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Abstract 

Light touch sensitivity of the foot sole is typically measured when individuals are 

seated or lying down; yet, a critical function of foot sole cutaneous feedback is to support 

standing and walking activities. The objective of this study was to evaluate the 

differences in how individuals perceive light touch stimulation across the foot sole when 

they are in different postures. To accomplish this, we measured the light touch perceptual 

threshold(LTPT) in standing, seated, and supine postures in 19 volunteers (9 males), 

using Semmes-Weinstein Monofilaments. Perceptual thresholds were calculated at three 

foot sole locations (1st metatarsal, lateral arch, and heel) in each posture. Perceptual 

thresholds were significantly higher in the standing condition compared to the seated and 

supine conditions across all foot locations; perceptual thresholds were significantly 

higher while seated compared to supine only at the heel and not at the lateral arch or 1st 

metatarsal. Our results demonstrate that postural changes significantly influence 

sensitivity across the foot sole. Thus, performing perceptual threshold assessments on the 

foot sole while standing may offer more relevant insights into the capacity of foot sole 

cutaneous afferents to convey light touch information in conditions where such feedback 

plays a vital role in maintaining balance. 

Keywords 

Foot sole, Light touch perceptual threshold, Posture, Semmes-Weinstein Monofilaments, 

Sensory perception, Balance, Gait, Standing, Seated 
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Summary for Lay Audience 

How can humans manage to stay balanced while standing or walking, without 

consciously thinking about it? Our ability to do so comes down to how our bodies 

process sensory information from our environment, specifically from the soles of our 

feet. This thesis delves into how different body postures – standing, sitting, and lying 

down – affect our ability to sense stimulations at the foot sole, and what this might mean 

for how we currently understand balance and movement. Using Semmes-Weinstein 

Monofilaments, which are like very fine, calibrated fishing lines, we tested how easily 

people could feel light touches on three areas of their foot sole in three different postures. 

Our participants were a group of young adults who underwent a series of touch sensitivity 

tests. 

 We found that when standing, people were less sensitive to touch on their foot 

sole compared to seated or lying down, and less sensitive when seated than when lying 

down. This difference in touch sensitivity suggests that our posture plays a significant 

role in how we perceive sensory information from our feet. Understanding these 

differences can help us comprehend how our bodies maintain balance. Older adults and 

people who have had a stroke or have diabetes might have impaired sensitivity in their 

feet. So, these insights could help us better understand how sensation works at a 

fundamental level as a guideline for rehabilitation practices and balance-enhancing tools 

for people with impaired sensitivity. This research shines light on the complex interaction 

between our body posture and the sensory feedback from our feet, emphasizing its 

importance in our daily life for activities like standing and walking. The hope is that this 

study will help guide innovative strategies to improve balance in high-risk populations. 
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Chapter 1  

1 General Introduction 

Gait and balance are imperative in most humans’ daily lives. Visual, vestibular, 

and somatosensory systems each contribute to allow for movement and balance in our 

everyday lives. Sensory feedback from cutaneous afferents allow us to perceive, and 

make sense of sensory information that we gather from within our body, and environment 

at the level of the foot sole.1–5 What is not well understood is how both posture (body), 

and external stimuli (environment) intertwine and influence each other. To answer this 

question, we must first understand the mechanisms by which our body receives, 

interprets, and utilizes sensory information. 

1.1 Postural control 

Postural control is a complex and multimodal neural task, in which the goal is to 

maintain an upright orientation of the body and thereby the center of mass (COM) above 

the base of the foot support.6 Bodily systems that mainly contribute to postural control 

are the visual, vestibular, and somatosensory systems.4,7,8 The central nervous system 

(CNS) acts as a conductor, facilitating the interplay between each of these systems which 

allows for postural control even when the body encounters external stimuli.9,10 The role 

of each of these systems has been fairly well researched regarding the specific role that 

they play in balance control. The CNS plays a critical role in postural control by making 

sense of and acting upon continuous afferent information received on body position and 

orientation.7 Body sway is a common metric used to measure postural control throughout 



2 

 

 

 

various age demographics, and studies investigating different systems contributing to 

postural control.4,10(p2),11,12 Postural control has been shown to decline with age,11,13 

increasing the risk of falls, potentially leading to injury. Modulating postural control via 

one of the contributing systems (vision, vestibular, and somatosensory) would give us an 

avenue to offset the decline in postural control that comes with aging. First, we must first 

know how each system contributes to postural control. 

1.2 The role of the visual system in postural control 

The visual system is comprised of three distinct elements: the central, ambient, 

and retinal slip components.14,15 The central (also known as focal) aspect is primarily 

focused on perceiving the motion of objects and recognizing them.14 In contrast, the 

ambient, or peripheral element, is attuned to the motion within a scene and plays a 

predominant role in both the perception of self-movement and the regulation of posture.16 

Retinal slip, integral to the perception of motion conveyed to the CNS, serves as an 

indicator of an individual’s spatial displacement by the CNS, and is used as feedback for 

compensatory sway.14,17 The visual system has been speculated to be the predominant 

system in maintaining postural control.11,18 One avenue in which the visual system 

contributes to postural control is by providing critical information about the body’s 

position in relation to its environment, facilitating the detection of motion and guiding 

adaptive responses to maintain equilibrium.19 Gill et al., found that limiting the visual 

system in a two-legged stance task caused a 3-fold increase in trunk sway.13 Another 

study investigating the age-related differences in balance characteristics, found that all 

age groups (young, middle-aged, and older adults) were subject to increased body sway 
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with their eyes closed, however, the older adults were the most susceptible to increased 

body sway while limiting visual information.11 Quiet stance refers to a state of postural 

control where an individual maintains a standing position with minimal movement or 

sway. When comparing the central and peripheral aspects of vision, it has been suggested 

that peripheral rather than central vision plays an essential role in maintaining stable quiet 

stance.20 Individuals rely on their peripheral vision to visually stabilize both spontaneous 

(modulating the physical visual parameters (e.g. support surface)) and visually triggered 

sway (misinterpretation of visual flow due to self-motion or object motion (e.g. tilting 

room)), aiding in postural control.14 However, most individuals are still able to stand 

upright in the dark so vision cannot be working alone. 

1.3 The role of the vestibular system in postural control 

The vestibular system is comprised of three semicircular canals which sense 

rotational movements, and two otolith organs which sense linear accelerations.21,22 The 

vestibular system stands out among sensory systems due to its immediate integration of 

multisensory and multimodal inputs.23 For instance, it works in conjunction with the 

proprioceptive system, along with the corollary discharge associated with motor 

planning.23 This integration enables the brain to differentiate between self-initiated 

movements and passive movements of the head.23 The interplay between visual and 

proprioceptive inputs with the vestibular system via the central vestibular pathways is 

crucial for controlling both gaze and posture.23 Vestibular activity takes into account 

continuous motor and sensory information primarily received from the skin, muscles, 

joints, and eyes.23 In people with bilateral vestibular deficits, it has been shown that there 
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are changes in muscle recruitment dynamics (electromyography (EMG) amplitudes and 

muscle type) and they respond to balance perturbations 50% slower than young adults.24 

In another study also examining patients with bilateral vestibular loss, it was found that 

they are capable of maintaining balance on a platform that tilts at low frequencies even 

without visual cues for orientation; however, they are unable to maintain balance when it 

tilts at higher frequencies.25 This ability was credited to a mechanism called 

somatosensory graviception, involving the receptors in the feet that serve as an adjunct to 

vestibular graviception observed in people without sensory deficits. 

1.4 The role of the somatosensory system in postural 

control 

The soles of the feet are the sole contact point with the environment in an upright 

stance, making them particularly important in relaying information to the brain about our 

environment. This information is then utilized to regulate posture and gait.3,26–28 The 

ability to perceive sensory information from our surroundings is primarily due to the 

mechanoreceptors at the contact site of the skin and our environment, and while standing, 

it is the soles of the feet. A growing amount of literature suggesting that plantar 

cutaneous input is critical for the control of postural control and gait.29–31 Somatosensory 

inputs operate through short- or long-latency reflexes or by conveying information to the 

brain to modulate the neural circuits controlling balance and gait.32 Peripheral neuropathy 

can be described as damage to nerves in the periphery, potentially causing dysfunction in 

sensation and motor control.33 In a clinical environment, deficits in postural control are 

shown in patients with peripheral neuropathy, and stroke.34–36 Plantar-surface sensitivity 
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of the foot sole also deteriorates with age.37 It is also possible to modulate somatosensory 

afferent feedback from the mechanoreceptors of the foot. Cooling or anaesthetizing the 

soles of the feet while in an upright stance has been shown to increase postural sway.38,39 

It has also been shown that reducing plantar sensation via local cooling significantly 

modifies gait patterns.40 The mechanoreceptors in the soles of the feet not only play a role 

in postural control, but also postural awareness.1 This is likely due to the strong synaptic 

coupling from the afferents in the feet and the muscles that supply the leg allowing for 

quick adjustments to meet changing posturing demands.2 However, these postural 

adjustments do not just involve the lower extremity. Research has shown that stimulation 

of low-threshold mechanoreceptors on the foot dorsum can reflexively activate 

motoneurons supplying muscles in the upper extremity.41 Stimulating the sural nerve, 

responsible for sensation in the outer foot and heel, or tibial nerve near the ankle, at a 

level just above the motor threshold without causing pain, provokes reflex responses in 

many muscles in the lower legs.42,43 The latency of these reflexes are longer than a 

monosynaptic reflex. They may either enhance or suppress muscle activity and vary 

depending on the body’s position (whether standing, sitting, or lying down). The effects 

of such stimulation also differ from one muscle to another and between different muscle 

fibers, highlighting the extensive and intricate nature of these neural influences. 

