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ABSTRACT 
 
  
 
INVESTIGATING THE ROLE OF THE DORSAL FOOT SKIN DURING A STANDING 

VESTIBULAR PERTURBATION 
 
  
 
Meghan Carissa Yip           Advisor: Dr. Leah R. Bent 
University of Guelph, 2015       
 
  
      
     The aim of this thesis was to examine the role of the dorsal foot skin during standing control. 

Our experiment addressed two specific objectives: i) to determine if cutaneous input from the 

dorsal feet alters the reflexive muscle responses elicited by a standing vestibular perturbation 

(short-latency and medium-latency responses) and ii) to determine if cutaneous input from the 

foot dorsum affects the postural response to a vestibular perturbation (centre of pressure and 

centre of mass). Cutaneous input from the dorsal feet was reduced using a topical anesthetic (two 

skin conditions: control and reduced). Galvanic vestibular stimulation (GVS) was used to deliver 

a vestibular perturbation while subjects stood with the head turned over the left shoulder for both 

skin conditions. The reflexive muscle responses to GVS were measured using surface 

electromyography. The anterior posterior movement elicited by GVS was captured using an 

AMTI force plate and Optotrak motion capture. Contrary to our hypotheses, sensory reweighting 

of the vestibular input expressed as an increased reflexive muscle response was not necessary to 

maintain standing equilibrium during the initial response to GVS. We found that subjects took 

longer to recover from the vestibular perturbation and re-establish equilibrium (centre of mass) 

when cutaneous input from the dorsal feet was reduced. Our results suggest that subjects 

compensated for the reduction in dorsal foot skin input by employing a cautious postural strategy. 

Cutaneous input from the dorsal feet is used to control body movement during the recovery from 

a standing vestibular perturbation.  
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1. General Introduction and Literature Review 

1.1. General Introduction 

Sensory information is used for postural control in standing (Magnusson et al. 1990), 

locomotion (Zehr et al. 1997), and obstacle avoidance (Sorensen et al. 2002; Patla 1997). 

During quiet standing, sensory information is fed back to generate appropriate torques 

about the ankle and control posture (Peterka 2000; Morasso and Sanguineti 2002) in 

addition to the intrinsic stiffness of the ankle muscles (Winter et al. 1998). 

In healthy adults, there are several sensory sources derived from the visual, 

vestibular, and somatosensory systems that can signal similar sensory events and code for 

body orientation and verticality (Meyer et al. 2004a). This robust source of balance 

information will preserve standing equilibrium even when balance is challenged (i.e. 

when encountered by a perturbation).  

Cues for standing control are independently provided by receptors within the 

somatosensory and vestibular systems. The vestibular endorgans encased within bony 

labyrinth of the inner ear code for accelerations of the head to indicate the orientation of 

the head relative to space. When vestibular information is integrated with other sources 

from the periphery, such as the skin, the vestibular signal can be used to indicate head 

orientation relative to the body as well as to the support surface (Nashner and Wolfson 

1974; Britton et al. 1993). The mechanoreceptors that reside in the skin can code for local 

pressures, shear forces, lateral skin stretch, and vibrations (Vallbo et al. 1979; Macefield 

1998). It has been recently found that the cutaneous input from the plantar feet interacts 

with vestibular input to maintain standing equilibrium (Muise et al. 2012). 
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There are three primary aims of this literature review:  

1) Highlight the mechanisms by which the skin and the vestibular system 

transduce sensory information. 

2) Evaluate the postural contributions of the sensory information derived 

from the skin (particularly of the feet), from the vestibular system, and 

from an interaction of the two sensory systems. 

3) Discuss the limitations of the literature to date and outline the 

objectives and hypotheses of this research.  

 

1.2. Skin 

There are four mechanoreceptor endings within the epidermal and dermal layers 

of the skin that are innervated by large diameter afferents. Each mechanoreceptor unit 

(receptor ending and afferent) is characterized by its adaptation properties to stimulus 

(fast or slow) and the receptive field size (small or large) (Macefield 1998; Vallbo and 

Johansson 1984). The receptive field of an afferent is the area of skin that is innervated 

by an afferent; a stimulus applied to the receptive field will cause the afferent to fire. The 

four classes of cutaneous afferents are: the slowly adapting type I (SAI), the fast adapting 

type I (FAI), the fast adapting type II (FAII), and the slowly adapting type II (SAII). 

 

1.2.1. Slowly adapting, type I (SAI) 

The SAI terminates superficially as the Merkel Cell complex and is closely 

associated with the papillary folds on the bottom layer of the epidermis. Its multiple 

receptor endings result in multiple hot spots within the small and well-defined receptive 
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field. The hot spot is the location of maximal sensitivity. The receptive field borders of 

the SAI are distinct and edge sensitive (Vallbo et al. 1979; Vallbo and Johansson 1984). 

Its structure is coupled to the tissue and is optimal for localizing stimuli and perceiving 

its edges (Vallbo and Johansson 1984). When a sustained indentation is applied, the SAI 

exhibits an irregular firing pattern (Iggo and Muir 1969; Kennedy and Inglis 2002). The 

SAI can code for slight changes in sustained pressures across the skin surface and is 

useful for touch discrimination (Iggo and Muir 1969). 

 

1.2.2. Fast adapting, type I (FAI) 

The FAI afferent terminates superficially as the Meissner’s corpuscle and similar 

to the SAI is associated with the dermal papillary folds that project into the epidermis. 

