participants in the first half of the experiment (Objective One, 5x200 no-noise trials). There 

are two reasons for this: 1) As noted above, if a reflex response in one or more of the 

noise conditions appeared at an earlier latency than the reflex response seen at 0% noise, 

this earlier latency reflex response was the one used for this analysis; and 2) The reflex 

response calculated in the 0% noise condition was not from the same series of trials as 

the one done previously; in order to randomize the noise levels, the 0% noise condition 

was added into the randomization. The reflex sometimes differed slightly for the same 

individual between the first and second half of the experiment (Objective Two, noise 

trials), likely due to fatigue as will be discussed later. 

Of the 10 participants who did not have a reflex response in the 0% noise condition, 

all 10 had a reflex response at some level of noise. Five were excitation responses and 

five were inhibition responses. Of the 10 participants who did have a reflex response in 

the 0% noise condition, six were excitation responses and four were inhibition responses. 

Of the six excitation responses, only two responses increased in magnitude at the optimal 

noise level while four decreased in magnitude at the “optimal” level (i.e., all noise levels 

that showed a response had a decrease in response magnitude compared to the 0% 

noise level). Of the four inhibition responses, one response increased in magnitude (i.e., 
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became more negative) at the optimal level and three responses decreased in magnitude 

(i.e., became less negative) at the “optimal” level. Overall, three of the 10 participants that 

had a reflex response at 0% noise had a response with increased magnitude in the same 

direction at some level of noise (an SR effect). One reflex reversal was noted, where 

excitation at 0% became inhibition at a similar latency at 60% and then returned to 

excitation at 80% and 100%. All reflex ratios are found in Table 4.2. Figure 4.6 illustrates 

example spike-trigger average traces representing different responses seen: a reflex 

response present in the 0% noise condition that is abolished with some level(s) of added 

noise (Figure 4.6A), a reflex response that is absent in the 0% noise condition and 

appears with some level(s) of added noise (Figure 4.6B) and a reflex response present 

in the 0% noise condition that changes in magnitude with some level(s) of added noise 

(Figure 4.6C). 

The average calculated reflex ratio of the study population was higher at the 

“optimal” noise level (8.61 ± 4.5) compared to “baseline” (4.70 ± 5.6), a statistically 

significant increase of 3.91 [95% CI = 1.67 to 6.30), t(19) = 3.600, p = 0.002, d = 0.805, 

a large-size effect (Cohen, 1988); Figure 4.7A] with power = 0.93. Optimal was most 

frequently seen at 100% (6/20 participants). However, the average reflex ratio was not 

significantly greater at any one noise level compared to “baseline” (F = 1.585, p = 0.186; 

Figure 4.7B). Neither fatigue (F = 1.312, p = 0.278) nor force of the probe (F = 3.750, p 

= 0.061) significantly influenced the response.  

The SR response (the difference between the reflex ratio at “optimal” and the reflex 

ratio at “baseline”) for the group was 3.98 ± 5.0. There was no significant difference 

between the SR response of the individuals showing an initial excitation response (4.35 

± 5.2) and those showing an initial inhibition response (3.53 ± 4.9), a statistically 

insignificant difference of 0.82 [95% CI = -3.98 to 5.62, t(18) = 0.358, p = 0.725, d = 0.161, 

a small-size effect (Cohen, 1988)] with power = 0.80. Neither change in MVC nor change 

in electrotactile threshold significantly influenced the group SR response [F(2, 14) = 



 

 

 

 

134 

0.037, p = 0.964, R = 0.072, adjusted R2= -14%, a small-size effect (Cohen, 1988)] with 

power = 0.81. 

The average latency of the reflex responses was 82.88 ± 6.5 ms at 0% noise and 

87.38 ± 10.8 ms at the “optimal” noise level. Latencies for the responses at the different 

noise levels varied from 76.02 ± 10.1 ms (at 100% noise) to 85.82 ± 10.0 ms (at 60% 

noise). The latency of the reflex response was not significantly different at “optimal” 

compared to “baseline” [95% CI = -0.918 to 9.92, t(9) = 1.879, p = 0.093, d = 0.594, a 

medium-size effect (Cohen, 1988)] with power = 0.71; nor was it significantly different at 

any one noise level compared to that in the 0% noise condition (F = 1.270, p = 0.297). 

In six of the 10 participants who were not considered to have a reflex response at 

0% noise, there was a reflex response that appeared, but it occurred at a later latency 

and the reflex response included in the SR response calculation was the one at the earlier 

latency. The average difference in time was 14 ms. 

4.4 Discussion 

 It is well-known that cutaneous stimulation applied to the foot sole and ankle can 

modulate muscle activity at the lower limb (Sherrington, 1910), and that noisy stimulation 

can improve sensorimotor outcomes (Collins et al., 1996, 1997; Liu et al., 2002; Ma et al., 

2016; Priplata et al., 2002; Sharma et al., 2020). It was our objective in this study to 

determine whether upper leg muscle activity can be modulated in response to calf skin 

stimulation, and whether SR can affect the cutaneous reflex modulation. Sixteen of our 

20 participants had a significant reflex response in the VL. All 20 participants showed a 

change in their reflex response with added vibrotactile noise at the calf and in 13 of these 

participants this change was considered an SR effect: in 10 participants a reflex not seen 

in the absence of noise appeared in the presence of noise and in three more participants 

an existing reflex at 0% noise increased in magnitude with some non-zero level of noise. 

A discussion of the results, and considerations for cutaneous reflex testing methodology, 

are found below. 
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4.4.1.1 Objective One: Does Calf Skin Stimulation Evoke a Reflex Response in the 
VL? 

As hypothesized, VL activity was modulated by calf skin cutaneous stimulation in 

16 of the 20 participants in this study. Since the magnitude of the background EMG 

significantly predicted the magnitude of the reflex response, as has been shown in other 

studies (Komiyama et al., 2000; Nakajima et al., 2006a), a reflex ratio was calculated and 

used for analysis. The average reflex ratio across the study population was approximately 

5% of the magnitude of the background EMG. This is an order of magnitude smaller than 

reflex ratios seen in the VL in other studies on foot sole stimulation [15 to 20 (Komiyama 

et al., 2000); 30 to 40 (Nakajima et al., 2006a)]. However, two factors influenced this 

difference. For one, participants in the other studies held a higher %MVC [1-60% 

(Nakajima et al., 2006a); 0-120 uV (Komiyama et al., 2000)]. For another, the location of 

the stimulation differed, which may have contributed to the smaller reflex ratios in the 

current study. Smaller responses at the upper leg are seen following foot sole cutaneous 

stimulation compared to ankle stimulation, likely because they represent smaller 

perturbations that would not need as much muscle activity to overcome (Zehr et al., 2014). 

It is unclear what the functional relevance of calf skin stimulation is during quiet stance 

and gait. 

Practically, it should be noted that the VL is typically active to between 

approximately 5 and 10% MVC during typical gait in healthy individuals (Lange et al., 

1996). In the current study population, background activity was approximately 13% of 

MVC, which is above what is required in gait and thus appropriately mimics a functional 

activation level. The reflex response (reflex response magnitude / MVC) was on average 

0.7% MVC. This is a very small contraction level and well below that seen in gait; again, 

this lack of clear functional relevance is likely the reason for the very small reflex 

response. 