The role of somatosensation on postural control can also be demonstrated via 

artificially enhancing or worsening postural performance via the foot sole. For example, 

switching the surface of a shoe insert from a smooth to a noticeably textured material can 

modify the activity of muscles in the lower limb during gait.44 This implies that the 

sensory input from the cutaneous receptors on the bottom of the foot enhances postural 
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control during movement.44–46 Other research has also found that mechanical stimulation 

of the foot sole enhances postural stability.47 Subsensory vibratory stimulations have also 

been used to reduce gait variability in older adults45, and suprasensory vibratory 

stimulations have been used in custom insoles to reduce postural sway and gait 

variability.48,49 The underlying mechanisms of this phenomenon are not fully understood 

but have been hypothesized to be due to increasing sensory feedback to centers in the 

brain and spinal cord that control the rhythmicity of movement.48 The ability to 

efficiently and effectively modulate postural control and gait parameters using the 

somatosensorial properties of the foot sole provides reason for future research to further 

understand how this system works in other naturalistic settings. 

1.5 Posture and somatosensation 

The influential role posture has on somatosensation of the foot sole is fairly new 

and not well understood, although thought to be a combination of peripheral and central 

nervous system factors. Peripherally, previous literature has examined touch perception 

on the foot sole in both dorsi- and plantar-flexion in various locations long the foot 

dorsum and sole.50 It was found that in regards to touch sensitivity, the foot sole was 

significantly more sensitive in plantar flexion compared to dorsiflexion. These changes 

were thought to occur due to changes in skin mechanics such as skin stretch. There has 

also been research examining vibratory perceptual threshold (VPT) differences in 

standing and sitting postures across the heel and metatarsals on the foot sole.26 Across all 

frequencies targeting each type of mechanoreceptor, and foot sole locations, VPT was 

higher in the standing posture compared to the seated posture indicating a lower 
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sensitivity while standing. These differences are thought to be attributed to tissue 

stiffness differences due to the increased pressure on the foot sole, which may alter the 

stimulation transmission to the cutaneous afferents.51 Possible adaptation to static 

pressure while standing may also influence the foot’s ability to respond to dynamic 

stimulation.51 Although, the latter is unlikely due to FA afferents filtering static stimuli 

and preferentially responding to dynamic stimuli,52 and differences in skin properties 

being more associated with perceptual thresholds regarding stimuli targeting FA 

afferents.53  Centrally, stimulation detection thresholds may be modified with changes in 

posture, similar to the gating of tactile feedback,54 as well as the increase in threshold that 

occurs during muscle contraction and movement in monkeys,55 and humans.56 In brain 

imaging research, unlike the hand,57 it was shown that the foot has relatively low 

somatotopic selectivity.58 Therefore, most stimulations at one foot sole region will likely 

co-activate other regions such as the toe, sole, and heel somatotopic areas in the primary 

somatosensory cortex.58 This may be relevant in explaining the differences in perceptual 

threshold between postures due to the body not being able to easily distinguish between 

stimulation at a specific foot site compared to the additional sensation associated with 

standing. Interestingly, this co-activation was not as prominent when stimulating the calf 

and thigh which may be less associated with upright stance and walking.58 This is 

reflected by the more specific activations activation patterns compared to foot 

stimulation, and the absence of foot somatotopic area activation. 
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1.6 Properties of glabrous skin foot mechanoreceptors 

The cutaneous receptors within the skin provide sensory feedback through four 

types of mechanoreceptors, each with distinct characteristics.59 These receptors include 

Meissner corpuscles (fast adapting type 1 (FA1)), Pacinian corpuscles (fast adapting type 

2 (FA2)), Merkel discs (slow adapting type 1 (SA1)), and Ruffini endings (slow adapting 

type 2 (SA2)). FA afferent fibers are particularly sensitive to the rate of change of 

mechanical stimuli; they tend to fire in the dynamic phases of skin indentation (onset and 

offset of the stimulus). However, firing ceases during sustained indentation. SA afferents 

continue to fire during sustained stimulus indentation and skin stretch.59–61 Based on their 

respective field sizes, SA and FA afferents can be further divided into type 1 and type 2 

receptors.62 The receptive field of a mechanoreceptor can be described as the area of skin 

that when stimulated, causes the associated afferent nerve(s) to fire. Receptive fields are 

defined as the area where a sensory afferent nerve responds to a stimulus (e.g. 

indentation) force that is four to five times its firing threshold.62 Type 1 receptive fields 

tend to be small with distinct borders, while type 2 tend to be larger with less defined 

borders.62,63 SA1 receptors primarily detect sustained pressures and underlie the 

perception of form and roughness on the skin,64 whereas SA2 receptors primarily respond 

to skin stretch.65 FA1 receptors tend to respond to light touch such as flutters66 and slips 

on the skin.67 FAII receptors are unique in that they can sense light perpendicular touch 

and are extremely sensitive to stimuli applied within and adjacent to their receptive fields, 

as well as respond to blowing across the skin.63,68  
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The same classes of mechanoreceptor afferents innervate both the glabrous skin 

of the hands and the feet.69,70 However, there are some distinct differences and 

similarities in their properties and distribution. The mechanoreceptors in the glabrous 

skin of the hand and feet are similarly separated by firing threshold, but the thresholds are 

much lower (~10 fold) on the palm of the hand than on the foot sole.68,69,71 There is also a 

lower proportion of SA receptors in the foot than in the palm of the hand.69,72 These 

differences make sense logically if one considers the functionality of both the hands and 

the feet. Higher thresholds may be beneficial for the high forces the feet endure during 

standing and gait, and lower thresholds for the hands for manipulating objects and fine 

motor control. Receptive fields have been shown to be smaller in the hands than those in 

the foot sole.61,68,71  In the hand, it has been shown that there is a higher concentration of 

SA1 afferents in the tips of the fingers in comparison to the palm of the hand, suggesting 

the importance of high sensory feedback needed for fine movement at the fingers.72 Type 

1 afferents most densely innervate the toes, then the lateral arch, then the lateral 

metatarsals; FA2 afferents most densely innervate the lateral arch, then the big toe, then 

the middle metatarsals; SA2 afferents most densely innervate the lateral metatarsals, then 

the toes, then the lateral arch. In the feet, there is a significant proximal-distal distribution 

gradient, with the most cutaneous afferents being located in the toes, than in the 

metatarsals/arch and heel, and more in the metatarsals/arch than in the heel.68 These 

findings are primarily driven by concentrations differences for type 1 afferents, with FA2 

and SA2 afferents having a more uniform distribution, similarly to what has been shown 

in the hand.72 However, there is a difference in the medial-to-lateral cutaneous afferent 

distribution on the foot sole compared to the hand. The lateral portion of the metatarsals 
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had significantly more FA1 afferents than the medial portion, with SA1, SA2, and FA2 

afferents having a uniform distribution.68 For the arch, there was more SA1 and FA1 

afferents on the lateral side than both the middle and medial side, with FA2 and SA2 

having a uniform distribution.68 The high receptor density in the toes and lateral border of 

the foot sole might suggest these areas are important sensory locations for standing 

balance. Within the hand, reflexive control of hand muscles are thought to be associated 

with the hands structure (SA2 mechanoreceptors) and the interaction with held objects 

(FA1 mechanoreceptors), potentially assisting in object handling.73 In the foot, reflexive 

control of lower leg muscles are most likely connected to information about making 

contact with the ground (FA1 mechanoreceptors) and continuous ground support contact 

(SA1 mechanoreceptors), likely assisting in indicating various stages of walking and the 

reflexive management of posture.2  

Previous research has demonstrated a positive correlation between skin hardness 

and firing rate of FA afferents and perceptual thresholds on the foot sole.63 However, skin 

hardness and epidermal thickness do not fully account for the variations in sensitivity 

across the foot sole.53 The density of cutaneous afferents within the foot sole contribute to 

the differences in tactile sensitivity (ability to detect small changes in stimulus intensity) 

and acuity (ability to detect the spatial differences between stimulations)between 

different foot areas, but is unlikely to be the sole determining factor.68 

1.7 Sensation and perception of the foot sole 

It is important to distinguish the difference between sensation and perception. 

Sensation occurs when sensory receptors detect sensory stimuli, whereas perception 
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involves the organization, interpretation, and conscious experience of those sensations.74 

Therefore, although our perceptions are built from sensations, not all sensations result in 

perception. As previously alluded to, foot mechanoreceptors are also responsible for 

initiating motor responses to somatosensory stimulation, also known as reflex coupling.2 

When discussing reflex coupling it is crucial to differentiate between the perceptual 

threshold of the foot sole, and the threshold that induces reflex coupling, typically 

measured with EMG. It has been shown that activity of low-threshold mechanoreceptors 

in the glabrous skin of the foot can initiate reflexes that increase ongoing EMG activity in 

muscles that act on the ankle.2,42,75 Unlike the hand in which SA1 receptors did not show 

any reflex coupling, all four types of mechanoreceptors in the sole of the foot are capable 

of reflex coupling.2,76 It has been shown that there is no difference between the firing 

thresholds of FA1 and FA2 afferents and perceptual threshold at the foot sole. In contrast, 

SA1 and SA2 afferents were significantly less sensitive than the perceptual threshold 

across the foot sole.63 This finding suggests that it is the FA afferents that dictate the 

perceptual threshold of the foot sole rather than SA afferents. Being able to modulate 

ongoing EMG activity with somatosensory stimulation provides a potent avenue for 

bettering current and creating new rehabilitation practices. 