The Meissner’s corpuscle is oriented perpendicular to the skin and is comprised of 

flattened, stacked epithelial cells, which results in sensitivity to local shear forces. The 

FAI terminates in multiple receptor endings; its receptive field is small with discrete 

borders and multiple hot spots. The FAI afferent has shown reliable velocity coding for 

quick changes in the application or removal of a stimulus; however, adapts rapidly to a 

sustained indentation (Vallbo et al. 1979; Macefield 1998). It has been suggested that the 

FA afferents more largely contribute to the psychophysical thresholds to indentation; one 

impulse from a FAI afferent has been shown to result in a percept (Vallbo and Johansson 

1984). 
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1.2.3. Fast adapting, type II (FAII) 

The FAII terminates deep in the dermal and subcutaneous layers of the skin as the 

Pacinian corpuscle. The large Pacinian corpuscle has concentrically layered epithelial 

cells that conform to an applied stimulus and therefore the firing of the FAII rapidly 

adapts to stimuli. One FAII afferent innervates a single mechanoreceptor ending; the 

FAII has one hot spot within a large receptive field. The receptive field borders of type II 

afferents are obscure and less sensitive than those of the type I afferents. The FAII is 

sensitive to brief mechanical events as subtle as blowing across the skin or remote 

tapping. It is optimally sensitive to other transient events such as rapid indentations and 

high frequency vibrations (Macefield 1998).  

 

1.2.4. Slowly adapting, type II (SAII)  

The SAII terminates deep in the dermis as the Ruffini ending. The encapsulated 

Ruffini ending is comprised of collagenous fibers that are continuous with skin 

connective tissue and positioned parallel to the skin surface. The SAII is not as sensitive 

to normal forces as the other cutaneous afferents (Edin and Johnasson 1995), but fires to 

direction-specific skin stretch. A single SAII afferent innervates one Ruffini ending, 

which results in one hot spot within a large receptive field. SAII afferents can provide 

some velocity information of an indentation, but also slowly adapt to maintain regular 

firing pattern throughout the indentation that is proportionate to the magnitude of 

indentation. The firing to a sustained indentation can last for several minutes (Chambers 

et al. 1972; Kennedy and Inglis 2002).  
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Taken together, each cutaneous afferent has optimal sensitivities due to its 

mechanoreceptor location and morphology that results in unique receptive field and 

stimulus adaptation properties. The characteristics of each cutaneous afferent enable the 

skin to collectively code for diverse sensory events when applied to the surface, which 

include, pressure, lateral skin stretch, and vibrations (Macefield 1998). Investigations 

using microneurography to study the cutaneous afferents of the glabrous hand have 

provided invaluable insight and have provided much of our understanding in regards to 

the characteristics of the cutaneous afferent classes (Vallbo and Johansson 1984). The 

ability to code for complex stimuli (pressures, velocities, shear forces) in the hand has 

proven useful for touch and force discrimination that is used for grip force adjustments 

and proprioception (Vallbo and Johansson 1984; Edin and Johansson 1995). Similar 

sensory events occur to the plantar skin of the feet during standing balance, which had 

made the glabrous foot skin an important area of interest.  

 

1.2.5. Glabrous skin of the feet used for postural control 

All four cutaneous afferents of the glabrous hand are present in the glabrous skin 

of the feet. A high proportion of fast adapting afferents (70%) have been found in the foot 

sole, specifically the FAI afferent (57% of total cutaneous afferents) (Kennedy and Inglis 

2002), which suggests a role for the plantar foot skin to identify quick velocity changes 

and shear forces that occur beneath the feet (Magnusson et al. 1990). The receptor 

activation median thresholds of the glabrous foot are elevated in comparison to those of 

the hand (Johansson et al. 1980). Furthermore, in an unloaded state, there is no 

background activity in any cutaneous mechanoreceptor (Kennedy and Inglis 2002), 
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which speaks to the functional role of the plantar foot skin during loaded stance. 

Suggested roles of the plantar skin of the feet have included delineating support surface 

boundaries (Perry 2000), monitoring the pressure distribution beneath the feet 

(Kavounoudias et al. 1998), scaling anticipatory postural adjustments (Mouchnino and 

Blouin 2013; Inglis et al. 1994), and setting relevant background muscle activity (Meyer 

et al. 2004a). Collectively, this research has highlighted that the plantar foot skin is used 

for standing control. The direct contact of the plantar foot skin with the support surface 

enables evaluation of the base of support to ensure the corrective torques elicited are 

appropriate.  

The plantar skin of the feet and its influence for standing postural control has been 

investigated with reduction (hypothermic anesthesia, topical anesthesia, ischemia, special 

populations) and augmentation (ridged insoles, vibration) models (Meyer et al. 2004b; 

Magnusson et al. 1990; Perry et al. 2000; Priplata et al. 2002). 

Anesthetizing the plantar foot skin (reduction in sensory input) has demonstrated 

that cutaneous input from the plantar feet contributes to postural control; however, the 

variable used to quantify a sensory deficit has differed across studies, and therefore the 

variable used as an indicator of sensory importance has also differed. For example, Perry 

et al. (2000) found that CoM position was closer to the posterior border of the foot before 

a step was initiated following a platform translation perturbation. It was also found that 

reduced plantar foot skin input resulted in a higher frequency of multi-step reactions for 

forward stepping to recover from platform translations, suggesting a functional role of 

cutaneous input to indicate foot contact (Perry et al. 2000). Meyer and colleagues (2004) 

found that CoP displacement was unaffected during standing when plantar foot skin input 
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was reduced with anesthesia; however, there was an increase in CoP velocity (~11% 

increase) and increase in the root-mean square of shear force (~13%). Importantly, these 

findings only occurred when balance was challenged with occluded vision or one-legged 

stance (Meyer et al. 2004a). The contribution of plantar foot skin appears to be more 

significant when there are more stressors to the balance system (i.e. eyes closed, unipedal 

stance) (Meyer et al. 2004a). 