The cutaneous reflex pattern varied between individuals, with half having an initial 

excitation response and half an initial inhibition response. There was no significant 

difference in reflex ratio amplitude between those with an excitation response and those 
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with an inhibition response, and participant height did not influence the response. In static 

postures, the VL is inhibited in response to (whole nerve) stimulation at the ankle (Burke 

et al., 1991; Komiyama et al., 2000) and (cutaneous) stimulation at the foot sole (Gibbs 

et al., 1995; Nakajima et al., 2006a). The inhibition is consistent for stimulation of several 

different nerves that cross the foot sole (reflex ratios of approximately 20% of background 

EMG following stimulation of the tibial, sural and superficial tibial nerves) (Komiyama et 

al., 2000) and several different areas of the foot sole [reflex ratios of approximately 30 to 

40% of background EMG (Nakajima et al., 2006a)]. Cutaneous reflexes in lower leg 

muscles typically reverse direction in response to foot sole stimulation at opposite regions 

(Nakajima et al., 2006a). In the TA, the ratio was a 60% excitation when the medial 

forefoot was stimulated and was a 40% inhibition when the heel was stimulated. In the 

Nakajima work, a location specificity and switching of signs did not occur in the VL, which 

was thought to be because of a reduced functional relevance of VL muscle activity during 

quiet stance (Nakajima et al., 2006a). 

One factor not accounted for in this study that may have led to the clear divide of 

excitatory and inhibitory responses was hip joint angle based on participant posture. For 

a participant who tended to lean back, the two-joint rectus femoris would be more 

relatively stretched than a participant slumping forward; the degree of stretch of 

surrounding muscles has the potential to influence muscle activity of the VL through 

changes in excitation to the motor neuron pool (MacKay-Lyons, 2002). Central pattern 

generators, which are groups of neurons that reflexively switch activity in a patterned way 

to allow for reflexive cyclic movement, can be modulated by muscle spindle input 

(MacKay-Lyons, 2002). In this example, a greater degree of stretch in the hip flexors 

(signaling the end of stance phase) may cause inhibition of the lower extremity extensors 

to help cue the switch to a flexor synergy (for swing) (MacKay-Lyons, 2002). This 

inhibition of the extensor group may have provided increased inhibitory post-synaptic 

potentials on the motor neuron pool of VL and a resultant inhibition in response to the 

cutaneous stimulation. This may explain why some participants experienced an inhibition 

of VL. 
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However, despite lower reflex magnitudes and a lack of site-specific reflex reversal 

occurring in the VL, some evidence suggests that cutaneous reflexes in the VL do have 

functional importance. In gait, cutaneous reflexes show functionally relevant patterns that 

are different from those seen in standing. One study directly compared VL activity in 

standing and in gait after ankle stimulation, with inhibition occurring during standing and 

excitation occurring in gait when considering average muscle activity throughout all gait 

cycle phases (Komiyama et al., 2000). Overall, activation of the VL and other muscles is 

varied and functional across the gait cycle (Haridas et al., 2005; Zehr et al., 1997, 1998). 

During healthy gait, the VL functions in two distinct phases. It is active eccentrically 

in the loading response to allow for knee flexion (shock absorption without collapse) and 

it is concentrically active in terminal swing to prepare for the demands of initial double 

limb stance (Haridas et al., 2005; R Los Amigos, 2001). Cutaneous reflexes in gait are 

thought to be used to preserve gait pattern and cadence in response to perturbations 

(Van Wezel et al., 1997). For example, the foot dorsum may contact an object that would 

present a tripping hazard while in the swing phase. This region is innervated by the 

peroneal nerve, so stimulation of the peroneal nerve at the ankle mimics the feedback an 

individual would receive in that scenario (Van Wezel et al., 1997). Thus, peroneal nerve 

stimulation during swing leads to inhibition of the tibialis anterior (inducing plantar flexion), 

excitation of the hamstrings and minimal responses in the rectus femoris (together 

inducing hip extension and knee flexion) (Van Wezel et al., 1997). This is one specific 

illustration of the functional aspect of cutaneous reflexes in gait. 

The VL, specifically, has an excitation response during the swing phase, and the 

degree of this excitation is correlated to the degree of knee flexion occurring in the same 

limb (Zehr et al., 1997). This excitation is also seen in the biceps femoris (Zehr et al., 

1997). This co-contraction is believed to act as a protective measure against large-scale 

perturbations if inadequate dorsiflexion causes foot contact in swing; increased knee 

stiffness due to co-contraction would help maintain smooth gait despite the ankle 

perturbation (Zehr et al., 1997). Further to this, the VL is also active to a greater extent in 

more challenging tasks that require a higher degree of balance control, such as having 
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the arms crossed and/or experiencing perturbations during gait (Haridas et al., 2005). 

Thus, with varying functions of VL throughout the gait cycle, the skin of the foot and leg 

may have differential outcomes on the response. 

4.4.2 Objective Two: Does Noise Modify the Reflex Response? 

As hypothesized, in the study population there was a statistically significant change 

in cutaneous reflexes with added noise compared to without noise. Perhaps most notable 

is our finding that those who did not have a reflex response in the absence of noise 

developed one in the presence of noise. SR and other sensory enhancement measures 

are known to have greater effects in those with suboptimal baseline measures (Callaghan 

et al., 2002; Hosp et al., 2015; Lamers et al., 2019; Stephen et al., 2012). In perception, 

there is a classic “SR curve” where no or small levels of noise are not effective at 

improving sensitivity, and too much additional noise is also not effective, but some 

intermediate level of noise is most effective (Collins et al., 1997). This concept might 

explain the results here. In all 10 of those who did not have a reflex in the absence of 

noise, noise adds information to the system to boost system performance thus causing a 

reflex to appear (Figure 4.8). Presumably, for the majority (7/10) of those who had a 

reflex in the absence of noise, the input into the system was already near optimal and the 

added noise reduced the effectiveness of the reflex. For the other 3/10 who had an 

increase in reflex magnitude with added noise, while a reflex existed in the absence of 

noise it may not have been optimized. Additionally, for those individuals for which noise 

decreased the magnitude of the reflex, there is the potential that this is a functional 

response as well because of the neural interconnectivity between reflex pathways 

(Nakajima et al., 2014). For some individuals, the optimal response of the system might 

be the absence of muscle activity in the VL; here, the added noise may have decreased 

VL activity through activation of inhibitory interneurons within the reflex pathway. 

 When comparing responses at the baseline noise level to responses at the optimal 

noise level across all participants, the optimal level of noise produced reflexes 

significantly larger in magnitude, as previous research from our group and others have 
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found with perceptual measures (Breen et al., 2014, 2016; Liu et al., 2010; Plater et al., 

2021). Conversely, there were no differences in reflex magnitude at any noise level 

compared to the no-noise condition; this has also been noted in other research and is 

thought to be due to variability of responses between individuals (Breen et al., 2014; 

Dhruv et al., 2002; Liu et al., 2010; Manjarrez et al., 2002, 2003; Plater et al., 2021). This 

variability does not appear to have to do with experimental factors (neither order of noise 

level presentation nor the force of the probe). Those studies that did find an optimal level 

across their population do not agree on a consistent level: for example, 33%, 50% (Wells 

et al., 2005), 75% (Kurita et al., 2013) and 90% (Cloutier et al., 2009) noise have all been 

reported as optimally effective levels. 

 As far as we are aware, only one other study has looked at SR effects on 

cutaneous reflexes (Sharma et al., 2020). Stimulating the heel in standing caused 

excitation in the soleus muscle and inhibition in the tibialis anterior muscle, and 20% noise 

most optimally enhanced the reflex (Sharma et al., 2020). The inability in the current study 

to elucidate one optimal level of noise that is most effective for reflex enhancement in the 

population may have to do with the lesser functional role of calf cutaneous input on VL 

muscle activity, compared to foot sole cutaneous input on lower leg muscle activity [as in 

(Sharma et al., 2020)]. The presence of a reflex also depended on the amount of 

background variability because it was only significant if it surpassed 2SD of background 

muscle activity. While the standard deviations of the background muscle activity appeared 

similar across noise levels within a single participant, there were some instances where 

there was a larger standard deviation at one noise level that may have precluded the 

inclusion of a reflex response at that level of noise. This did not occur frequently, though, 

and it was not consistently at a single noise level. 