1.8 Tools for perceptual threshold testing 

Two of the most common tools used in perceptual threshold research are 

Semmes-Weinstein Monofilaments, and custom machines using a vibrating probe to 

stimulate the skin. The former would provide information on a LTPT, and the latter a 

VPT. The key differences between the two tools are specificity, portability, and 
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complexity. Using vibrations, one can be very specific with the frequency used to 

stimulate. This is beneficial due to being able to preferentially activate each type of 

mechanoreceptor.26,77,78 Whereas, monofilaments are limited to the physical limitations of 

how fast the investigator can stimulate, and the inability to stimulate at pressures between 

the calibrated monofilament pressures. Regarding portability, monofilaments are small, 

take up very little space, and thus, very portable compared to custom vibration machines 

that are often large, and potentially heavy. Lastly, the complexity between the two is 

drastically different. Researchers tend to have to build their own machine with a motor 

and probes, therefore, requiring knowledge on not only how to build the machine, but 

also create the code to make it functional. Comparatively, monofilaments are very simple 

to use, and are more of a turnkey tool for researchers. Monofilaments are also much 

easier for clinicians to use with patients, so research using this tool may be more 

clinically applicable. To choose which tool to use, one must consider the research 

question, budget, technical and engineering savviness, and study design. 

Semmes-Weinstein Monofilaments are a well-established and commonly used 

tool in sensory testing in humans both with and without disease. Perceptual threshold 

testing is one of the main use cases for the monofilaments.63 It is important to note that 

perceptual threshold testing is not an “all-or-none” phenomenon, therefore, a threshold is 

typically defined as a stimulus intensity that is detected 50% of the time.79 The gold 

standard for perceptual threshold testing is the method of constant stimuli. This method 

can be described as five or more stimuli that are presented at least 20 times each, in a 

random order.80 This method is quite time consuming which may lead to inaccurate 

responses in the latter part of the study session or participants may start to lose focus as 
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time goes on which may negatively influence the results. It is not uncommon for studies 

to examine multiple foot locations,26,50,53,63 consequently, using this method would in 

turn, create a very long protocol. Alternatively, what is commonly used is an adaptive 

procedure, in which the next stimulus intensity is dependent on the previous response of 

the participant; this adaptive procedure is also referred to as a 4-2-1 stepping algorithm.81 

The initial steps between monofilament intensities are large and gradually decrease with 

each response to a given stimulus. This allows the investigator to zone in on a 

participant’s perceptual threshold quickly and accurately. Not only does this reduce the 

amount of time spent collecting data, but also gives comparable results to the method of 

constant stimuli.80–83 However, this technique is not perfect. Given the nature of the 

algorithm, it subjects the results to anticipation bias. In attempts to mitigate this 

anticipation bias, an additional stepping algorithm is run simultaneously, and is alternated 

between.80 Additionally, variables such as environment humidity can also influence the 

force produced by each monofilament.80 It was shown that humidity differences can 

account for up to 35% difference between measured and calculated data; humidity 

differences disproportionately affect monofilaments with a higher pressure calibration 

than smaller. This highlights the importance of measuring and controlling environmental 

factors when using this tool. 
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1.9 Objective 

Understanding how posture influences perceptual threshold of the foot sole may 

provide useful information regarding mechanoreceptor functionality and have clinical 

implications for sensation recovery. Although studies have investigated the role of 

posture using VPTs in seated and standing, the underlying mechanisms as to why this 

occurs remains unknown and has yet to be tested using light touch stimulation on all 

major foot locations. Currently, no research has investigated standing LTPTs, or the 

lateral arch while standing in general. This thesis aims to determine whether the LTPT of 

the 1st metatarsal, lateral arch, and heel differs between standing, seated, and supine 

postures in young adults. Using a modified 4-2-1 stepping algorithm, this study will look 

at perceptual threshold differences for each foot location compared across all postures 

using Semmes-Weinstein Monofilaments. The main questions this thesis will address are 

as follows: 

1. Is there a significant difference in light touch perceptual threshold between 

postures for a given foot location? 

2. Is there a significant difference in light touch perceptual threshold between 

foot locations for a given posture?  

 

 



15 

 

 

 

1.10 References 

1. Roll R, Kavounoudias A, Roll JP. Cutaneous afferents from human plantar sole 

contribute to body posture awareness. NeuroReport. 2002;13(15):1957. 

2. Fallon JB, Bent LR, McNulty PA, Macefield VG. Evidence for Strong Synaptic 

Coupling Between Single Tactile Afferents From the Sole of the Foot and 

Motoneurons Supplying Leg Muscles. Journal of Neurophysiology. 2005;94(6):3795-

3804. doi:10.1152/jn.00359.2005 

3. Perry SD, McIlroy WE, Maki BE. The role of plantar cutaneous mechanoreceptors in 

the control of compensatory stepping reactions evoked by unpredictable, multi-

directional perturbation. Brain Research. 2000;877(2):401-406. doi:10.1016/S0006-

8993(00)02712-8 

4. Grace Gaerlan M, Alpert PT, Cross C, Louis M, Kowalski S. Postural balance in 

young adults: The role of visual, vestibular and somatosensory systems. Journal of the 

American Academy of Nurse Practitioners. 2012;24(6):375-381. doi:10.1111/j.1745-

7599.2012.00699.x 

5. Maki BE, Perry SD, Norrie RG, McIlroy WE. Effect of Facilitation of Sensation From 

Plantar Foot-Surface Boundaries on Postural Stabilization in Young and Older Adults. 

The Journals of Gerontology Series A: Biological Sciences and Medical Sciences. 

1999;54(6):M281-M287. doi:10.1093/gerona/54.6.M281 

6. Winter D. Human balance and posture control during standing and walking. Gait & 

Posture. 1995;3(4):193-214. doi:10.1016/0966-6362(96)82849-9 

7. van der Kooij H, Jacobs R, Koopman B, van der Helm F. An adaptive model of 

sensory integration in a dynamic environment applied to human stance control. Biol 

Cybern. 2001;84(2):103-115. doi:10.1007/s004220000196 

8. Ivanenko Y, Gurfinkel VS. Human Postural Control. Front Neurosci. 2018;12:171. 

doi:10.3389/fnins.2018.00171 

9. Johansson R, Magnusson M. Human postural dynamics. Crit Rev Biomed Eng. 

1991;18(6):413-437. 

10. Peterka RJ. Chapter 2 - Sensory integration for human balance control. In: Day 

BL, Lord SR, eds. Handbook of Clinical Neurology. Vol 159. Balance, Gait, and Falls. 

Elsevier; 2018:27-42. doi:10.1016/B978-0-444-63916-5.00002-1 

11. Liaw MY, Chen CL, Pei YC, Leong CP, Lau YC. Comparison of the Static and 

Dynamic Balance Performance in Young, Middle-aged, and Elderly Healthy People. 

2009;32(3). 



16 

 

 

 

12. van der Kooij H, van Asseldonk E, van der Helm FCT. Comparison of different 

methods to identify and quantify balance control. Journal of Neuroscience Methods. 

2005;145(1):175-203. doi:10.1016/j.jneumeth.2005.01.003 

13. Gill J, Allum JHJ, Carpenter MG, et al. Trunk Sway Measures of Postural 

Stability During Clinical Balance Tests: Effects of Age. The Journals of Gerontology 

Series A: Biological Sciences and Medical Sciences. 2001;56(7):M438-M447. 

doi:10.1093/gerona/56.7.M438 

14. Guerraz M, Bronstein AM. Ocular versus extraocular control of posture and 

equilibrium. Neurophysiologie Clinique/Clinical Neurophysiology. 2008;38(6):391-

398. doi:10.1016/j.neucli.2008.09.007 

15. Brandt Th, Dichgans J, Koenig E. Differential effects of central versus peripheral 

vision on egocentric and exocentric motion perception. Exp Brain Res. 

1973;16(5):476-491. doi:10.1007/BF00234474 

16. Dichgans J, Brandt T. Visual-Vestibular Interaction: Effects on Self-Motion 

Perception and Postural Control. In: Anstis SM, Atkinson J, Blakemore C, et al., eds. 

Perception. Springer; 1978:755-804. doi:10.1007/978-3-642-46354-9_25 

17. Rushton DN, Brandt T, Paulus W, Krafczyk S. Postural sway during retinal image 

stabilisation. Journal of Neurology, Neurosurgery & Psychiatry. 1989;52(3):376-381. 

doi:10.1136/jnnp.52.3.376 

18. Cohen H, Heaton LG, Congdon SL, Jenkins HA. Changes in Sensory 

Organization Test Scores with Age. Age Ageing. 1996;25(1):39-44. 

doi:10.1093/ageing/25.1.39 

19. Chaudhary S, Saywell N, Taylor D. The Differentiation of Self-Motion From 

External Motion Is a Prerequisite for Postural Control: A Narrative Review of Visual-

Vestibular Interaction. Front Hum Neurosci. 2022;16:697739. 

doi:10.3389/fnhum.2022.697739 

20. Berencsi A, Ishihara M, Imanaka K. The functional role of central and peripheral 

vision in the control of posture. Human Movement Science. 2005;24(5):689-709. 

doi:10.1016/j.humov.2005.10.014 

21. Purves D, Augustine GJ, Fitzpatrick D, et al. The Otolith Organs: The Utricle and 

Sacculus. In: Neuroscience. 2nd Edition. Sinauer Associates; 2001. Accessed March 

18, 2024. https://www.ncbi.nlm.nih.gov/books/NBK10792/ 

22. Day BL, Fitzpatrick R. The vestibular sytem. Current Biology. 2005;15(15). 

doi:https://doi.org/10.1016/j.cub.2005.07.053 

23. Angelaki DE, Cullen KE. Vestibular System: The Many Facets of a Multimodal 

Sense | Annual Review of Neuroscience. Published 13 2008. Accessed March 7, 2024. 

https://www-annualreviews-



17 

 

 

 

org.proxy1.lib.uwo.ca/doi/10.1146/annurev.neuro.31.060407.125555?url_ver=Z39.88-

2003&rfr_id=ori%3Arid%3Acrossref.org&rfr_dat=cr_pub++0pubmed 

24. Allum JH, Honegger F, Schicks H. The influence of a bilateral peripheral 

vestibular deficit on postural synergies. J Vestib Res. 1994;4(1):49-70. 