Studies that have augmented the cutaneous signals from the plantar feet using 

vibratory stimuli have shown that the CNS utilized the sensory input for balance control. 

Kavounoudias and colleagues (1998) demonstrated that cutaneous afferent feedback from 

the plantar feet dictates the direction of postural sway. Low-amplitude, high-frequency 

vibrations applied to the metatarsal and heel regions on the plantar feet elicited whole-

body tilt away from the stimuli, which suggested cutaneous afferent messages can be 

used functionally to control posture (Kavounoudias et al. 1998). Investigations by 

Priplata et al. (2002) further supported that sensory information derived from the skin of 

the plantar feet can contribute to postural control. These authors found that applying sub-

sensory mechanical noise to the foot soles significantly reduced postural sway during 

quiet stance in both a young and older adult population. The presence of the sub-sensory 

noise elevated all signals originating from the skin, which enabled nerve impulses that 

did not previously contribute to afferent signals to contribute following the addition of 

the noise signal (Priplata et al. 2002). The application of sub-sensory noise to the foot 

sole resulted in significant decreases in mean radius, swept area, and anterior posterior 

range (Priplata et al. 2002). Taken together, these studies that have investigated the 

plantar foot skin, a skin region that makes direct contact with the ground during standing, 
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have highlighted a functional role of coding for pressures and forces beneath the feet to 

ultimately maintain standing equilibrium.  

Generally the non-glabrous or hairy skin of the body does not make contact with 

support surfaces like the skin of the glabrous feet. Irrespective of this, investigations of 

the non-glabrous skin have highlighted its potential for posture and balance. Studies 

using passive tactile cues that do not enable mechanical stabilization have demonstrated 

that cutaneous afferent signals are relevant for postural control. Passive tactile cues are 

utilized if they are available and relevant to body sway (indicated by other sensory 

sources that are available) (Rogers et al. 2001; Jeka et al. 1997; Jeka et al. 1998). Rogers 

and colleagues (2001) demonstrated that an addition of a passive tactile cue from the 

shoulder and leg had a stabilizing effect on anterior-posterior standing posture, expressed 

as a decrease in mean sway (root-mean-square values). It has been suggested that the 

addition of a passive tactile cues contributes velocity information to ultimately stabilize 

posture (Jeka et al. 1997; Jeka et al. 1998). The ability of tactile cues to improve balance 

measures when applied to a skin region that does not have the ability to mechanically 

stabilize to the support surface, demonstrates that the non-glabrous skin is relevant for 

standing control. 

 

1.2.6. The non-glabrous skin 

Differences between the non-glabrous or hairy skin and the glabrous skin have 

included additional receptor types found in the hairy skin. In addition to the four 

cutaneous afferents found in the glabrous hands and feet, a third slowly adapting receptor 

in the hairy skin surrounding the knee has also been reported and identified as SAIII that 
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has shared properties of the SAI and SAII units and therefore belonged in its own class 

(Edin 2001). However there is limited evidence of the SAIII and its contribution to 

sensory coding; we do not consider it to be an essential receptor of the non-glabrous skin. 

The hair receptor is an additional fast-adapting receptor of the non-glabrous skin, which 

is highly sensitive to the movement of the hair shaft. Although the hair receptor does not 

appear to be used for coding joint movements (Edin (2001) and we have therefore not 

considered it as a major contributor to the cutaneous input derived from non-glabrous 

skin. Mechanical differences between glabrous and non-glabrous skin regions have also 

been suggested including looser collagenous connections within the non-glabrous dermis 

(Edin and Abbs 1991); however, there is limited research concerning the mechanical 

differences between the glabrous and non-glabrous skin.  

Of importance to the current thesis is that the SAI, FAI, FAII, and SAII afferents 

of the non-glabrous skin exhibit sensitivity to movement of the joints. Cutaneous 

afferents that innervate the dorsal skin of the hand fire to finger and hand movement 

similar to that experienced during normal manipulation tasks (Edin and Abbs 1991). The 

majority of fast adapting receptors were FAIs and fired only at the extremes of local 

flexion and extension hand movements. The slowly adapting receptors played a larger 

role in providing continuous information throughout movements regarding hand position 

and were suggested to have a potential kinematic role within the non-glabrous skin (Edin 

and Abbs 1991). The afferents that innervate the thigh also demonstrate sensitivity to 

movements about the knee. The SA mechanoreceptors were particularly sensitive to these 

stimuli and again are able to provide continuous information about limb movement and 

joint configuration (Edin 2001).  
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1.2.7. Does the dorsal skin of the feet contribute to postural control? 

There are few examinations of the non-glabrous skin that covers the feet; The 

sensitivity of the cutaneous afferents that innervate the foot dorsum may be relevant to 

signal the degree of stretch and compression of the skin, to interpret ankle angle and 

ultimately whole body orientation.  

The skin of the foot dorsum is innervated by slowly adapting afferents that are 

sensitive to pressures and vibrations when applied directly to the receptive field and their 

hot spots (Vedel and Roll 1982). The SA afferents investigated by Vedel and Roll (1982) 

were not explicitly reported as SAI or SAII, but most afferents were thought to be SAI, in 

which minimal forces ranging from 10 mN to 0.5 N were found to cause afferent firing. 

The slowly adapting skin afferents on the foot dorsum were disregarded as a primary 

contributor to proprioception at the ankle because the SA afferents did not fire to 

vibration of the Achilles tendon (to induce illusory kinesthesia) unless the afferent’s 

receptive field was directly vibrated. However, isometric contraction of the anterior leg 

muscles that were proximal to the receptive field of an SA afferent was able to induce an 

afferent discharge. In addition, the activity of the SA afferents was occasionally 

modulated as a result of passive and active movement of the ankles and toes, which 

highlights a potential proprioceptive role of the dorsal foot skin (Vedel and Roll 1982).  