Added input to the system in the form of subthreshold noise can have influences 

locally and centrally (Breen et al., 2014; Enders et al., 2013). Locally, because the 

stimulation is a 0-50 Hz mechanical vibration, the FAI mechanoreceptors are activated 

which have strong synaptic coupling with lower extremity muscles (Fallon et al., 2005; 

Peters et al., 2016, 2020). The (electrotactile) reflex and the (vibrotactile) noise are of 
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different modalities, however, so it is unlikely that they are additive in the periphery; more 

likely, they are both contributing to excitatory or inhibitory postsynaptic potentials (EPSP 

and IPSP respectively) at the spinal cord. Whether these responses are EPSPs or IPSPs 

appear to vary between participants. For excitation, when noise causes an increase in 

activity this is likely due to noise evoking an EPSP; when noise causes a decrease in 

activity this is likely due to an IPSP added to the system (i.e., greater activation of 

inhibitory interneurons). The reverse is true for inhibition. 

The most notable potential confounding factor in this study was fatigue. 

Participants’ MVCs were assessed at the beginning of the study and at the end, and the 

final MVC (as assessed as EMG since force was not measured directly) was on average 

78% of the initial MVC value, with a range of 44% to 97%, which was a statistically 

significant decrease. Participants were visibly becoming fatigued (and many reported this 

verbally) from early in the study, so this result is not unexpected. However, statistically, 

there was no influence of fatigue on reflex amplitude. Cutaneous stimulation at the foot 

sole has been shown to mitigate fatigue to plantar flexor muscles (Smith et al., 2020); 

perhaps the EMG response during the latter stages of the experiment (with added noise) 

was mitigated by the cutaneous noise input, but the later MVC that was conducted in the 

absence of noise did not experience that benefit and was thus lower without influencing 

the actual test trials. 

In the above fatigue study, an isometric plantar flexion contraction at 30% MVC 

was held for approximately 7 minutes in the presence of noise at the foot sole and 8 

minutes in the absence of noise before task failure (Smith et al., 2020). The current study 

had participants hold a 15% MVC for approximately 3 minutes at a time with breaks of at 

least 2.5 minutes in between. There was no notable task failure throughout; participants 

consistently met the line for 15% MVC and on average held 13% MVC which is close for 

a visual matching task. However, cumulative fatigue below the level picked up by task 

failure may have occurred in Part One, where five trials were done all together and MVC 

was not assessed immediately following these trials. There may have been fatigue at this 

stage, and participants recovered in the longer break between Part One and Part Two, 
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and the longer breaks at 50, 80 and 110 mins (Figure 4.2) when PT was re-assessed. 

This fatigue may have contributed to the difference seen in some participants between 

the no-noise condition in Part One and the 0% noise condition in Part Two. 

Another possible reason fatigue was not shown to influence the results was that 

this study measured EMG as a proxy for force. EMG increases with fatigue to maintain a 

constant level of force (Gandevia, 2001), but it was EMG that participants were holding 

constant throughout testing. It was possible that force was declining but this was not 

measured in the current setup. With fatigue, different (larger) motor units are recruited as 

the smaller ones lose their ability to generate force effectively (Gandevia, 2001). It is 

unknown whether cutaneous stimulation has differential effects on motor units of different 

sizes. 

There was a trend towards a longer latency in the optimal noise condition (~87 ms) 

compared to the baseline condition (~83 ms) but this was not significant. Individual levels 

of noise had average latencies ranging from 76 to 86 ms. A greater magnitude coupled 

with a shorter latency could indicate activation of larger motor units with a greater degree 

of stimulation, as the motor neurons associated with larger motor units have faster 

conduction velocities (Sherrington, 1910). However, this was not seen across the 

population (i.e., latency and magnitude did not correlate). This result may simply reflect 

the very small numbers seen here, as not every participant had an effect at any given 

noise level. In any case, these reflexes fell well within the chosen window, so we are 

confident that they are middle latency reflexes. Additionally, the latencies of the reflex 

responses with noise were different enough from the later-latency reflexes appearing in 

the 0% noise condition (an average difference of 14 ms) that we can be confident that 

they were different reflexes rather than a time shift of the same reflex. 
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4.4.3 Methodological Considerations 

 Several considerations must be made when undertaking a study testing cutaneous 

reflexes. Assumptions are often made regarding the target of the stimulation (while there 

are several tissue layers at the stimulation site) and the expected length of the pathway 

(where exact latency windows vary across studies). 

4.4.3.1  Stimulation Target 

            Reflexes can be generated by muscle afferents as well as cutaneous ones (Zehr 

& Stein, 1999). Multiple peaks in an EMG trace following stimulation may indicate multiple 

reflex (and other) responses from different afferent types, which have different latencies 

based on stimulation location and nerve conduction velocity (Zehr & Stein, 1999). 

Notably, muscle spindle activity could occur based on the stimulation used here. While 

the stimulation target was skin over the calf, stimulating this location could have also 

stimulated tibial and sural nerves and their various branches as well as the superficial 

gastrocnemii and/or soleus muscles. However, this is unlikely because of the anatomical 

structure of the region (i.e., stimulation was distal to where the tibial nerve dives deep; 

purely cutaneous branches exist more superficially in this specific region (Bisschops & 

Lavallee, 2016; Hanyu-Deutmeyer & Pritzlaff, 2020); and the low intensity of stimulation 

(spindles require a greater amount of stimulation than that provided in this study) (Aniss 

et al., 1990). Additionally, while some participants exhibited significant reflexes earlier 

and/or later than the MLR window, there was not a consistent reflex in the early latency 

(~50 ms) across participants, as spindle stimulation would have produced (Aniss et al., 

1990). Five of the 20 participants had a reflex at ~50 ms and all of these were inhibition 

responses. Finally, no radiating sensations were reported, which further suggests that 

nerve trunks were not stimulated (Nakajima et al., 2006a). 

4.4.3.2 Length of Pathway & Latency 

            The specific path length in this study (from stimulation at the calf site to recording 

at the VL) has not been studied before pertaining to cutaneous reflex generation. 

Research suggests that the path length of the recorded reflex makes a difference to the 
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latency of the response, albeit a small one (Burke et al., 1991; Gibbs et al., 1995; Tax et 

al., 1995). One study reported that, on the afferent end of the loop, the time difference 

between toe stimulation and ankle stimulation is approximately 10 ms, and on the efferent 

end the time difference between these locations is approximately 5 ms (Burke et al., 

1991). VL nerve paths have been studied previously in response to stimulation at various 

locations (Gibbs et al., 1995; Komiyama et al., 2000), with latencies between 60ms (with 

toe stimulation) and 75 ms (with ankle stimulation). Thus, there is a need to adjust the 

latency window somewhat to account for the difference in path length, but the 

inconsistencies between studies and the lack of reporting of exact recording locations 

make confidence in an optimal response window difficult. 

            Fallon et al. (2005) stimulated the popliteal fossa and recorded at the calf (Fallon 

et al., 2005). Comparing this result to a previous paper with a middle latency reflex window 

of 70-120 ms, stimulating at the ankle and recording at the calf (Aniss et al., 1992), they 

noted that their window would be 0.25 m shorter and, with a conduction velocity of the 

tibial nerve of 50 m/s, shorter by ~5 ms (Fallon et al., 2005). Thus, their window would be 

65-115 ms. Compared to the Fallon paper, our afferent pathway is approximately 0.1 m 

longer (10 cm below the popliteal fossa) and our efferent pathway is approximately 0.35 

m shorter (15 cm above patella + 15 cm below fibular head + room in between). Therefore, 

our assumed window is just under 5 ms shorter than the Fallon paper; that is, 60-110 ms. 