25. Maurer C, Mergner T, Bolha B, Hlavacka F. Vestibular, visual, and 

somatosensory contributions to human control of upright stance. Neuroscience Letters. 

2000;281(2):99-102. doi:10.1016/S0304-3940(00)00814-4 

26. Mildren RL, Strzalkowski NDJ, Bent LR. Foot sole skin vibration perceptual 

thresholds are elevated in a standing posture compared to sitting. Gait & Posture. 

2016;43:87-92. doi:10.1016/j.gaitpost.2015.10.027 

27. Maurer C, Mergner T, Bolha B, Hlavacka F. Human balance control during 

cutaneous stimulation of the plantar soles. Neuroscience Letters. 2001;302(1):45-48. 

doi:10.1016/S0304-3940(01)01655-X 

28. Kavounoudias A, Roll R, Roll JP. Foot sole and ankle muscle inputs contribute 

jointly to human erect posture regulation. J Physiol. 2001;532(Pt 3):869-878. 

doi:10.1111/j.1469-7793.2001.0869e.x 

29. Kavounoudias A, Roll R, Roll JP. The plantar sole is a ‘dynamometric map’ for 

human balance control. NeuroReport. 1998;9(14):3247. 

30. Zehr EP, Nakajima T, Barss T, et al. Cutaneous stimulation of discrete regions of 

the sole during locomotion produces “sensory steering” of the foot. BMC Sports 

Science, Medicine and Rehabilitation. 2014;6(1):33. doi:10.1186/2052-1847-6-33 

31. Meyer PF, Oddsson LIE, De Luca CJ. The role of plantar cutaneous sensation in 

unperturbed stance. Exp Brain Res. 2004;156(4):505-512. doi:10.1007/s00221-003-

1804-y 

32. Sinkjær T, Andersen JB, Ladouceur M, Christensen LOD, Nielsen JB. Major role 

for sensory feedback in soleus EMG activity in the stance phase of walking in man. 

The Journal of Physiology. 2000;523(3):817-827. doi:10.1111/j.1469-

7793.2000.00817.x 

33. Peripheral neuropathy - Symptoms and causes. Mayo Clinic. Accessed March 19, 

2024. https://www.mayoclinic.org/diseases-conditions/peripheral-

neuropathy/symptoms-causes/syc-20352061 

34. Inglis JT, Horak FB, Shupert CL, Jones-Rycewicz C. The importance of 

somatosensory information in triggering and scaling automatic postural responses in 

humans. Exp Brain Res. 1994;101(1):159-164. doi:10.1007/BF00243226 

35. Uccioli L, Giacomini PG, Monticone G, et al. Body Sway in Diabetic 

Neuropathy. Diabetes Care. 1995;18(3):339-344. doi:10.2337/diacare.18.3.339 



18 

 

 

 

36. Carey LM, Matyas TA, Oke LE. Sensory loss in stroke patients: Effective training 

of tactile and proprioceptive discrimination. Archives of Physical Medicine and 

Rehabilitation. 1993;74(6):602-611. doi:10.1016/0003-9993(93)90158-7 

37. Perry SD. Evaluation of age-related plantar-surface insensitivity and onset age of 

advanced insensitivity in older adults using vibratory and touch sensation tests. 

Neuroscience Letters. 2006;392(1):62-67. doi:10.1016/j.neulet.2005.08.060 

38. Significance of Pressor Input from the Human Feet in Anterior-Posterior Postural 

Control: The Effect of Hypothermia on Vibration-Induced Body-sway: Acta Oto-

Laryngologica: Vol 110, No 3-4. Accessed March 8, 2024. https://www-tandfonline-

com.proxy1.lib.uwo.ca/doi/abs/10.3109/00016489009122535 

39. Thoumie P, Do MC. Changes in motor activity and biomechanics during balance 

recovery following cutaneous and muscular deafferentation. Exp Brain Res. 

1996;110(2):289-297. doi:10.1007/BF00228559 

40. Eils E, Behrens S, Mers O, Thorwesten L, Völker K, Rosenbaum D. Reduced 

plantar sensation causes a cautious walking pattern. Gait & Posture. 2004;20(1):54-60. 

doi:10.1016/S0966-6362(03)00095-X 

41. Bent LR, Lowrey CR. Single low-threshold afferents innervating the skin of the 

human foot modulate ongoing muscle activity in the upper limbs. Journal of 

Neurophysiology. 2013;109(6):1614-1625. doi:10.1152/jn.00608.2012 

42. Aniss AM, Gandevia SC, Burke D. Reflex responses in active muscles elicited by 

stimulation of low-threshold afferents from the human foot. 

doi:10.1152/jn.1992.67.5.1375 

43. Burke D, Dickson HG, Skuse NF. Task-dependent changes in the responses to 

low-threshold cutaneous afferent volleys in the human lower limb. The Journal of 

Physiology. 1991;432(1):445-458. doi:10.1113/jphysiol.1991.sp018393 

44. Perry SD, Radtke A, McIlroy WE, Fernie GR, Maki BE. Efficacy and 

Effectiveness of a Balance-Enhancing Insole. The Journals of Gerontology: Series A. 

2008;63(6):595-602. doi:10.1093/gerona/63.6.595 

45. Galica AM, Kang HG, Priplata AA, et al. Subsensory vibrations to the feet reduce 

gait variability in elderly fallers. Gait Posture. 2009;30(3):383-387. 

doi:10.1016/j.gaitpost.2009.07.005 

46. Priplata AA, Niemi JB, Harry JD, Lipsitz LA, Collins JJ. Vibrating insoles and 

balance control in elderly people. The Lancet. 2003;362(9390):1123-1124. 

doi:10.1016/S0140-6736(03)14470-4 

47. Tramontano M, Piermaria J, Morone G, Reali A, Vergara M, Tamburella F. 

Postural Changes During Exteroceptive Thin Plantar Stimulation: The Effect of 



19 

 

 

 

Prolonged Use and Different Plantar Localizations. Front Syst Neurosci. 2019;13. 

doi:10.3389/fnsys.2019.00049 

48. Lipsitz LA, Lough M, Niemi J, Travison T, Howlett H, Manor B. A Shoe Insole 

Delivering Subsensory Vibratory Noise Improves Balance and Gait in Healthy Elderly 

People. Archives of Physical Medicine and Rehabilitation. 2015;96(3):432-439. 

doi:10.1016/j.apmr.2014.10.004 

49. Chen WM, Li JW, Geng X, Wang C, Chen L, Ma X. The potential influence of 

stochastic resonance vibrations on neuromuscular strategies and center of pressure 

sway during single-leg stance. Clinical Biomechanics. 2020;77:105069. 

doi:10.1016/j.clinbiomech.2020.105069 

50. Smith SGVS, Yokich MK, Beaudette SM, Brown SHM, Bent LR. Cutaneous 

Sensitivity Across Regions of the Foot Sole and Dorsum are Influenced by Foot 

Posture. Front Bioeng Biotechnol. 2022;9:744307. doi:10.3389/fbioe.2021.744307 

51. Fontanella CG, Carniel EL, Forestiero A, Natali AN. Investigation of the 

mechanical behaviour of the foot skin. Skin Research and Technology. 

2014;20(4):445-452. doi:10.1111/srt.12139 

52. Leung YY, Bensmaïa SJ, Hsiao SS, Johnson KO. Time-Course of Vibratory 

Adaptation and Recovery in Cutaneous Mechanoreceptive Afferents. Journal of 

Neurophysiology. 2005;94(5):3037-3045. doi:10.1152/jn.00001.2005 

53. Strzalkowski NDJ, Triano JJ, Lam CK, Templeton CA, Bent LR. Thresholds of 

skin sensitivity are partially influenced by mechanical properties of the skin on the 

foot sole. Physiol Rep. 2015;3(6):e12425. doi:10.14814/phy2.12425 

54. Chapman CE, Jiang W, Lamarre Y. Modulation of lemniscal input during 

conditioned arm movements in the monkey. Exp Brain Res. 1988;72(2):316-334. 

doi:10.1007/BF00250254 

55. Jiang W, Lamarre Y, Chapman CE. Modulation of cutaneous cortical evoked 

potentials during isometric and isotonic contractions in the monkey. Brain Research. 

1990;536(1):69-78. doi:10.1016/0006-8993(90)90010-9 

56. Chapman CE, Beauchamp E. Differential Controls Over Tactile Detection in 

Humans by Motor Commands and Peripheral Reafference. Journal of 

Neurophysiology. 2006;96(3):1664-1675. doi:10.1152/jn.00214.2006 

57. Martuzzi R, van der Zwaag W, Farthouat J, Gruetter R, Blanke O. Human finger 

somatotopy in areas 3b, 1, and 2: A 7T fMRI study using a natural stimulus. Human 

Brain Mapping. 2014;35(1):213-226. doi:10.1002/hbm.22172 

58. Akselrod M, Martuzzi R, Serino A, van der Zwaag W, Gassert R, Blanke O. 

Anatomical and functional properties of the foot and leg representation in areas 3b, 1 



20 

 

 

 

and 2 of primary somatosensory cortex in humans: A 7T fMRI study. NeuroImage. 

2017;159:473-487. doi:10.1016/j.neuroimage.2017.06.021 

59. Inglis JT, Kennedy PM, Wells C, Chua R. The role of cutaneous receptors in the 

foot - PubMed. Advances in experimental medicine and biology. 2002;508:111-117. 

60. Iggo A. CUTANEOUS AND SUBCUTANEOUS SENSE ORGANS. British 

Medical Bulletin. 1977;33(2):97-102. doi:10.1093/oxfordjournals.bmb.a071432 

61. Knibestöl M. Stimulus—response functions of rapidly adapting mechanoreceptors 

in the human glabrous skin area. The Journal of Physiology. 1973;232(3):427-452. 

doi:doi: 10.1113/jphysiol.1973.sp010279 

62. Vallbo AB, Johansson RS. Properties of cutaneous mechanoreceptors in the 

human hand related to touch sensation. Hum Neurobiol. 1984;3(1):3-14. 