A high proportion of cutaneous afferents that innervate the anterior and lateral aspects of 

the leg were found to be sensitive to two-dimensional movements performed at the ankle 

(42 of 89 cutaneous afferents; 47%) (Aimonetti et al. 2007). The SAII afferents were 

highlighted as the most sensitive to fire due to ankle movements as these movements 



 11 

elicited stretch of the skin. The mean preferred direction for neural firing of afferents that 

innervated the anterior leg was 71° (plantar flexion with slight eversion) while the 

external lateral leg had a mean preferred direction of 311° for afferent firing (eversion 

and dorsiflexion). Ankle movements elicited a response in cutaneous afferents that had 

receptive fields all over the leg, even afferents with a remote receptive field located by 

the knee (Aimonetti et al. 2007). The type II afferents were generally more sensitive to 

movements (84% of afferents tested responded to movement whereas only 11% of type I 

units tested demonstrated this sensitivity). The movement sensitive afferents, in particular 

the SAII, found on the anterior leg and foot dorsum (Aimonetti et al. 2007) suggest that 

the cutaneous input from the dorsal feet is relevant for coding the stretches of the dorsal 

foot skin that occur during sway, which in turn may be an important indicator of body 

alignment for standing control. 

The evidence from studies using microneurography have highlighted that the 

cutaneous afferents that innervate the skin of the anterior leg and foot dorsum are 

sensitive to and fire to a range of stimuli including pressure, vibrations, and skin stretch 

(Vedel and Roll 1982; Ribot-Ciscar et al. 1989; Aimonetti et al. 2007). However, there 

are limited functional investigations of the cutaneous input from the dorsal feet.  

Lowrey and colleagues (2010) found that the skin of the foot dorsum influenced the 

accuracy to a passive ankle joint matching task. Anesthesia of the dorsal foot skin 

resulted in significant increases of absolute error (~ 1 – 2°); the most robust response 

(greatest error) was seen at the largest plantarflexion angle (21° of plantarflexion). 

Contrary to their hypotheses, Lowrey and colleagues (2010) observed changes in joint 

matching accuracy not only for plantarflexion movements, but also dorsiflexion, in which 



 12 

errors were generally undershooting the target angle (Lowrey et al. 2010). Additional 

sensory input such as the afferent information derived from muscle spindles did not 

preserve accuracy when dorsal foot skin information was reduced (via topical anesthetic). 

Choi and colleagues (2013) found that disrupting cutaneous feedback from the foot 

dorsum with prolonged peripheral peroneal nerve stimulation resulted in force errors for 

ankle dorsiflexion. Other sensory inputs that are used for accurate force output at the 

ankle, which includes muscle receptors, Golgi tendon organs, and efferent signals could 

not fully compensate for the cutaneous sensory deficit (Choi et al. 2013). Collectively, 

these findings demonstrate that cutaneous input from the dorsal feet can be used for 

kinesthetic cues about the ankle, accuracy of ankle joint position, and estimation of force 

at the ankle (Lowrey et al. 2010; Choi et al. 2013). There is also recent evidence that the 

skin of the foot dorsum is used for ankle control during locomotion (Howe et al. under 

review). Howe and colleagues (under review) found that the skin of the foot dorsum was 

capable of dictating the locomotor pattern of the knee and ankle during level ground 

walking and obstacle crossing. These results demonstrate that the cutaneous input from 

the dorsal feet also play a role in dynamic and complex tasks such as level and adaptive 

locomotion. The influence of the dorsal foot skin requires further investigation; it has yet 

to be determined if the dorsal foot skin contributes to standing postural control. 

 

1.3. The vestibular system  

The vestibular system is composed of two vestibular apparatuses positioned on 

either side of the head and contained in their respective bony labyrinth within the inner 

ear. Each apparatus contains three semicircular canals and two otolith organs (vestibular 
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endorgans), which convey information about three-dimensional accelerations acting on 

the head (Fitzpatrick and Day 2004a; Day and Fitzpatrick 2005a).  

 

1.3.1. Vestibular anatomy: Otolith organs 

There are two otolith organs called the utricle and saccule to sense horizontal and 

vertical linear accelerations, respectively. The otolith organs are comprised of a sensory 

epithelium called the maculae, which is described as a patch or localization of the 

otolithic hair cells and its associated cells. The hair cell is the mechano-sensitive receptor 

of the otolith organs. The hair cells protrude into the otolithic membrane, which is a 

gelatinous layer. Calcium carbonate crystals called otoconia are embedded on top of the 

otolithic membrane and provide weight to the otolithic membrane. As a result, when a 

linear acceleration or tilt of the head occurs, the otolithic membrane lags behind and is 

displaced, which causes the hair cells that are embedded into the otolithic membrane to 

bend. The receptor potential of the hair cell (depolarization or hyperpolarization) is 

dependent on the direction in which the hair cell bends. The hairs that originate at the 

apex of the hair cell and protrude into the otolithic membrane are called cilium. Each hair 

cell contains one kinocilium, which is the longest cilium, and many stereocilia. The hair 

cell depolarizes if the stereocilia bend towards the kinocilium and hyperpolarizes if the 

stereocilia bend away from the kinocilium.  

There is a landmark on the utricular and saccular maculae termed the striola. The 

striola is a narrow trench created by small otoconia and divides each otolith organ into 

two halves. The hair cells on either side of the striola are the mirror image of one another. 

In the utricular maculae, the kinocilia (longest cilia) are oriented towards the striola. In 
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the saccular maculae, the kinocilia are oriented away from the striola. The utricle and 

saccule are positioned perpendicularly from one another within one vestibular apparatus. 