We chose this as the window rather than the 55-115 ms calculated above to be more 

selective and to reduce the chances of picking up early latency reflexes such as those 

from spindles. This is 10 ms earlier than typical middle latency cutaneous reflexes of the 

lower limb with foot or ankle stimulation and lower leg recording (e.g. Nakajima et al., 

2006; Zehr et al., 2014) to account for the more proximal stimulation and recording 

locations and therefore shorter path length than any other study reviewed above. 
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4.4.4 Conclusions 

 This study was the first to show reflex coupling between the calf and the thigh. 

Most participants showed a cutaneous reflex response in the VL in response to cutaneous 

stimulation at the calf. Additionally, an SR effect on cutaneous reflexes was illustrated 

using subthreshold vibrotactile noise. Notably, subthreshold noisy stimulation can 

produce cutaneous reflexes that do not exist in the absence of noise. However, in those 

who had a reflex response in the absence of noise, responses varied, with the magnitude 

of the response being increased in 3 participants and decreased in 7 participants. 

Cutaneous reflexes, therefore, may be a new avenue by which SR can be effective but 

limitations exist around the variability between individuals. 

Further research could be undertaken in a lower extremity amputation (LEA) 

population who have a lower baseline sensitivity. In those with transtibial LEA who use a 

prosthesis, the posterior calf skin studied here is used functionally as the interface 

between the individual and the socket. Thus, its function is similar to the skin of the foot 

sole in those with intact limbs.  In this context, more consistent reflex responses might be 

present, as the individual’s nervous system adapts to the functional relevance of the new 

input in this region. What we have shown is that the substrate exists for this reflex 

connection between the calf skin and functional activation of the VL. If in an LEA 

population more consistent results can be attained, SR may have the potential to be used 

to enhance muscular responses to skin stimulation in wearable technology for this 

population. 

  



 

 

 

 

145 

TABLES – STUDY 3 

 

Table 0–1 - Change in MVC and perceptual thresholds over the course of the experiment. Columns 
indicate approximate time periods that assessments were done. Columns indicate time points 
where assessments were completed (also see Figure 4.2). Not all assessments were done at each 
time point. Values in italics indicate the percent change of the value compared to the first time it 
was assessed (e.g. for Average MVC: % change from baseline = MVC at ~140 mins / MVC at ~0 
mins). MVC = maximal voluntary contraction, EPT = electrotactile perceptual threshold, VPT = 
vibrotactile (noise) perceptual threshold, V = Volts. 

Approx Time At ~0 

mins 

At ~50 

mins 

At ~80 

mins 

At ~110 

mins 

At ~140 

mins 

Average MVC (V) 0.236 ± 

0.097 
   

0.177 ± 

0.060 

% change from 

baseline 
    77.70 ± 12.2 

Average EPT (V) 
16.61 ± 7.8 18.23 ± 8.4 19.60 ± 8.3 19.45 ± 8.4 21.11 ± 8.1 

% change from 

baseline 
 

112.36 ± 

19.2 

123.26 ± 

25.6 

122.62 ± 

25.7 

153.39 ± 

20.8 

Average  VPT 

(arbitrary units) 
 23.9 ± 17 15.4 ± 4 20.1 ± 10 26.3 ± 19 

% change from 

baseline 
  

80.95 ± 

30.5 
98.01 ± 46.0 

118.23 ± 

75.0 
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Table 0–2 - Reflex ratios for all subjects for all levels of noise. Columns indicate noise levels (% 
EPT). Optimal noise (greatest absolute magnitude at a non-zero noise level) is denoted in bold. An 
SR effect was identified if A: in the absence of a reflex response at 0% noise there was a reflex 
response that appeared at some level of noise (denoted by *), or B: in the presence of a reflex 
response in the 0% noise condition, the reflex response at some level of noise increased the 
magnitude of this response (denoted by **). Direction indicates the direction of the response: E = 
excitation response, I = inhibition response. N = 20. In those with a response at 0% noise, values 
at other noise levels are expressed as a difference from the value at 0% noise (light grey cells). 

Subject 0% 20% 40% 60% 80% 100% Direction 

A: cases where there was no reflex response at 0% noise 

2       5.61* I 

5      7.15*   I 

8    10.13*   6.24 I 

10   7.85 6.72  6.86 9.84* E 

12   5.53*      E 

13   6.71 4.50 6.42 7.11* 6.75 E 

14       5.04* E 

15       3.21* E 

17    3.82   4.13* I 
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19   5.87 8.94*     I 

B: cases where there was a reflex response at 0% noise 

1 7.20 1.93    2.91** I 

3 19.00 -1.73 -6.61 -9.03 -9.96 -6.15 I 

4 5.01 3.54 3.20 0.37 1.75 2.09 E 

6 9.00 -0.50 -1.21 -0.68  -4.12 E 

7 5.75  15.76** 1.61    E 

9 9.03  -2.90  -2.70   I 

11 9.87  -2.68 -4.03  -5.28 I 

16 13.69 -5.80 -0.04   -3.34 E 

18 6.48 -6.48      E 

20 9.00      -2.67 -2.64* E 
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FIGURES – STUDY 3 

 

 

Figure 0-1 - Participant setup for the duration of the experiment. A: anterior view of participant 
sitting on the custom-made box with the right leg strapped to the front of the box. This strap 
provided resistance against which the participant conducted isometric knee extension during the 
trials. Electrodes are visible on the vastus lateralis (VL), rectus femoris (RF) and patella (ground); 
electrodes were also placed on the semitendinosus (ST) and biceps femoris (BF). The stand 
holding the vibration apparatus is also visible on the left. B: lateral view of participant sitting on 
the custom-made box; the adjustable vibration apparatus was placed inside the hollow box in a 
configuration where the probe protruded through a hole cut into the anterior wall of the box. This 
design allowed for calf vibration while providing a solid barrier against the calf moving posteriorly 
and bumping into the vibration apparatus. C: posterior view of the leg to illustrate stimulation 
locations; the two stimulating electrodes providing the electrotactile input were placed 
approximately 5 cm apart so that the vibrating probe could contact the skin between them. In this 
way, both vibrotactile and electrotactile stimulation could be applied to the same location 
throughout testing. 
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Figure 0-2 - Testing protocol with a legend at the top and an approximate timeline at the bottom. 
Maximal voluntary contractions (MVCs) are indicated by the light grey bars and were completed at 
the beginning and end of the session. Electrotactile and vibrotactile perception testing (EPT and 
VPT, respectively) are indicated by the medium and dark grey bars respectively and were 
completed several times throughout. White boxes indicate blocks of testing, with “number of 
trials x noise level” indicated (e.g., “5 x 0N” means five trials with no noise). Each trial was 
approximately 3 minutes long and contained 200 stimulus trains (5 x 1 ms pulses, inter-pulse 
interval = 3 ms, inter-train interval = 800-1000 ms randomized). Two and a half minutes’ rest was 
given between trials. No-noise trials were completed first to establish whether there was a reflex 
at the calf (Objective 1). Then, noise trials were performed to determine the presence of an SR 
effect (Objective 2). The order of levels (0%, 20%, 40%, 60%, 80%, 100% noise) was randomized 
but the two trials at a single noise level were completed consecutively to allow for processing. N1 
indicates the first level tested, N6 indicates the last level tested; these numbers represent 
temporal order rather than noise level. The whole experiment took approximately 2.5 hours. 
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Figure 0-3 - Data from all individual participants illustrating the spike-trigger averaged EMG traces 
for the reflex response in the absence of noise, generated from 5 trials of 200 pulse trains (total 
1000 stimulations). Time is on the x-axis and EMG magnitude is on the y-axis. Grey bars indicate 
the 60-110 ms post-stimulus time window of interest for reflexes in this study. The legend at the 
top left represents the scale. Black arrows indicate the first significant reflex response. Thin 
dashed lines indicate the 2 SD of background EMG window outside of which reflexes were 
considered significant; reflexes had to pass above or below the grey region for at least 5 ms. Data 
are grouped by direction of response: excitation (N = 8), inhibition (N = 8), and no response (N = 
4). 