63. Strzalkowski NDJ, Mildren RL, Bent LR. Thresholds of cutaneous afferents 

related to perceptual threshold across the human foot sole. Journal of 

Neurophysiology. 2015;114(4):2144-2151. doi:10.1152/jn.00524.2015 

64. Johnson KO, Hsiao SS. Neural mechanisms of tactual form and texture 

perception. Annu Rev Neurosci. 1992;15:227-250. 

doi:10.1146/annurev.ne.15.030192.001303 

65. Torebjörk HE, Ochoa JL. Specific sensations evoked by activity in single 

identified sensory units in man. Acta Physiol Scand. 1980;110(4):445-447. 

doi:10.1111/j.1748-1716.1980.tb06695.x 

66. Talbot WH, Darian-Smith I, Kornhuber HH, Mountcastle VB. The sense of 

flutter-vibration: comparison of the human capacity with response patterns of 

mechanoreceptive afferents from the monkey hand. J Neurophysiol. 1968;31(2):301-

334. doi:10.1152/jn.1968.31.2.301 

67. Johansson RS, Westling G. Signals in tactile afferents from the fingers eliciting 

adaptive motor responses during precision grip. Exp Brain Res. 1987;66(1):141-154. 

doi:10.1007/BF00236210 

68. Strzalkowski NDJ, Peters RM, Inglis JT, Bent LR. Cutaneous afferent innervation 

of the human foot sole: what can we learn from single-unit recordings? Journal of 

Neurophysiology. 2017;120. doi:10.1152/jn.00848.2017 

69. Kennedy PM, Inglis JT. Distribution and behaviour of glabrous cutaneous 

receptors in the human foot sole. J Physiol. 2002;538(Pt 3):995-1002. 

doi:10.1113/jphysiol.2001.013087 

70. Jones LA, Smith AM. Tactile sensory system: encoding from the periphery to the 

cortex. WIREs Systems Biology and Medicine. 2014;6(3):279-287. 

doi:10.1002/wsbm.1267 



21 

 

 

 

71. Johansson RS, Vallbo ÅB, Westling G. Thresholds of mechanosensitive afferents 

in the human hand as measured with von Frey hairs. Brain Research. 

1980;184(2):343-351. doi:10.1016/0006-8993(80)90803-3 

72. Johansson RS, Vallbo AB. Detection of tactile stimuli. Thresholds of afferent 

units related to psychophysical thresholds in the human hand. The Journal of 

Physiology. 1979;297(1):405-422. doi:10.1113/jphysiol.1979.sp013048 

73. Modulation of ongoing EMG by different classes of low‐threshold 

mechanoreceptors in the human hand. Accessed March 11, 2024. 

https://physoc.onlinelibrary.wiley.com/doi/10.1111/j.1469-7793.2001.01021.x 

74. Jhangiani R. Sensation and Perception. In: Introduction to Psychology I. 

75. Gibbs J, Harrison LM, Stephens JA. Cutaneomuscular reflexes recorded from the 

lower limb in man during different tasks. The Journal of Physiology. 1995;487(1):237-

242. doi:10.1113/jphysiol.1995.sp020874 

76. McNulty PA, Macefield VG. Modulation of ongoing EMG by different classes of 

low-threshold mechanoreceptors in the human hand. The Journal of Physiology. 

2001;537(3):1021-1032. doi:10.1111/j.1469-7793.2001.01021.x 

77. Toma S, Nakajima Y. Response characteristics of cutaneous mechanoreceptors to 

vibratory stimuli in human glabrous skin. Neuroscience Letters. 1995;195(1):61-63. 

doi:10.1016/0304-3940(95)11776-S 

78. Johansson RS, Landstro¨m U, Lundstro¨m R. Responses of mechanoreceptive 

afferent units in the glabrous skin of the human hand to sinusoidal skin displacements. 

Brain Research. 1982;244(1):17-25. doi:10.1016/0006-8993(82)90899-X 

79. Rolke R, Baron R, Maier C, et al. Quantitative sensory testing in the German 

Research Network on Neuropathic Pain (DFNS): Standardized protocol and reference 

values. PAIN. 2006;123(3):231. doi:10.1016/j.pain.2006.01.041 

80. Berquin AD, Lijesevic V, Blond S, Plaghki L. An adaptive procedure for routine 

measurement of light-touch sensitivity threshold. Muscle & Nerve. 2010;42(3):328-

338. doi:10.1002/mus.21689 

81. Dyck PJ, O,Brien PC, Kosanke JL, Gillen DA, Karnes JL. A 4, 2, and 1 stepping 

algorithm for quick and accurate estimation of cutaneous sensation threshold. 

Neurology. 1993;43(8):1508-1508. doi:10.1212/WNL.43.8.1508 

82. Collins S, Visscher P, De Vet HC, Zuurmond WWA, Perez RSGM. Reliability of 

the Semmes Weinstein Monofilaments to measure coetaneous sensibility in the feet of 

healthy subjects. Disability and Rehabilitation. 2010;32(24):2019-2027. 

doi:10.3109/09638281003797406 



22 

 

 

 

83. Suda M, Kawakami M, Okuyama K, et al. Validity and Reliability of the 

Semmes-Weinstein Monofilament Test and the Thumb Localizing Test in Patients 

With Stroke. Front Neurol. 2021;11:625917. doi:10.3389/fneur.2020.625917 

84. Office USGA. Older Adults and Adults with Disabilities: Federal Programs 

Provide Support for Preventing Falls, but Program Reach is Limited | U.S. GAO. 

Accessed March 12, 2024. https://www.gao.gov/products/gao-22-105276 

85. Agrawal Y, Carey JP, Della Santina CC, Schubert MC, Minor LB. Diabetes, 

Vestibular Dysfunction, and Falls: Analyses From the National Health and Nutrition 

Examination Survey. Otology & Neurotology. 2010;31(9):1445. 

doi:10.1097/MAO.0b013e3181f2f035 

86. Johnson C, Hallemans A, Verbecque E, De Vestel C, Herssens N, Vereeck L. 

Aging and the Relationship between Balance Performance, Vestibular Function and 

Somatosensory Thresholds. J Int Adv Otol. 2020;16(3):328-337. 

doi:10.5152/iao.2020.8287 

87. Nardone A, Schieppati M. Group II spindle fibres and afferent control of stance. 

Clues from diabetic neuropathy. Clinical Neurophysiology. 2004;115(4):779-789. 

doi:10.1016/j.clinph.2003.11.007 

88. Simoneau GG, Derr JA, Ulbrecht JS, Becker MB, Cavanagh PR. Diabetic sensory 

neuropathy effect on ankle joint movement perception. Archives of Physical Medicine 

and Rehabilitation. 1996;77(5):453-460. doi:10.1016/S0003-9993(96)90033-7 

89. van Deursen RWM, Sanchez MM, Ulbrecht JS, Cavanagh PR. The role of muscle 

spindles in ankle movement perception in human subjects with diabetic neuropathy. 

Exp Brain Res. 1998;120(1):1-8. doi:10.1007/s002210050371 

90. Pérennou DA, Leblond C, Amblard B, Micallef JP, Rouget E, Pélissier J. The 

polymodal sensory cortex is crucial for controlling lateral postural stability: evidence 

from stroke patients. Brain Research Bulletin. 2000;53(3):359-365. 

doi:10.1016/S0361-9230(00)00360-9 

91. Pérennou DA, Leblond C, Amblard B, Micallef JP, Hérisson C, Pélissier JY. 

Transcutaneous electric nerve stimulation reduces neglect-related postural instability 

after stroke. Archives of Physical Medicine and Rehabilitation. 2001;82(4):440-448. 

doi:10.1053/apmr.2001.21986 

92. Judge JO, King MB, Whipple R, Clive J, Wolf Son LI. Dynamic Balance in Older 

Persons: Effects of Reduced Visual and Proprioceptive Input. The Journals of 

Gerontology Series A: Biological Sciences and Medical Sciences. 1995;50A(5):M263-

M270. doi:10.1093/gerona/50A.5.M263 

93. Wells C, Ward LM, Chua R, Inglis JT. Regional Variation and Changes With 

Ageing in Vibrotactile Sensitivity in the Human Footsole. The Journals of 

Gerontology: Series A. 2003;58(8):B680-B686. doi:10.1093/gerona/58.8.B680 



23 

 

 

 

94. Strzalkowski NDJ, Ali RA, Bent LR. The firing characteristics of foot sole 

cutaneous mechanoreceptor afferents in response to vibration stimuli. Journal of 

Neurophysiology. 2017;118(4):1931-1942. doi:10.1152/jn.00647.2016 

95. Palluel E, Olivier I, Nougier V. The Lasting Effercts of Spike Insoles on Postural 

Control in the Elderly. Behavioral Neuroscience. 2009;123(5):1141-1147. 

doi:10.1037/a0017115 

96. Priplata AA, Patritti BL, Niemi JB, et al. Noise-enhanced balance control in 

patients with diabetes and patients with stroke. Annals of Neurology. 2006;59(1):4-12. 

doi:10.1002/ana.20670 

97. Bolanowski SJ, Verrillo RT. Temperature and criterion effects in a somatosensory 

subsystem: a neurophysiological and psychophysical study. Journal of 

Neurophysiology. 1982;48(3):836-855. doi:10.1152/jn.1982.48.3.836 

98. Assessing Foot Temperature Using Infrared Thermography - Pi-Chang Sun, 

Shyh-Hua Eric Jao, Cheng-Kung Cheng, 2005. Accessed March 12, 2024. 

https://journals-sagepub-

com.proxy1.lib.uwo.ca/doi/10.1177/107110070502601010?url_ver=Z39.88-

2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub%20%200pubmed 

99. Cavanagh PR, Rodgers MM, Liboshi A. Pressure Distribution under Symptom-

Free Feet during Barefoot Standing. Published 1987. Accessed November 29, 2023. 

https://journals-sagepub-com.proxy1.lib.uwo.ca/doi/10.1177/107110078700700502 

100. Smith SGVS, Yokich MK, Beaudette SM, Brown SHM, Bent LR. Effects of foot 

position on skin structural deformation. Journal of the Mechanical Behavior of 

Biomedical Materials. 2019;95:240-248. doi:10.1016/j.jmbbm.2019.04.012 

101. Kekoni J, Hämäläinen H, Rautio J, Tukeva T. Mechanical sensibility of the sole 

of the foot determined with vibratory stimuli of varying frequency. Exp Brain Res. 