The utricle is oriented in the horizontal plane to code for horizontal accelerations and 

tilts. The saccule is oriented in the vertical plane to sense vertical accelerations and tilts. 

The vestibular apparatus on each side of the head contains the utricle and saccule, which 

enable linear head accelerations of all directions to be coded by the otolith organs. 

 

1.3.2. Vestibular anatomy: Semicircular canals 

There are three semicircular canals to code for angular accelerations of the head: 

The horizontal, anterior, and posterior semicircular canals (SCC). Each canal is filled 

with a fluid called endolymph and at the base of the canal there is a dilated sac structure 

called the ampulla. The sensory epithelial cells within the ampulla are called the cristae. 

Identical to the otolith organs, the hair cell is the mechano-sensitive receptor of the SCC. 

Hair bundles project from the cristae into a gelatinous layer that fills the ampula, called 

the cupula. Different from the otolith organs, the kinocillia of all the hair bundles within 

one canal are oriented the same way. Therefore an angular acceleration that occurs in the 

plane of the canal will cause the kinocilium of all of the hair bundles to bend in the same 

direction. If the stereocilia bend towards the kinocilium, the cell will depolarize and if the 

stereocilia bend away from the kinocilium, the cell will hyperpolarize. When an angular 

acceleration occurs in the plane in which the canal is oriented, the endolymph fluid will 

move in the opposite direction. The inertia of the endolymph deforms the cupula as well 

as the associated hair bundles that influence afferent firing.  
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The SCC work in “push-pull” pairs to signal angular accelerations of the head. 

The right and left horizontal canals work as a pair. The left anterior canal and right 

posterior canal are functional pairs. Lastly, the right anterior canal and left posterior canal 

work together. The structure and orientation of the SCC on both sides of the head enable 

coding of angular head accelerations in every direction.  The contralateral endorgans that 

function in pairs provides a high fidelity acceleration signal of head movement.  

 

1.3.3. Vestibular system connections 

The vestibular information derived from the endorgans is transmitted to the 

vestibular nuclei by the vestibular portion of the eighth cranial nerve. The peripheral 

vestibular afferents have a mean baseline firing rate of approximately 100 Hz due to the 

influence of gravity and are capable to detect both increasing and decreasing of firing rate 

as a result of head orientation and accelerations (Fitzpatrick and Day 2004). The 

vestibular afferents have strong connections to the eye musculature to stabilize the eyes 

during head movements (vestibulo-occular reflex) and to the neck musculature to 

stabilize the head in space (vestibule-collic reflex). From the four vestibular nuclei, there 

are afferent projections to the spinal cord, thalamus, cerebellum, and somatosensory 

cortices (S1 and S2). There are several areas in which sensory information from the 

periphery has the ability to interact with vestibular information(Wilson and Peterson 

1978).  
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1.3.4. Galvanic vestibular stimulation 

Galvanic vestibular stimulation (GVS) is a simple, non-invasive technique used to 

investigate the vestibular system. A small current is applied behind the ears in order to 

target the peripheral vestibular afferents that innervate the vestibular endorgans. GVS 

does not target the vestibular endorgans themselves (Coats and Stoltz 1969). GVS is 

considered a pure vestibular perturbation that modulates the neural firing of the afferent, 

similar to an unexpected, unplanned head movement (Fitzpatrick et al. 1994; Fitzpatrick 

and Day 2004b). In the bilateral (both sides of the ears), bipolar (anodal and cathodal 

currents) configuration, current passes through the mastoid processes to stimulate the 

peripheral vestibular afferents that lies superficially beneath the temporal bone.  

Investigations in the squirrel monkey determined that the irregular afferents are 

targeted by GVS (Goldberg et al. 1984); however, the origin of the GVS response in 

terms of which type of endorgan the stimulated afferent is derived from (otolith or SCC) 

and the pathways in which the current travels is debated among researchers to this day 

(Cohen et al. 2012; Curthoys and Macdougall 2012). 

An otolith-derived response to GVS has been suggested due to the strong afferent 

connections from the otolith organs to the lateral vestibular nucleus in which the lateral 

vestibulospinal tract originates and subsequently descends the length of the spinal cord. 

The static tilt of the response to GVS has also supported an otolith driven response (Zink 

et al. 1998; Day et al. 1997). On the other hand, a semicircular canal model formulated by 

Fitzpatrick and Day (2004) depicted a response from SCC stimulation that was quite 

accurate to the actual observed response to GVS. The contribution of SCC afferents to 

the GVS response was further supported from functional experiments using a 
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deafferented subject that demonstrated continuous roll and tilt during seated GVS (Day 

and Cole 2002) and those that demonstrated ocular torsion following galvanic stimulation 

(MacDougall et al. 2005). Although the origin of the GVS response remains to be 

determined, this technique is nonetheless valuable because the responses to GVS have 

been well documented and have enabled researchers to infer a vestibular contribution to 

postural control.  