 

 



 

 

 

 

151 

 

Figure 0-4 - Scatterplot illustrating the linear regression analysis for all participants who had a 
significant reflex response (N = 16). The regression was run comparing the average background 
EMG in the 100 ms prior to stimulation (12.87 ± 2.0% of MVC) and the reflex response in the 60 - 
110 ms post-stimulation window (7.08 ± 0.4% of MVC). The analysis was significant, p = 0.049, with 
a medium effect size (R = 0.5) and power = 0.81. 
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Figure 0-5 - Comparison between the reflex ratios of individuals with an initial excitation response 
(5.29 ± 3.4; N = 8) and those with an initial inhibition response (5.54 ± 1.7; N = 8). Black dots 
represent individual data points and black bars represent group means. Ratios were calculated as 
the value of the first significant reflex response (reflex response/MVC) divided by the average 
background activity (background/MVC). There was not a significant difference between groups, p 
= 0.858, with a small effect size (d = 0.091) and power = 0.80. 
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Figure 0-6 - Individual data from three example participants (A through C) illustrating the spike-
trigger averaged EMG traces for the reflex response at different noise levels, generated from 2 
trials of 200 pulse trains. Time is on the x-axis and EMG magnitude is on the y-axis. Grey bars 
indicate the 60-110 ms post-stimulus time window of interest for reflexes in this study. The legend 
at the top left represents the scale. All responses from a single participant are stacked along one 
column (from top to bottom, responses at 0%, 20%, 40%, 60%, 80% and 100% noise). Black arrows 
and vertical dashed lines indicate the first significant reflex response. Thin horizontal dashed 
lines indicate the 2 SD of background EMG window outside of which reflexes were considered 
significant; reflexes had to pass this line for at least 5 ms. A: An excitatory reflex response is 
present at 0% noise (top trace); SR abolishes the reflex response at 60% and 80% noise. B: No 
reflex response is present at 0% noise; SR at 20%, 40%, 60%, 80% and 100% generate an 
excitatory reflex response. C: An inhibitory reflex response is present at 0% noise; SR decreases 
its magnitude at 60%, 80% and 100% noise. 
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Figure 0-7 - Comparison between the reflex ratios of individuals with different levels of added 
noise. Black dots represent individual data points and black bars represent group means. Ratios 
were calculated as the value of the first significant reflex response (reflex response/MVC) divided 
by the average background activity (background/MVC). A: Comparison between the “baseline” 
condition (no noise; 4.70 ± 5.6) and the “optimal” condition (highest value in a noise condition; 
8.61 ± 4.5). The reflex ratio was significantly greater in the “optimal” condition compared to the 
“baseline” condition (p = 0.002), with a large effect size (d = 0.805) and power = 0.93. B: 
Comparison between the no-noise (0% noise) condition and the different noise conditions (20%, 
40%, 60%, 80% and 100% VPT). There were no significant differences between noise conditions, p 
=0.186. 
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Figure 0-8 - Illustration of the classic “stochastic resonance (SR) curve” showing that significant 
effects of SR occur at moderate levels of noise (illustrated by the grey shaded region). The x-axis 
is the intensity of noise provided in the experiment, which ranges from no noise to the intensity 
corresponding with vibration perceptual threshold (VPT) for the individual. For the purposes of 
this illustration, the actual points along the x-axis are arbitrary and would differ for each 
individual. The y-axis is the magnitude of the reflex response, with data points in the grey shaded 
area being considered significant as noted in the legend. Points A to D and the corresponding 
arrows represent four possible effects that SR could cause in an individual, depending on their 
starting point along the curve, as described in the legend.  
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Chapter 5: General Discussion 

5.1 Research Summary 

 The overall aim of this thesis was to evaluate the effectiveness of stochastic 

resonance (SR) in the hairy skin of the calf. This included both whether an effect could 

be evoked and whether there was an optimal noise level, relative to each individual’s 

baseline level, that leads to the greatest enhancement in sensory function. This is an 

important first step towards the application of SR in a lower extremity amputation (LEA) 

population, as little is known about the effects of SR in hairy skin such as that of the 

residual limb in LEA. Individuals with LEA would benefit from sensory augmentation 

techniques such as SR to enhance balance and gait and to reduce skin breakdown and 

phantom limb sensations (DeFranco, 2018; Ku et al., 2014; Li et al., 2015; Sanders et al., 

2017). 

 The purpose of Study 1 was to assess whether remote electrotactile noise at the 

posterior thigh can enhance the perception of a vibrotactile stimulus at the calf (analogous 

to the skin of the residual limb in transtibial LEA). An SR effect appeared to be present in 

hairy skin: 40% of participants demonstrated an SR effect in response to the electrotactile 

noise. Averaged across participants, individuals’ optimal noise level significantly 

improved perception compared to perception in the absence of noise, as seen in previous 

studies (Breen et al., 2014, 2016; Liu et al., 2010). However, there was no consistent 

optimal level across the population, in support of what has been reported previously 

(Breen et al., 2014, 2016; Liu et al., 2010). Additionally, we found no differences in the 

SR effect between ages or modalities. There was a difference in SR effect between 

locations, with the heel showing the greatest SR effect at 100%, but it was noted that 

many participants in the heel group had scores in the no-noise condition suggesting that 

the vibrotactile stimulus (meant to be 90% of PT) was above PT. In fact, in approximately 

33% of individuals in the entire study, results indicated that PT had drifted over the course 

of the experimental protocol such that they were perceiving the vibrotactile stimulus with 
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no added noise. This was concerning and led us to conduct a methods study to try to find 

a method to reduce the occurrence of the PT drift. 

 The purpose of Study 2 was to compare various methods of testing PT and testing 

SR to determine whether the results were similar with respect to variability, threshold drift 

and lack of optimal noise level. Contrary to our hypotheses, none of the tested methods 

found an optimal noise level and a more objective testing approach did not minimize the 

number of participants demonstrating clear PT drift. Additionally, the method that took the 

shortest time showed evidence of false positive results: statistically significant differences 

in perception between baseline and optimal noise levels were also seen when the same 

protocol was run with no added noise. It appears that subjectivity and attention play a 

large, unavoidable role in the outcomes of PT testing, which led us to conduct a final study 

using a more objective outcome measure that is not based on perception. 

 The purpose of Study 3 was to determine whether cutaneous reflexes exist in the 

vastus lateralis in response to stimulation of the skin of the calf, and whether SR could 

modify these reflexes. As hypothesized, significant muscle activity was evoked in the VL 

in the majority (80%) of participants. While this specific reflex loop has not been studied 

previously, VL muscle activity is inhibited in response to stimulation at the ankle (Burke 

et al., 1991; Komiyama et al., 2000) and the foot sole (Gibbs et al., 1995; Nakajima et al., 

2006a). Notably, response direction varied: half of the participants had an excitation 

response and half had an inhibition response, unlike the consistent directions seen in 

reflexes from foot sole stimulation (Gibbs et al., 1995; Nakajima et al., 2006a). 

Additionally, as hypothesized, vibrotactile noise modulated the reflex in all participants. 