1989;78(2):419-424. doi:10.1007/BF00228915 

102. Wu JZ, Krajnak K, Welcome DE, Dong RG. Analysis of the dynamic strains in a 

fingertip exposed to vibrations: Correlation to the mechanical stimuli on 

mechanoreceptors. Journal of Biomechanics. 2006;39(13):2445-2456. 

doi:10.1016/j.jbiomech.2005.07.027 

103. Hennig EM, Sterzing T. Sensitivity Mapping of the Human Foot: Thresholds at 

30 Skin Locations. Foot Ankle Int. 2009;30(10):986-991. doi:10.3113/FAI.2009.0986 

104. George N, Mary Sunny M. Dissociable effects of attention and expectation on 

perceptual sensitivity to action-outcomes. Consciousness and Cognition. 

2022;103:103374. doi:10.1016/j.concog.2022.103374 

105. Peterka RJ. Sensorimotor Integration in Human Postural Control. Journal of 

Neurophysiology. 2002;88(3):1097-1118. doi:10.1152/jn.2002.88.3.1097 



24 

 

 

 

Chapter 2 : Posture Dependent Changes in Perceptual 
Threshold During Light Touch Foot Sole Stimulation 

 

2 Introduction 

The CDC reported that falls were the leading cause of death from unintentional 

injury among older adults in 2020.1 Injuries due to falls are a multifactorial problem, 

mainly stemming from impairments in balance, gait, vision, cognition, and muscle 

strength. Loss of peripheral somatosensory function is particularly prevalent in falls 

specifically in aging individuals, stroke patients, and people with diabetes and other 

causes of peripheral neuropathy.2–4 In individuals with diabetic neuropathy, the observed 

somatosensory impairments relate to heightened sensory thresholds in mechanoreceptors 

and alterations in the properties of afferent fibers.3,5–7 In stroke patients, sensory 

impairments can arise from a failure to process sensory signals coming from the 

periphery.2,8,9 Sensory impairments in older individuals tend to be from a general 

deterioration or failure in the peripheral nervous system, ultimately resulting in 

diminished motor performance and poorer postural control.10,11 Cooling or anaesthetizing 

the soles of the feet while standing has been shown to increase postural sway.12,13 

However, sensory testing has primarily been conducted in seated or prone postures,11,14,15 

with limited research being done with a standing condition.16 This research has primarily 

used vibratory stimulation and has focused on stimulating the heel and metatarsals. The 

soles of the feet encounter more than just vibratory stimulus in everyday life. This 

indicates a need to understand how other stimulation types, such as light touch, are 

influenced by postures such as standing. Further understanding how posture modulates 

foot sole cutaneous afferents and sensation may shed light on how these afferents signal 
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dynamic events while standing and be more indicative of sensory performance in a more 

naturalistic setting and provide a greater mechanistic understanding of losses in balance 

in people with impaired postural control.  

The soles of the feet are the only contact point with our environment while 

standing, indicating their importance in processing, and relaying sensory information to 

the body from our environment. This information is then used to regulate postural 

control, and gait.16–19 Within the soles of the feet are mechanoreceptors that enable us to 

pick up sensory information from the environment. Cutaneous feedback from glabrous 

skin sensation on the hands and feet is mediated by four types of cutaneous afferents, 

each with unique characteristics.20 These include fast adapting (FA) type 1 and type 2  

afferents that innervate Meissner corpuscles and Pacinian corpuscles respectively, as well 

as slow adapting (SA) type 1 and type 2 fibers that innervate Merkel discs and Ruffini 

endings respectively. FA afferent fibers are particularly sensitive to the rate of change of 

mechanical stimuli; they tend to fire in the dynamic phases of skin indentation (onset and 

offset of the stimulus). However, firing ceases during sustained indentation. In contrast, 

SA afferents continue to fire during sustained stimulus indentation and skin stretch.20–22 

There is a decline in cutaneous sensitivity across FA afferents in older adults compared to 

younger adults, which is speculated to lead to the impairments shown in postural 

control.11,14 Using microneurography, it has been shown that stimulation using 

monofilaments activate FA afferents prior to SA afferents, suggesting that FA afferents 

are most likely to mediate monofilament perceptual threshold.23  

Semmes-Weinstein Monofilaments have been used to assess perceptual thresholds 

in young adults, older adults, and individuals with neurological disorders.14,23–26 Previous 
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research has shown that sensory perception declines with age, and in adjunct with various 

neurological disorders.2,6,11 However, research utilizing properties of cutaneous receptors 

within the foot sole have created insoles that have been shown to positively modulate gait 

and balance parameters in older adults, stroke patients, and people with peripheral 

neuropathy.27–31 The ability to modulate gait and balance parameters utilizing foot sole 

somatosensory qualities provides a potent avenue for enhancing balance and gait, and 

reducing the risk of falls. Still, it is not well understood how sensation is affected by an 

upright posture. 

Changes in stimulus perception across postures may be due to one of, or a 

combination of central and peripheral factors. Previous literature has investigated 

vibratory perceptual threshold (VPT) on the metatarsals and heel, in standing and seated 

postures across various frequencies.16 It was found that VPT was increased in a standing 

vs. seated posture for all frequencies and foot locations. These differences are thought to 

be attributed to tissue stiffness differences due to the increased pressure on the foot sole, 

which may alter the stimulation transmission to cutaneous afferents,32 but are not known 

for certain. Another hypothesis is the possible adaptation to the static pressure while 

standing, which may influence the foot’s ability to respond to dynamic stimulation. 

However, this is unlikely the case due to FA afferents filtering static stimuli and 

preferentially responding to dynamic stimuli.33 In fMRI research, it was shown that the 

foot has relatively low somatotopic selectivity compared to the hand.34,35 Stimulation 

detection thresholds may be modified with changes in posture, similar to the gating of 

tactile feedback,36 as well as the increase in threshold that occurs during muscle 

contraction and movement.37 These central factors may be relevant in explaining the 
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differences in perceptual threshold between postures due to the body not being able to 

easily distinguish between stimulation at a specific foot site compared to the additional 

sensation associated with standing.  

As of now, foot sole light touch perceptual threshold (LTPT) while standing has 

yet to be investigated, which may be important for understanding the mechanism and 

functional significance of cutaneous feedback relied upon for posture and gait. The aim 

of this study was to compare LTPTs for the heel, first metatarsal, and lateral arch in 

standing, seated, and supine postures. Due to the peripheral factors such as increased 

pressure, and central factors such as low somatotopic selectivity and the gating of tactile 

feedback, it was hypothesized that LTPT levels at the foot sole would increase for all foot 

locations going from a supine, to a seated, then to a standing posture. 

2.1 Methods 

2.1.1 Participants 

25 young adults (13 male), ages 20-28 with a mean age of 23.8 years old (SD = 

±2.19) participated in the study. Participants were recruited from Western University’s 

mass email recruitment list, as well as posters put up in the Western Interdisciplinary 

Research Building in London, ON. Participants were free of any neurological conditions 

that might affect gait or attention and were able to understand and follow instructions in 

English.  All participants provided informed written or electronic consent, and the study 

was approved by Western University, Health Science Research Ethics Board (Appendix 

A). 
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2.1.2 Data collection process 

Baseline Tactile Semmes-Weinstein Monofilaments (20-Piece Set) were used to 

stimulate the foot sole during standing, seated, and supine postures. Perceptual threshold 

data were collected on the right foot sole for all participants.38 As a control condition, the 

lateral side of the right distal index finger was also stimulated in seated and supine 

postures. For perceptual threshold testing in the supine posture, the participants were 

directed to lie flat on their back and fixate their gaze towards the ceiling, with their feet 

positioned just at the edge of the plinth. For the seated posture, participants sat on a 

foldable chair to support the weight of their upper body and had their legs at a 90-degree 

angle. In perceptual threshold testing for seated and standing postures, the participants 

were positioned to have their feet on a custom-made wooden box with one exterior wall 

removed. The box had an interior central wooden support to ensure the box would 

withhold larger participants. On top of the wooden box, there were three drilled holes 

2mm in diameter16 (Figure 1), with the interior side of the hole having a beveled edge to 

allow the monofilament to bend. For seated and standing postures participants were 

instructed to fixate their gaze on the wall in front of them. While seated, participants were 

instructed to sit upright with their hands either on their lap or at their sides so that they 

were not leaning and applying pressure on their legs. For the standing condition, 

participants were instructed to stand upright without leaning and applying more force on 

one leg. Data collection took place in a quiet, temperature-controlled room in the 

Neurorehabilitation Physiology Lab at Parkwood Institute. The room was only occupied 

by the participant and two research assistants. The first research assistant was responsible 

for measuring the location of the stimulation sites38 (Figure 2), as well as delivering the 
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stimulus. The second research assistant was positioned behind an opaque screen and was 

responsible for managing data collection, monofilament selection, and communicating 

catch trials. Catch trials were communicated between research assistants via soft taps on 

the hand of the research assistant delivering stimulus behind the opaque screen. The first 

research assistant positioned the participants’ feet so that the stimulation location lined up 

with the most convenient hole on the custom box. Before beginning data collection, the 

participants had one monofilament tested on their hand so they knew what an example 

stimulation would feel like.  Participants were told to focus on the stimulation as much as 

they could. When it was time to deliver the stimulus, the monofilament was inserted 

through the hole and approached approximately 3cm of the tested site, and slowly 

brought towards the skin. Prior to stimulation, the first researcher would count down 

from three, then stimulate the foot (1 sec on) and follow up by asking the participant if 

they felt the stimulation or not. The participant would either give a yes or no answer, and 

that would dictate the following stimulus. Participants were instructed to be at least 90% 

confident in their responses, and were made aware of the existence of catch trials prior to 

beginning data collection, similar to previous studies.23 Monofilament stimulations were 

applied carefully to avoid any lateral movements or brushes across the skin.  