 

1.3.5. GVS: Reflexive muscle responses 

Galvanic stimulation of the vestibular afferents generates a distinctive reflexive 

electromyographic (EMG) response in the posturally active muscles used for balance 

(Britton et al. 1993; Welgampola and Colebatch 2001). There are two distinct phases of 

the EMG response termed the short-latency (SL) and medium-latency (ML) responses 

(Welgampola and Colebatch 2001; Britton et al. 1993; Nashner and Wolfson 1974). In 

the lower leg, the latency of the SL response occurs between 40 and 70 ms after the onset 

of galvanic stimulation and the ML response occurs between 70 and 120 ms (Britton et 

al. 1993; Welgampola and Colebatch 2001; Fitzpatrick et al. 1994). To date there is little 

evidence concerning the origin or purpose of the SL response, however this does not 

exclude the potential of its importance in the balance response; the SL response has been 

suggested to be associated with small changes in ankle angle and transient sway 

(Fitzpatrick et al. 1994). There is more support of the ML response generating posturally 

relevant torques and therefore contribute to standing control. The peak amplitude of the 

ML response has shown to be largest when vestibular input was a main contributor to 

sensory information (i.e. eyes closed, unstable support surface, small stance width) (Day 
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et al. 1997; Welgampola and Colebatch 2001; Muise et al. 2012). The later onset of the 

ML response relative to the SL response suggests that it is centrally modulated by other 

sensory centres before the response is sent and seen in the posturally-active muscles 

(Britton et al. 1993). The reticulospinal and vestibulospinal tracts have been suggested as 

potential transmission pathways for the SL and ML generated muscle responses as both 

of these tracts have direct projections to the cervical and lumbar motor neurons (Grillner 

and Hongo 1972; Orlovsky 1972; Britton et al. 1993).  

 

1.3.6. GVS: Elicited postural movement 

The ML response is correlated to the direction and magnitude of generated sway 

that begins approximately 150 – 200 ms after the onset of GVS (Fitzpatrick et al. 1994; 

Britton et al. 1993). With the head turned over the left shoulder (and the anode electrode 

on the front or right ear), the excitatory SL response of the soleus muscle first generates a 

small plantarflexor torque about the ankle, which is followed by an inhibitory ML 

response that causes a dorsiflexion torque about the ankle, a small change in ankle angle 

of approximately 1°, and is correlated with the generated forward movement (anode 

electrode on the front or right ear) (Fitzpatrick et al. 1994).  

GVS results in whole body movement that has been described as static tilt as well 

as a roll of the upper body segments (Day et al. 1997; Bent et al. 2004). The observed 

body movement elicited by GVS is towards the anode electrode (Britton et al. 1993; Day 

et al. 1997; Fitzpatrick and Day 2004a). The sway response to GVS has been described as 

a generated movement to compensate for the perception of movement towards the 

cathode electrode (Fitzpatrick et al. 1994; Fitzpatrick et al. 2002a). Experiments using 
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GVS have demonstrated larger GVS-generated postural responses during dynamic tasks 

and have inferred that contribution of vestibular input is more crucial for dynamic 

balance tasks, which include withstanding perturbations and walking (Inglis et al. 1995a; 

Peterka 2002; Bent et al. 2000; Bent et al. 2004). 

 

1.3.7. Sensory interaction between the vestibular and somatosensory systems  

The highly organized balance response elicited by GVS is dependent on head and 

body orientation (Gurfinkel' et al. 1989; Lund and Broberg 1983a; Cathers et al. 2005) 

the availability of sensory cues (Britton et al. 1993; Fitzpatrick et al. 1994; Muise et al. 

2012), and perception of body orientation and movement (Fitzpatrick et al. 2002b; 

Fitzpatrick and Day 2004b). 

The vestibular apparatuses are contained deep within the temporal bones and are 

sensitive to accelerations of the head. To ensure that the elicited balance responses are 

appropriate for the environment and current body alignment, integration between 

vestibular and somatosensory inputs is crucial. Day and Cole (2002) provided dramatic 

evidence that somatosensory input is integrated with vestibular input to control posture 

by administering GVS to a deafferented patient who lacked somatosensory input from the 

neck down, but had fully functioning vestibular and visual systems. The subject did not 

feel comfortable and was not able to stand during GVS. However, when GVS was 

administered during sitting, the deafferented subject responded with a continuous sway of 

much greater magnitude than the healthy aged-matched control (Day and Cole 2002). In a 

healthy adult, somatosensory input suppresses the continuous tilt, resulting in a more 

static standing response (Day et al. 1997). Inputs from the periphery (somatosensory 
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system) and the vestibular system interact and are used for postural control (Britton et al. 

1993; Lund and Broberg 1983b).  

To date it is unknown where the interaction between the skin and vestibular 

system occurs; however, the potential areas of integration include “prior to the 

motoneuron pool” (Muise et al. 2012), the vestibular nuclei, the cerebellum, and the 

somatosensory cortex. Despite the fact that current research cannot conclude where the 

interaction between the vestibular and somatosensory inputs (specifically skin) takes 

place, the numerous functional studies that demonstrate an altered postural response to 

GVS as a result of a change in somatosensory input provide support that an interaction 

does occur and that it is relevant for standing control.  

 

1.4. Sensory weighting  

The influence of each sensory source is dynamic and task-dependent (Inglis et al. 

1995b; Fitzpatrick et al. 1994; Bent et al. 2004; Zehr et al. 1997). Healthy adults can 

rapidly adapt to changes in sensory input to maintain postural control. A sudden change 

of sensory input (for example cooling the skin or applying a topical anesthetic) can be 

quickly incorporated to the postural strategy granted that subjects are healthy adults and 

are able to utilize remaining, reliable sensory sources (Meyer et al. 2004b; Billot et al. 

2014). When there is no somatosensory information available, such as in the deafferented 

subject studied by Day and Cole (2002), a larger postural response to GVS is observed 

because of a greater reliance on vestibular input to control posture. 