Participants with an existing reflex saw a modulation as was seen in one other study at 

the foot sole (Sharma et al., 2020), with three participants having an increase in reflex 

magnitude in the same direction, six having a decrease in reflex magnitude in the same 

direction and one having a reflex reversal. Participants without an existing reflex in the 

absence of noise gained a reflex response with added noise. However, there was no 

optimal level of noise across the population, contrary to 20% noise being optimal in a 

previous study examining reflexes in the plantar flexors (Sharma et al., 2020). 
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 Overall, we can conclude that while the above findings suggest that SR may be  

effective in the hairy skin of the leg, limitations exist in its testing. Notably, there is a large 

amount of variability between individuals, with no one optimal level that is consistent 

across the population. This variability was initially proposed to be due to inherent 

limitations with using perception as an outcome measure, but the variability persisted in 

the more objective measure of cutaneous reflexes. Additionally, changes that occur with 

SR are small and inconsistent across all tested measures. The implications and 

applications of this will be discussed below. 

5.2 Considerations for Interpreting the SR Literature 

The first and second studies in this thesis highlights the drawbacks of using 

perception as an outcome measure, indicating that caution should be used when reading, 

interpreting and conducting perceptual SR research. The results from Study 2 are very 

different from results reported elsewhere using a similar protocol that show low levels of 

variability and clear SR effect patterns (Wells et al., 2005); a limitation of the Wells paper 

is that the protocol appeared to take several hours. It is very clear from psychophysical 

research, as discussed earlier and in other literature (e.g., Green & Swets, 1966), that 

attention is a large factor in perceptual variability, and PT drifts over time. Of particular 

concern was the null testing in the final experiment in Study 2, where variability in the 

absence of noise still evoked statistically significant differences between no noise and 

sham “noise” conditions. This appeared in the VPT experiment with 11 noise levels but 

not in the %correct experiment with 6 noise levels, so may be a result of a comparison 

across many levels. Thus, a conclusion at the end of the second study was that perception 

may not be the best way to test for an SR effect due to its inherent limitations. 

However, high variability and the lack of an optimal noise level was also seen in 

our third study, which used a non-perceptual outcome measure. Other recent research in 

SR has discussed these points as well in the context of noisy galvanic vestibular 

stimulation influencing postural sway; while participants had optimal noise levels, they 

were not the same across the population (Assländer et al., 2021; White et al., 2019). 
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These authors concluded that this lack of a consistent optimal level calls to question 

whether an improvement in an outcome measure is in fact driven by noise rather than 

simply random variability compared across many noise levels (Assländer et al., 2021). 

The “null checks” that were done in Study 2 suggest that using 6 noise levels as described 

in Experiment Two was robust to the potential of a type 1 error, but that using 11 noise 

levels as described in Experiment Four was not. Other tests can be done in future to 

further test these assumptions in the face of the high variability – including modelling 

individual participants’ SR curves against previously-described mathematical models of 

SR as in (Assländer et al., 2021). Ultimately, the findings in this project series suggest 

that SR testing in general going forward must ensure that its methods are robust through 

using one or more methods to avoid the potential of a type 1 error (e.g., null testing). 

Another key component in interpreting these results in the context of SR is that, 

while significant changes were seen in the outcome measures, these changes were very 

small. It is unknown whether the changes would translate into a meaningful change in 

clinical populations. What is currently missing in this area of research is a minimal 

clinically important difference (MCID) value for these assessments to establish a 

meaningful cutoff score. MCID scores are used in clinical practice to relay whether a 

change in an outcome measure reflects a meaningful change for the patient (Cook, 2008). 

To use the current work as an example, if a difference in VPT in the presence of noise in 

comparison to in its absence is larger than the established MCID for VPT, this indicates 

that perception is improved in a meaningful way in the population. Research can be 

informed in part by cutoff scores; for example, in the clinical assessment of diabetes 

mellitus, the diagnosis of peripheral neuropathy includes the inability to detect 10 grams 

of force via Semmes-Weinstein monofilaments (Yang et al., 2022).  

While lacking a MCID, these changes are likely not large enough to make a clinical 

difference. A specific example of this was the increase in reflex magnitude of 0.7% of 

MVC in Study 3, well below the muscle activity seen in gait as described above. This is a 

major limitation for the application of SR going forward. In the studied population, it does 

not appear that SR has a strong enough benefit that we can advocate for its use as a 
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sensory augmentation technique. However, as noted above, there is the potential that 

less variability would be seen in a LEA population as these individuals use this skin to a 

much greater functional extent. To conclude whether SR may be effective in LEA, testing 

must be done in that specific population. 

5.3 Testing for an SR Effect in LEA 

Most research that tests for the SR effect does so in one of two different ways: 1) 

perception and 2) functional measures (namely balance and/or gait parameters). In this 

thesis, perception and cutaneous reflexes were used as outcome measures. Initially, 

perception was used to be consistent with the large body of literature on this outcome 

measure; cutaneous reflexes were used in later stages as a more objective technique. 

No research has indicated one “best” way to test for an SR effect. We will argue here that 

the choice is context-dependent and, using LEA as an example, depends on the major 

challenges that the population of interest faces due to sensory loss. 

There is some evidence to suggest that SR is more effective in those with poorer 

baseline measures (e.g., balance ability, sensation) such as older individuals and those 

with diabetes (Dettmer et al., 2015; Hijmans et al., 2008; Priplata et al., 2003; Stephen et 

al., 2012). In Project 1, SR was not shown to be more effective in older individuals 

compared to younger individuals, but the average age of the older group (~62 years), 

their good health and their relatively high fitness level (the majority were avid hikers and/or 

tennis players) may not have best captured the influence of aging on sensory ability, 

which declines faster starting in the eighth decade of life (Perry, 2006). Older individuals 

with one or more comorbidities would be more likely to have greater benefit from a 

sensory augmentation technique such as SR.  

Individuals with LEA are an ideal population with which to test the effectiveness of 

SR. Not only do these individuals typically have comorbidities that lead to decreased 

sensation (e.g., aging, diabetes, peripheral vascular disease) (Imam et al., 2017; 

Kraiwong et al., 2019; Peters et al., 2016), they also use a different type of skin to provide 

context of the surface through an interface with the prosthetic socket (i.e., hairy leg skin) 
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(Mahns et al., 2006). This thesis acts as a proof-of-concept to gain a better understanding 

of the role of hairy skin as a possible conduit of the SR effect. The results indicate that 

noisy stimulation may improve these outcome measures in this region of skin, even 

though hairy leg skin does not typically act as an interface with the ground. 

Sensory augmentation of the interface skin is important in LEA, as in other 

populations, for many practical reasons. Most studied is the ability of SR to improve 

balance and gait parameters, leading to a decreased risk of falls (Aboutorabi et al., 2017; 

Dettmer et al., 2015; Lipsitz et al., 2015; Zhou et al., 2016). While individuals with LEA 

experience balance and gait deficits, there are other potential benefits to increasing 

sensation at the residual limb specific to this population including reduction in skin 

breakdown and possible reduction of phantom limb pain. As with falls risk, these factors 

significantly impact the quality of life of those with LEA and will be discussed below as 

they relate to this thesis and SR in general. 