As the perceptual threshold has been shown to change with variation in skin 

temperature,39 and monofilament force calibration with room humidity,40 these were 

recorded prior to testing for each condition using a MAXIMUM No-Contact Infrared 

Thermometer. Room ambient temperature was also recorded for consistency. The margin 

of error for this device is ±2°C. 
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Figure 1: Top-down view of the box used for seated and standing postures. Each 

hole is 2mm in diameter and were distributed evenly on each half of the box. 

 

Figure 2: Foot sole test locations. The heel location was marked 15% anteriorly 

along the length of the foot and 50% the width. The lateral arch location was 

marked 15% the along the width of the the center of the arch from the lateral 

border, and 50% the length from the base of the heel to the 5th metatarsophalangeal 

joint. The 1st metatarsal was 15% the length along the metatarsals from the medial 
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boarder and 15% the length from the base of the heel to the 1st metatarsophalangeal 

joint. 

 

2.1.3 Randomization 

In attempt to remove any potential order effects, the order of posture and foot 

location conditions were randomized for each participant. First, the posture being 

assessed was determined. Next, all three sites were collected for the given posture before 

moving onto the next. The hand trials were always the last condition for the respective 

posture. This procedure was chosen to balance between study randomization and duration 

of study appointments; switching between postures takes a significant amount of time. 

Randomization was achieved using a custom excel script. 

2.1.4 Perceptual threshold testing 

A set of 20 Semmes-Weinstein Monofilaments ranging from 0.008 grams to 300 

grams were used for determining the perceptual thresholds for each postural, and foot 
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location conditions. The monofilaments come pre-calibrated to deliver a specific amount 

of force with each application. An application was considered successful if during the 

application, the monofilament was applied with a force great enough to surpass its 

bending threshold. Semmes-Weinstein Monofilaments are designed so that with any 

amount of bending the monofilament endures, it will apply the same amount of pressure. 

 A modified 4-2-1 stepping algorithm23,24,40 was used to assess the participants’ 

perceptual thresholds in a reliable and timely manner. The modified stepping algorithm 

consists of two interwoven staircases: a top-down staircase, and a bottom-up staircase 

(Figure 3). The top-down staircase starts at the thickest monofilament (300 grams), and 

the bottom-up staircase at the thinnest monofilament (0.008 grams). For this procedure, 

each monofilament was assigned its own number or “step”, with step number one being 

the lightest monofilament, to step 20 being the thickest. Regarding the top-down 

staircase, if the participant answered “yes” to feeling the first stimulation, the next 

monofilament used would be four steps lighter. This process continues until the 

participants say they did not feel the stimulus. This point – where the given response did 

not match the previous response – is known as a “turnaround point”. After the first 

turnaround point in the top-down series, the stimulus intensity increased by two steps 

until they started to feel the stimulation again, this would be the second turnaround point. 

After the second turnaround point, stimulus intensity then decreased by only one step. All 

subsequent turnaround points for the given staircase increased or decreased by one step 

until the algorithm was finished. Each staircase required eight turnaround points before 

ending. The bottom-up staircase followed the same stepping algorithm, except started at 

step one (lightest monofilament) and started with an increase in intensity.  
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The two staircases were interwoven such that each stimulation alternated between 

the top-down, and bottom-up staircase. This allowed the two staircases to be conducted in 

parallel, while remaining independent from one another. The interweaving of the 

staircases also served to help prevent anticipation bias, such that the participant was more 

likely to perceive the stimulation intensity as random rather than a definite or set pattern. 

The stepping algorithm was recorded on a custom excel spreadsheet that was designed to 

automatically compute the next monofilament thickness depending on whether the 

participant felt the previous stimulation or not, as well as when enough turnaround points 

were encountered. 

To discourage participants from guessing whether they felt the stimulation or not, 

catch trials were implemented into the protocol. A catch trial would follow the exact 

same procedure as a typical trial, but no stimulus would be delivered. Five catch trials 

were pseudo randomly implemented into the stepping algorithm discussed above. The 

first catch trial was always within the first three stimulations, with the other four catch 

trials being distributed throughout the first 20 trials. The randomization was completed 

one time for each of the sites in each of the postures. The order of the catch trials was the 

same between participants. 
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Figure 3:An example of a modified 4-2-1 stepping algorithm for the heel while 

seated. The orange line represents the "top-down" staircase, and the blue the 

"bottom-up" staircase. Red arrows are pointing to the first three turnaround 

points. 

 
 

2.1.5 Perceptual threshold determination 

For each site and postural condition, the perceptual threshold was calculated as 

the average force applied at the last five turnaround points for each staircase, totaling 10 

turnaround points between both staircases. The first three turnaround points were not 

used in the calculation due to the stepping algorithm requiring a deviation of more than 

one step. In theory, the final five turnaround points should be alternating around the 

participants’ perceptual threshold. If a participant failed more than one catch trial in a 

condition, that condition was excluded.24,40 
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2.1.6 Statistical analysis 

Raw data from the stepping algorithm was first converted into grams for each 

participant before running statistical analyses. Two-way repeated measures analysis of 

variance (ANOVA) tests were performed to assess whether the perceptual threshold 

varied significantly with posture at a given foot location, using an a priori significance 

level of p < 0.05. Additional analyses were carried out to examine if the perceptual 

threshold differed significantly across different sites within the same posture, with 

significance also assessed at p < 0.05. Post-hoc pairwise comparisons were performed 

using the IBM SPSS Statistics software (version 29.0.2.0 (20)), and p-values were 

adjusted using the Bonferroni method.  

2.2 Results 

Average foot sole temperature was 26.6 °C and ranged between 23.1-29.6°C, 

which is normal for a healthy population.41 Six participants’ data were excluded from this 

study, n=5 were excluded due to an insufficient number of data points to accurately 

determine their perceptual threshold, and n=1 did not adhere to the protocol (n = 19, 9 

Male). Previous literature with similar procedures to this study have removed outliers 

defined as ±3 SD from the mean.38 For this study, only the outliers that were ±5 SD from 

the mean were removed (14 of 190 data points) to include as much data as possible since 

6 participants’ data could not be used. This meant that four outliers that fell outside of the 

±3 SD range but inside the ±5 SD range were included in analysis. Six of the 14 data 

points were from the same participant who had much higher perceptual thresholds across 

all conditions, and 6 in total coming from the metatarsal foot location. There were no sex 
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differences in perceptual threshold for any postural or foot location condition (p > 0.05). 

Male and female participants were combined for data analysis.  

2.2.1 Perceptual threshold testing 

Across all foot sole locations, light touch perceptual threshold (LTPT) was higher 

in the standing posture compared to the seated and supine posture, and higher in the 

seated posture compared to the supine posture. Full ANOVA results for the foot can be 

seen in Table 1. There were was no significant differences found between each of the 

hand conditions (F(1,19) = 0.0516, p = 0.8227, η² = 8.5563e-06) so it was not further 

explored. Statistically, there were significant main effects of posture on LTPT (F(2,9) = 

11.639, p = 0.003, η² = 0.721). Post hoc analyses indicated higher thresholds (lower 

sensitivity) while standing compared to seated (p = 0.008), and supine (p = 0.002), as 

well as seated compared to supine (p = 0.036) across all foot locations (Figure 4).  

Table 1: Two-way repeated measures ANOVA results  
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Figure 4: Perceptual threshold estimate marginal means for each posture in grams 

(statistical significance is indicated as *p < 0.05, **p < 0.01, ***p < 0.001). 

Homogeneity of variance was tested with Mauchly’s test for sphericity, and 

greenhouse geisser corrections were applied to the data.  

 

There was a statistically significant main effect of foot location on perceptual threshold 

as well (F(2,9) = 12.926, p = 0.002, η² = 0.742). Post hoc analyses indicated significantly 

higher LTPTs at the heel compared to both the 1st metatarsal (p = 0.002) and lateral arch 

(p = <0.001), and at the 1st metatarsal compared to the lateral arch (p = 0.006) (Figure 5). 

A significant interaction effect between posture and foot location was observed (F(4,7) = 

7.335, p = 0.012, η² = 0.807). This interaction can be broken down into two separate 

graphs to examine the perceptual threshold differences for all foot locations for each 

posture (Figure 6), as well as the perceptual threshold differences for all postures for each 

foot location (Figure 7). For the first comparison (Figure 6), post hoc analyses showed 

there were significant differences within all three postures. While standing, there were 

significant differences between the heel and both the 1st metatarsal (p = 0.013) and lateral 
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arch (p = 0.002), as well as between the 1st metatarsal and lateral arch (p = 0.015). For the 

seated posture, there were significant differences between the heel and both the 1st 

metatarsal (p = 0.003) and the lateral arch (p = 0.002), as well as between the 1st 

metatarsal and lateral arch (p = 0.004). Lastly, for the supine posture there were 

significant differences between the lateral arch and heel (p = 0.017) and 1st metatarsal (p 

= 0.004), but not between the heel and 1st metatarsal (p = 0.195).  