  Investigations of sensory weighting have helped uncover the relative importance 

of sensory input for a given task, which indicates what sources the central nervous system 
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may utilize to maintain postural equilibrium. Lowrey and Bent (2009) demonstrated that 

when healthy young adults were lying down prone with the head facing forwards, 

cutaneous and vestibular information interacted to modulate the motoneuron pool 

excitability of the soleus muscle. They found that when applied together, the response 

amplitude to plantar foot skin and vestibular stimulation was the linear sum of when the 

stimuli were applied independently, which suggested that the skin and vestibular inputs 

were of equal sensory importance for this task. Thomas and Bent (2013) also found that 

the foot sole skin and vestibular inputs interact in a seated paradigm. When cutaneous 

stimulation was combined with subthreshold vestibular stimulation, the cutaneous input 

enabled the vestibular inputs to contribute to the reflex muscle response (Thomas and 

Bent 2013).  

Muise et al. (2012) demonstrated that when skin information from the plantar feet 

was reduced, the amplitude of the GVS-evoked ML response increased to maintain 

standing equilibrium. Following hypothermic anesthesia of the foot soles, the authors 

found that the amplitude of the ML response in the soleus muscle increased while the SL 

was not significantly modulated. This study provided support of an interaction between 

the cutaneous and vestibular afferents, which they suggested occurs prior to the 

motoneuron pool. Marsden and colleagues (2003) also found that input from the load-

sensitive afferents of the plantar feet interact with the vestibular system for standing 

control; by increasing loading to the feet they observed an increase in the lateral and 

vertical force developments elicited by GVS. 
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There is strong evidence of an interaction between the plantar foot skin and the 

vestibular system for prone, seated, and standing subjects. Whether an interaction exists 

between the skin of the foot dorsum and the vestibular system remains unknown. 

 

1.5. Limitations of the current literature 

The four cutaneous afferents found within the glabrous and non-glabrous skin 

code for complex stimuli including skin stretch, pressure, and vibrations (Vallbo et al. 

1979; Vallbo and Johansson 1984; Kennedy and Inglis 2002; Aimonetti et al. 2007). 

Interestingly, a high proportion of the cutaneous mechanoreceptors found on the dorsal 

skin of the foot are sensitive to movements about the ankle (Aimonetti et al. 2007), which 

suggests the skin of the foot dorsum may be an important proprioceptor. This notion was 

supported by a study performed by Lowrey and colleagues (2010) in which the dorsal 

foot skin was shown to influence the accuracy for a passive ankle joint matching task. 

Additionally, during locomotion, although there are several sources of sensory input 

available to successfully ambulate through the environment a small region of dorsal foot 

skin can still influence the pattern of locomotor control (Howe et al. under review). Howe 

and colleagues (under review) found that during a locomotor task (level walking) sensory 

input from the skin of the dorsal feet influenced the kinematic pattern at the ankle and 

knee. These proprioceptive characteristics of the dorsal foot skin that have been identified 

to date (Aimonetti et al. 2007; Lowrey et al. 2010) warrant further investigation. It is 

unknown whether the dorsal foot skin contributes to postural control during standing. 

Previous work has noted that there are several other sources of information to preserve 

control during quiet stance, which includes the plantar skin of the feet (Magnusson et al. 
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1990; Meyer et al. 2004b) and muscle spindles within posturally active muscles (Aniss et 

al. 1990). Sensory sources are utilized when they are relevant or provide the greatest 

resolution to the postural task (Peterka 2002). At what point (if at all) does the dorsal foot 

skin become necessary for standing control?  

The vestibular system also provides cues of verticality relevant for postural 

control (Day and Fitzpatrick 2005b). Linear and angular head accelerations are coded by 

the firing pattern of the vestibular afferents to generate a vestibular signal (Goldberg et al. 

1984; Fitzpatrick and Day 2004a). Sensory information from the skin and muscles is used 

to ensure that appropriate movements can be elicited for the current body orientation and 

environment (Mauritz and Dietz 1980; Diener et al. 1984). Skin in particular has been 

shown to have an integrative role with vestibular input to facilitate postural control 

(Lowrey and Bent 2009; Muise et al. 2012). The sensory input from skin and vestibular 

sources are weighted according to their relevance and reliability for the postural task 

(Peterka 2002; Muise et al. 2012). With a reduction in cutaneous input from the plantar 

feet, vestibular information has been shown to compensate to maintain standing 

equilibrium during GVS, which was expressed as an increase in peak amplitude of the 

ML response (Muise et al. 2012). These findings demonstrated that input from the skin of 

the plantar feet and the vestibular system interact to preserve standing equilibrium. It is 

unknown whether the cutaneous input from the dorsal feet interacts with the vestibular 

system to control standing and vestibular-generated movements in a similar manner to the 

plantar aspect of the feet.  

 

 



 24 

1.6. Thesis objectives and hypotheses 

The aim of this thesis was to understand the influence of the skin on the dorsal 

aspect of the feet during a standing vestibular perturbation. Introducing a vestibular 

perturbation served two functions: i) perturb the body and increase the proprioceptive 

reliance of the skin of the dorsal feet and ii) enable the investigation of sensory 

interaction between the dorsal foot skin and the vestibular system. 

 

There were two primary objectives of our experiment: 

1) Investigate whether the reduction of cutaneous input from the dorsal feet alters the 

reflexive muscle responses elicited by a standing vestibular perturbation (SL and 

ML responses). 

2) Determine whether the reduction of cutaneous input from the dorsal feet has an 

effect on the postural response to a vestibular perturbation (centre of pressure and 

centre of mass).  