First, if individuals with LEA are better able to feel their residual limb, they will be 

less likely to develop skin complications that occur from increased pressure and shear 

forces on insensate skin (Khaodhiar et al., 2003; Reiber et al., 1998). Skin sensation, and 

its augmentation through SR, can be measured readily with the perceptual measures 

outlined in Projects 1 and 2. Much of SR research assesses perception (Cham et al., 

2018; Collins et al., 1997; Kurita et al., 2013), which reflects the common assumption that 

perception can act as a proxy for neural output and function (Collins et al., 1997; Iliopoulos 

et al., 2014; Khaodhiar et al., 2003; Kurita et al., 2013). Additionally, perceptual outcome 

measures appear to be relatively simple to assess and interpret. However, this thesis 

highlights the limitations of using perception to assess for SR effects. One, many of the 

methods used have a high degree of subjectivity. Two, perceptual drift occurs in longer 

protocols despite more objective measures. Three, a high degree of inter-individual 

variability, even at the very functional region of the foot sole, does not allow for a “one 

size fits all” approach. The implications of these limitations in perceptual research have 

been discussed earlier and will be expanded upon in a later section. 
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Second, SR-mediated increases in skin sensitivity improve balance and gait 

parameters, ultimately leading to a lesser risk of falls (Cham et al., 2016; White et al., 

2019; Woo et al., 2017). Both cutaneous sensation (measured by perception in Studies 

1 and 2) and reflexes (Study 3) contribute to balance control and gait. Cutaneous 

sensation gives information about location and movement of the centre of pressure 

(Kennedy & Inglis, 2002; Shumway-Cook & Woollacott, 1995) as well as providing 

conscious feedback about foot contact and stability limits (Kennedy & Inglis, 2002; Perry 

et al., 2000). Cutaneous reflexes play a role in balance and gait preservation, with 

different results depending on how the cutaneous input is interpreted: as increased 

pressure signaling body sway (Kavounoudias et al., 1998, 2001), as a stimulus to 

withdrawal from (Nakajima et al., 2006a), or more complex, phase-dependent roles during 

gait (e.g., Zehr et al., 2014; Zehr & Stein, 1999). There are many other systems involved 

in balance control as well that could contribute to SR and non-SR effects (e.g., the visual 

and vestibular systems) (Assländer et al., 2021; White et al., 2019). Therefore, in balance 

and gait measures, while both perception and cutaneous reflexes contribute, reflexes may 

contribute to a greater extent as they respond faster to possible perturbations, earlier than 

the earliest voluntary motor control (Fallon et al., 2005; Zehr et al., 2001). 

Third, while this has not been directly studied, it is possible that SR may reduce 

the occurrence of phantom limb pain in LEA. Phantom limb pain is thought to result from 

the deafferentation that occurs with amputation, leading to disorganized and spontaneous 

activity in the brain region associated with the amputated body region (Giummarra et al., 

2007). Phantom limb pain may be reduced by stimulation of the residual limb and 

functional training because this feedback represents more natural afferent feedback 

(Giummarra et al., 2007); for example, pressure feedback during prosthesis use is a 

natural sensation that the residual limb skin can relay to the brain region and may override 

the spontaneous neural activity that causes pain. Thus, sensory augmentation has the 

potential to reduce phantom limb pain by increasing the amount of natural information 

provided to the brain from the residual limb. As phantom limb pain is a percept, and not 
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directly associated with one specific neural input (Giummarra et al., 2007), perception is 

the most appropriate outcome measure by which to assess for improvements here. 

Altogether, when deciding how best to test SR in LEA, these three functional 

outcomes (balance/gait, skin breakdown and phantom limb pain) should be considered. 

Which outcome measure best predicts functional improvement in LEA: perception, 

cutaneous reflexes, balance, gait, or something else entirely? Ultimately, the goal of SR 

in the residual limb in LEA is to increase the information provided to the interface to 

minimize the negative impact of a suboptimal interface. This information includes skin 

health as well as limb and prosthesis position in space. Thus, perception appears to be 

the most wholesome assessor of LEA function because it assesses the ability of the 

individual to monitor skin health and it provides greater sensation to surrounding regions 

to help overcome phantom limb sensations. However, poorer perception is associated 

with reduced reflex coupling strength, and both are associated with poorer balance in 

aging (Peters et al., 2016). Thus, since these outcomes all predict each other in the aged 

population that most individuals with LEA fall into, the choice of assessment technique is 

not crucial for understanding SR effects in LEA. Thus, it appears that cutaneous reflexes 

can be used as a proxy for perception and function in this context. Considering the 

limitations of perception discussed thus far and the similar findings between the 

perception and reflex studies in this thesis (i.e., no optimal level found for perception or 

reflexes), we recommend the more objective technique of cutaneous reflex assessment 

for SR studies in LEA going forward. 

5.4 Practical Applications of SR as Sensory Augmentation in LEA 

The major practical application of SR is wearable technology to enhance the user’s 

interaction with their environment (Cham et al., 2016). Many basic prototypes of vibrating 

insoles have shown promise in improving measures of balance and gait (Aboutorabi et 

al., 2017; Chien et al., 2015; Dettmer et al., 2015; Keshner et al., 2014; Lipsitz et al., 

2015; Priplata et al., 2003; Zhou et al., 2016) through sensory augmentation at the foot 

sole. 
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However, as far as we are aware wearable technologies making use of SR through 

subthreshold tactile stimulation are not being marketed for the general population. There 

are many considerations that likely limit its practical value, including some considerations 

discussed earlier as they relate to SR: 1) There would be a high cost for the user, where 

there is already a high cost for prosthetic development. 2) If the device is highly complex 

it might be bulky, uncomfortable and inconvenient, taking too long to don and doff (i.e., 

put on and take off). A prosthetist who advised our research group noted anecdotally that 

a device would not be used if it took longer than 10 minutes to don and doff. 3) As 

previously mentioned, it is not clear from the literature whether there is a clinically 

significant improvement in the outcomes measured. Statistical significance across a 

population does not directly infer a change that would be functionally meaningful to 

individual patients. Due to this, companies may not feel it is worth it to market the 

technologies. 4) The inter-individual variability seen in the projects in this thesis and in 

the literature makes application challenging. PT and optimal noise levels are different 

between individuals, so PT would need to be assessed prior to device use. PT drifts over 

time, so it would need to continually be reassessed throughout use to ensure continual 

optimal benefit. This would likely take a significant amount of time. 5) Hardware and 

software limitations might limit practicality as well. For one, battery life is a limiting factor. 

For another, the small vibrating probes commercially available only allow amplitude to be 

adjusted coupled with frequency (Kim et al., 2018), so isolating a specific frequency would 

be impossible because amplitude must be individually adjusted. Isolation of a specific 

frequency is important if the user wishes to target a specific type of mechanoreceptive 

afferent, as the different afferents respond best to different frequency ranges as 

discussed in Chapter 1. It is no surprise, considering these factors, that SR devices have 

yet to become commercially available. 

If less variability is found with testing the SR effect in LEA, some recommendations 

can be made based on the information gained from this thesis. 1) To minimize cost and 

complexity, electrodes should be used that can be incorporated directly into the prosthetic 

socket or liner. Electrotactile noise is the modality of choice because Project 1 found no 
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difference in effectiveness between vibrotactile and electrotactile stimulation, and an 

electrotactile stimulus would avoid the limitations of amplitude-frequency coupling and 

stimulate all afferent types equally (Hao et al., 2015). However, it must be noted that 

electrotactile noise would not be ideal if attempting to target one specific afferent pathway 

(e.g., FA1) over others. 2) Full SR testing needs to be conducted, including noise PT 

assessment, prior to use of the device. Projects 1, 2 and 3 all found that the optimal level 

of noise is individual, so cannot be assumed without direct testing. Further, it would be 

ideal to test for the SR effect using cutaneous reflex assessment. 3) Ideally, a wearable 

device would incorporate a system in which noise PT is continually assessed to account 

for drift over time, and then amplitude adjustments are made automatically. However, this 

step is where the application becomes questionable: Project 2 showed that PT changes 

very quickly, so this reassessment would have to be done very often throughout device 

use, at least once per hour. 