 

 

Figure 5: Estimated marginal means perceptual threshold for each foot location 

(statistical significance is indicated as *p < 0.05, **p < 0.01, ***p < 0.001). 

Homogeneity of variance was tested with Mauchly’s test for sphericity, and 

greenhouse geisser corrections were applied to the data. 
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Figure 6: Estimated marginal means perceptual threshold comparisons grouped by 

posture (statistical significance is indicated as *p < 0.05, **p < 0.01, ***p < 0.001) 

 

 

For the second comparison (Figure 7), post hoc analyses showed significant 

differences in perceptual threshold at the 1st metatarsal between standing and both seated 

(p = 0.016) and supine (p = 0.020) postures, but not between seated and supine postures 

(p = 1.0). The same can be said about the lateral arch, with significant differences being 

found between both standing and seated (p = 0.001) and supine (p = 0.001) postures, but 

not between seated and supine postures (p = 0.833). Lastly, for the heel, significant 

differences were found between standing and both supine (p = 0.001) and seated (p = 

0.024) postures, as well as between seated and supine postures (p = 0.014). Across all 
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participants, only eight out of 1045 total catch trials were failed with two coming from 

the hand conditions and six coming from the foot conditions. 

Figure 7: Estimated marginal means perceptual threshold comparisons grouped by 

foot location (statistical significance is indicated as *p < 0.05, **p < 0.01, ***p < 

0.001) 

 

 

2.3 Discussion 

This study aimed to investigate the effects of posture on the light touch perceptual 

threshold (LTPT) of the foot sole in young adults across various postures and foot 

locations. This is the first study to examine the LTPT while standing, as well as the 

perceptual threshold of the lateral arch while standing with any stimulation modality.  
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2.3.1 Posture dependent changes in light touch perceptual 
threshold 

In this experiment, perceptual threshold was measured at the foot sole in three 

different locations (heel, 1st metatarsal, and the lateral arch). These locations were chosen 

due their receptor density differences,23 and their weight-bearing role in upright posture 

regulation.42 Standing, seated, and supine postures were also specifically chosen due to 

the unique physical characteristics these positions apply to the foot sole. In the supine 

posture, the participant’s foot sole was free of any pressure or surface contact, with the 

only stimulation being the monofilament. The seated posture provided an environment 

where the foot sole had full surface contact with the wooden box, but only had slight 

pressure from the weight of the lower limb. Lastly, the standing posture had the full 

weight of the participant as well as surface contact from the wooden box. Utilizing 

Semmes-Weinstein Monofilaments we found significant differences in LTPT across most 

postural and foot location conditions, indicating a potential influence of body posture on 

sensory perception at the foot sole. For most foot locations the largest perceptual 

threshold was found while standing, followed by seated, then supine for each foot 

location except for the 1st metatarsal and heel. Similar results have been shown 

previously using vibrations instead of light touch.38 For all postures, the lateral arch was 

the most sensitive, followed by the 1st metatarsal and lastly the heel, with the largest 

differences coming from within the seated and standing postures. Again, similar results 

have been shown previously while using vibrations instead of light touch,16,38 further 

supporting the idea that posture can modulate sensory perception.  
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2.3.2 Possible mechanisms behind differences in perception 
across postures 

Location differences in sensitivity on the foot sole were originally thought to be 

due to differences in the density of receptors at different locations of the foot sole.43 

However, recent literature refutes this showing the medial arch to be the most sensitive 

part of the foot despite having the lowest density of receptors.44 Previous research has 

explored various factors contributing to the varying sensitivity across the foot sole, 

including the impact of mechanical differences at different locations. A study found that 

the mechanical characteristics of the skin on different parts of the foot correlate with both 

the sensitivity threshold and the initial firing of FAI afferents.23 Specifically, the skin on 

the medial arch is the softest part of the foot sole, whereas the skin on the heel is the 

hardest.38,45 This suggests that the perception of touch through FAI afferents is influenced 

more by mechanical properties than by the density of those areas. Other mechanisms that 

may be responsible for these changes are thought to be due to peripheral factors such 

pressure, skin stretch, and tissue stiffness.32,38,46 The role of skin's mechanical properties 

in explaining the variations in sensitivity between the glabrous on the feet and hands, as 

well as among different areas of the foot sole, has been suggested in previous studies.43,47 

Most research to this point has utilized computer simulations and animal studies to 

explore how the mechanics of the skin affect both afferent responses and perceptual 

sensitivity thresholds. For instance, studies using a biomechanical model of the fingertip 

have demonstrated that the mechanical characteristics of the skin can influence how 

mechanical vibrations are conveyed to the mechanoreceptors beneath the skin.48  
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Central mechanisms, such as changes in body posture, can alter detection 

thresholds for stimulation, akin to how tactile feedback is modulated.36 This is similar to 

the observed increase in threshold during muscle contraction and movement seen in both 

monkeys and humans.37,49 In brain imaging studies, the foot displays less somatotopic 

selectivity compared to the hand. This indicates that stimulating one area on the foot sole 

is likely to activate adjacent cortical areas such as the toes, sole, and heel in the primary 

somatosensory cortex.34,35 This phenomenon could help explain why perceptual 

thresholds vary with posture, as the brain may find it challenging to differentiate between 

stimuli at a specific site on the foot and the broader sensations associated with standing. 

These areas show more specific activation patterns during stimulation and do not activate 

the foot's somatotopic areas, highlighting a difference in how the brain processes stimuli 

related to different body parts. 

As previously stated, physical properties of the foot sole such as tissue stiffness 

differences and increased pressure on the foot sole may also play a role in the observed 

changes by altering stimulus transmission to the cutaneous afferents.32 Weight 

distribution changes between postures may be a contributing factor in the results of this 

study. A study found that the majority of the body’s weight is transferred through the heel 

(60.5%), the midfoot (7.8%) and through the forefoot (28.1%) while standing.42 These 

pressure and pressure related mechanical skin changes in stance may be a primary driving 

factor for the perceptual threshold differences seen between each of the foot locations 

across the postures. The lateral arch had the lowest magnitude of change, followed by the 

metatarsal, then the heel (Figure 7). The only significant difference in perceptual 

threshold between the lateral arch and 1st metatarsal regarding postural changes was 
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between standing and supine. These differences may be explained partly by the pressure 

changes the foot undergoes as previously alluded to. Pressure minimally increases in 

these two foot locations going from a supine to seated posture, but are partly responsible, 

and increase somewhat proportionately for the weight going through each foot location 

while standing. This idea can be further supported by what we saw at the heel across 

postural conditions (Figure 7). There was consistent and gradual, significant increase in 

perceptual threshold going from a supine to seated and seated to standing posture. The 

heel is responsible for most of the weight of the lower limb in a normal seated position, 

which may be responsible for the difference seen in the supine to seated condition. The 

heel also bears most of the body’s weight while standing,42 which might explain the 

significant increase in perceptual threshold in the seated to standing postural comparison. 

Increased weight-bearing through the forefoot and heel may also lead to increased skin 

hardness due to callouses. Skin hardness has also been shown to negatively influence foot 

sole perceptual threshold.38 However, since we did not control for skin hardness, and are 

unable to control for possible central factors, we are unable to make and conclusions 

about the possible mechanisms responsible for the changes in perceptual threshold across 

foot locations and postures. 

2.3.3 Limitations 

This is the first time LTPT has been examined in a standing. However, it did 

come with some limitations. Future studies should incorporate a larger sample size to 

help determine if the outliers encountered in this study were anomalies or were caused by 

an inherent flaw in study design and/or tools used. Measures for skin hardness and 

thickness should be taken to rule out the relationship between changes in perceptual 
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thresholds with posture. It may be beneficial to have a shorter study duration (>1 hour) to 

help with maintaining attention, as well as a measure of attention throughout the study. 

Attention has been shown to modulate perceptual threshold,50 thus, may be possible 

explanation for some of the outliers due to a loss off attention from a lengthy and 

repetitive protocol. A participant’s loss of attention may cause inconsistent perceptual 

thresholds and is thought to be shown when comparing participant’s increased thresholds 

in specific conditions against the more uniform thresholds observed in their other 

assessments. For example, a participant may have a perceptual threshold of 1g at the heel 

(least sensitive location), while standing (least sensitive posture) but had a perceptual 

threshold of 40g on the lateral arch (most sensitive foot location) while seated (second 

most sensitive posture), while producing “normal” perceptual thresholds for the lateral 

arch across the other two postures. Regarding the one participant who produced 

numerous significant outliers, these differences may be due to unknown underlying 

sensory and/or attentional deficits, or an anomaly with substantially higher skin hardness 

or thickness than average. However, previous research suggests that skin hardness and 

thickness have a minor influence on monofilament perceptual thresholds in young 

adults.38 We are unable to determine the exact causes with our study design.  

2.4 Conclusion and future directions 

Foot sole perceptual threshold has never been measured on a fully loaded foot 

using light touch, and never on the lateral arch while standing with any perceptual 

threshold testing method. Using a modified 4-2-1 stepping algorithm with Semmes-

Weinstein Monofilaments, we were able to show that there are perceptual threshold 

differences across all postural comparisons for the heel, and in standing versus supine for 
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the lateral arch and first metatarsal. This suggests that variations in weight-bearing 

pressure across different postures at each foot location may provide a viable explanation 

for the perceptual differences observed in this study, as well as in the existing body of 

literature on this topic.16,23 Cutaneous afferents innervating the foot sole have been shown 

to be influential in postural control, and gait,51–53 and are able to be modulated to enhance 

balance and gait parameters.27–29 Further understanding of how sensory perception of the 

foot sole changes while standing may help guide current rehabilitation practices aimed at 

regaining functional sensitivity in a clinical setting or older adults, and products aiming to 

enhance balance and gait outcomes.27,28,30  
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