5.5 Future Directions 

Although in the current state of the literature SR has limited practical applications, 

there are steps that can be taken to possibly allow for its use in wearable technologies in 

the future. As noted above, this thesis describes proof-of-concept work only. The major 

future direction other researchers can take is to test SR in a LEA population. We 

recommend using cutaneous reflexes as the best assessment technique, as findings 

between perception and cutaneous reflexes were similar in this thesis and there are 

inherent limitations to perceptual testing. Using other objective measures such as postural 

sway may show promise as well, as previous SR research in glabrous skin has found SR 

effective in improving these outcomes (Gravelle et al., 2002; Priplata et al., 2002) and 

one group found stimulation of the hairy skin to improve balance in an LEA population 

(Lee et al., 2007). 

Study 3 highlighted that cutaneous reflexes are linked to the functional role of the 

stimulated skin region. The inability to find one consistent direction of reflex response in 

the current study may be related to the lack of direct functional linkage of calf skin 
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stimulation to balance control. In those with LEA who use a prosthesis, there will be a 

much stronger functional role for this skin (i.e., as the interface) which may lead to a 

consistent direction of cutaneous reflex response. Thus, some further research questions 

that can be addressed include: 1) Is there a clear direction of reflex response in LEA to 

cutaneous stimulation of the skin of the residual limb? 2) How quickly after amputation 

does this clear response develop? 3) How do cutaneous reflexes in this region compare 

across postures (e.g., sitting versus standing versus walking)? Project 3 assessed 

reflexes in sitting as proof-of-concept because this is the position in which reflex 

magnitude is typically strongest and most consistent (Gibbs et al., 1995; Nakajima et al., 

2006a). Assessing cutaneous reflexes in standing could provide information on whether 

there is an increase in reflex gain that relates to a change in balance parameters. 

Assessing cutaneous reflexes in gait could provide information on whether there is phase-

dependent modulation. 

Beyond testing in LEA, considerations should be made for perceptual SR testing 

in future. Repeatability and null testing should be undertaken and reported when 

conducting perceptual SR measures, to ensure that any differences seen in the outcome 

measure are in fact due to the presence of subthreshold noise. Further, MCID values 

should be established to gain a clearer picture of the functional relevance of SR-mediated 

improvements. According to the literature, MCID values can be assessed using statistical 

outcomes (e.g., effect size, minimal detectable change) or by comparing to another, more 

functional outcome measure; the latter allows the patients to be involved in its 

establishment as the outcome measure can be chosen as something meaningful to them 

(Rai et al., 2015). For VPT, MCID may be established by comparing individuals’ VPT to 

functional outcomes such as gait speed or recent falls history. 

5.6 Conclusion  

 This thesis has assessed the ability of noisy, subthreshold stimulation to improve 

perception and cutaneous reflexes in the hairy skin of the leg through the phenomenon 

of SR. Ultimately, subthreshold noisy stimulation may improve perception and modulate 
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cutaneous reflexes in hairy skin, but it is currently unclear if the sensory augmentation is 

functionally relevant. This series of studies has highlighted limitations with perceptual SR 

testing and SR testing in general. Thus, we cannot recommend SR as a sensory 

augmentation technique based on the current findings in this healthy population 

Furthermore, we caution conclusions from similar testing on healthy populations. Further 

work specifically in the LEA population, where this skin has high functional relevance, 

needs to be undertaken to further understand any functionally relevant augmentation that 

SR can contribute.
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APPENDICES 

Appendix 1 - Further details on the calculation of the reflex response window 

            The specific path length in this study (from stimulation at the calf site to recording 

at the vastus lateralis) has not been studied before pertaining to cutaneous reflex 

generation. Research suggests that the path length of the recorded reflex makes a 

difference to the latency of the response, albeit a small one (Burke et al., 1991; Gibbs et 

al., 1995; Tax et al., 1995). Following stimulation of the second toe, the earliest latencies 

of responses in lower leg muscles (TA = 61 ms, Soleus = 68 ms) were slightly later than 

the few responses seen in the “quadriceps” (60 ms) or even the erector spinae (60 ms), 

while the toe extensors’ response was much later (78 ms) (Gibbs et al., 1995). Burke et 

al. (1991) saw differences of 30 ms between the responses of BF and TA but noted that 

part of this latency difference may have been an earlier, opposite response seen in BF 

(Burke et al., 1991). Following stimulation of all three major nerves that cross the ankle, 

the earliest latency of TA (~75 ms) was less than that of upper leg muscles (BF = ~71 

ms, ST = ~66 ms, RF = ~72 ms) (Tax et al., 1995). Thus, on the afferent end of the loop 

the difference between the toe location and the ankle location was approximately 10 ms, 

and on the efferent end was approximately 5 ms (although exact locations of recording 

were often not stated and thus these are estimates). 

            Additionally, VL nerve paths have been studied previously in response to 

stimulation at various locations. Again, Gibbs et al. (1995) stimulated the second toe and 

saw a response in one participant, at the “quadriceps” (they did not specify which 

quadriceps muscle), at 60 ms latency (Gibbs et al., 1995). Komiyama et al. (2000) 

stimulated three major nerves at the ankle and saw the first response at a latency of 

around 75 ms (Komiyama et al., 2000). Interestingly, this is opposite from expected – the 

former is a longer loop than the latter but had a latency 15 ms earlier. 

            Some studies have recognized the need to adjust the window for path length 

(Gibbs et al., 1995), while others have noted that all stimulated nerves and all recorded 

muscles had similar latencies (Van Wezel et al., 1997). Van Wezel et al. (1997) noted 

small, inconsistent responses at 50 ms that significantly fell outside the chosen window 
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for analysis (Van Wezel et al., 1997). Taken together, the results presented in this section 

suggest the need to adjust the latency window somewhat to account for difference in path 

length, but the inconsistencies between studies and the lack of reporting of exact 

recording locations makes confidence in an optimal response window difficult. 

            Nielsen et al. (1997) used a combination of peripheral electrical stimulation and 

central transcranial magnetic stimulation to determine the latency of reflexes that include 

a transcortical loop (Nielsen et al., 1997). They stimulated at the ankle and measured TA 

responses and found middle-latency transcortical loops between 70 and 120 ms (Nielsen 

et al., 1997). Based on anthropometric data (Gordon et al., 1989) and assuming the TA 

recording was done 1/3 of the way from the fibular head to the medial malleolus, the 

length of their pathway was 2.8 to 3.45 m and the length of the pathway in this study was 

2.35 to 2.85 m. Assuming approximate conduction velocity of 50 m/s (Macefield et al., 

1989), the pathway here would be shorter by approximately 5-15 ms (55-115 ms). 

            Fallon et al. (2005) stimulated the popliteal fossa and recorded at the calf. 

Comparing this result to a previous paper with a middle latency reflex window of 70-120 

ms, stimulating at the ankle and recording at the calf (Aniss et al., 1992), they noted that 

their window would be 0.25 m shorter and, with a conduction velocity of the tibial nerve 

of 50 m/s, shorter by ~5 ms (Fallon et al., 2005). Thus, their window would be 65-115 ms. 

Compared to the Fallon paper, our afferent pathway is approximately 0.1 m longer (10 

cm below the popliteal fossa) and our efferent pathway is approximately 0.35 m shorter 

(15 cm above patella + 15 cm below fibular head + room in between). Therefore, our 

assumed window is just under 5 ms shorter than the Fallon paper; that is, 60-110 ms. We 

chose this as the window rather than the 55-115 ms calculated above to be more selective 

and to reduce the chances of picking up early latency reflexes such as those from 

spindles. This is 10 ms earlier than typical middle latency cutaneous reflexes of the lower 

limb with foot or ankle stimulation and lower leg recording (e.g. Nakajima et al., 2006a; 

Zehr et al., 2014) to account for the more proximal stimulation and recording locations 

and therefore shorter path length than any other study reviewed above. 
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