 

1.7. Hypotheses 

1) We hypothesized that cutaneous input from the dorsal feet is used for postural 

control during standing and a vestibular perturbation; a reduction in dorsal foot 

skin input was expected to result in sensory reweighting (increased reliance on 

vestibular input) and be expressed as an increase in the peak amplitude of the 

reflexive ML response of the soleus muscle. We hypothesized that there would be 

no change in the SL response. 
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2) It was hypothesized that following a reduction in cutaneous input from the dorsal 

feet there would be a greater reliance on vestibular input. This increased reliance 

on vestibular input would manifest as body deviations of larger magnitude in 

response to the vestibular perturbation, in the initial response to the vestibular 

perturbation.  Specifically, we expected increased peak amplitudes of centre of 

pressure and centre of mass displacement.  
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2. General methodology 

2.1. Ethical approval 

All experimental procedures were approved by the research ethics board at the 

University of Guelph and coincided with the Declaration of Helsinki. Each subject 

completed consent and questionnaire forms prior to data collection and were naïve to the 

vestibular perturbation and hypotheses of the experiment (see Appendix).  

 

2.2. Study participants 

Fourteen healthy, young adults (seven females; 20 – 24 years old; 175.3 ± 9.77 

cm; 69.8 ± 12.33 kg) participated in the current study to elucidate the contribution of 

cutaneous input from the dorsal feet during a standing vestibular perturbation. In an effort 

to test a homogeneous subject group, prospective participants were excluded if they had 

known neuromuscular or balance disorders, inner ear disturbances, foot and ankle injuries 

or pain, or a history of concussions, which was established by emailing screening and the 

questionnaire forms (see Appendix).  

2.3. Subject set up  

2.3.1. Surface electromyography  

Surface electromyography (EMG) was recorded bilaterally from the medial soleus 

and tibialis anterior muscles. The surface of the skin overlying each muscle belly was 

shaved and cleaned thoroughly with an alcohol swab. Two electrodes (9 cm2 silver/silver 

chloride foam electrodes, Medi-Trace™, Kendall™, Mansfield, MA, USA) were 

mounted cuff to cuff on each muscle with an interelectrode distance of approximately 2 
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cm. A ground electrode was mounted to the left lateral malleolus for all subjects. Each 

pre-amplifier was secured to the subject’s leg with Transpore™ tape to reduce noise 

artifact.  

The muscle activity was amplified with an AMT-8 EMG amplifier (input impedance: 

10GΩ, gain = 1000, frequency response = 10 – 1000 Hz, at -6 dB, common mode 

rejection ratio = 115 dB at 60 Hz, Bortec, Calgary, Canada). The analog signals were 

then digitally converted (Cambridge Electronic Design, Cambridge, UK) and sampled at 

2048 Hz in Spike2 version 7.  

Maximum voluntary contraction (MVC) trials were performed for each muscle 

prior to the standing experimental trials. Each subject voluntarily contracted the bilateral 

tibialis anterior and soleus muscles individually by performing dorsiflexor and 

plantarflexor movements, respectively, while an experimenter provided appropriate 

resistance. Each MVC trial was approximately 9 s in duration. Participants ramped up to 

their maximum contraction for 2 s, held for 5 s, and then released over a 2 s ramp down 

period. 

 

2.3.2. Kinetic data 

Ground reaction forces and moments were collected on a force plate (Advanced 

Mechanical Technology Inc., Watertown, MA, USA). The y-axis was aligned with the 

axis of progression, the x-axis was aligned with the medio-lateral axis, and the z-axis was 

the vertical axis. Data were amplified with an AMTI MSA-6 strain gauge mini amplifier 

and were sampled at 1000 Hz (Spike 2 version 7). The force plate was zeroed before each 

condition (PRE and POST). 
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2.3.3. Kinematic data  

Custom rigid bodies were created and adhered to each subject to record the 

movement of the head, trunk, and pelvis with the Optotrak 3020 motion capture system 

(NDI, Waterloo, ON). The inclusion of rigid bodies enabled simpler and fewer erroneous 

mathematical computations when calculating whole body movement compared to an 

individual marker system (Robertson et al. 2013). Each rigid body was custom-made with 

four infrared light emitting diodes, positioned non-collinearly on a rigid piece of plastic. 

The three rigid bodies were constructed and secured to the head, trunk, and pelvis, 

resulting in a total of twelve markers to estimate centre of mass (CoM). The head rigid 

body was placed on the right side of the head so that when subjects turned their head to 

the left, the head rigid body faced the camera bank. The trunk rigid body was secured in 

the center of the upper trunk. The pelvis rigid body was secured at the approximate level 

of the anterior superior iliac spines (Figure	  2.1). Movement of the rigid bodies was 

captured with one horizontally oriented camera bank comprised of three cameras. The 

camera was elevated on a custom-made stand 105 cm from the ground and positioned 

295 cm from the force plate.  

The global coordinate system coincided with the International Society of 

Biomechanics regulations. The x-axis was aligned with the axis of progression, the y-axis 

was aligned with the vertical axis, and the z-axis was established as the medio-lateral 

axis. The local coordinate system of each rigid body was calibrated in NDI 6D Architect. 

The marker power was set at 80% and the tolerance level of 3D RMS error was set at 0.5 

mm. The anatomical reference points (Winter 1990) were digitized in NDI First 
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Principles for each rigid body prior to each test condition. The right and left ears were 

digitized to define the head segment. The right acromion, left acromion, and xyphoid 

were used to define the trunk segment. Lastly, the right and left anterior superior iliac 

spine and the right and left iliac crests were digitized to define the pelvis segment. Data 

were sampled at 100 Hz (NDI First Principles).  

 

2.4. Data collection 

For all trials, subjects stood with 1 – 2 cm separating the heels with the feet 

approximately parallel and arms relaxed at their sides. Each participant’s base of support 

was marked with tape to ensure consistent foot position throughout the experiment. 

Subjects performed three types of randomized trials: 1) quiet stance trials 2) functional 

base of support trials and 3) trials where galvanic vestibular stimulation (GVS) was 

delivered (described further below). During all experimental trials, subjects rotated their 

head over the left shoulder to create a 90° angle between the head and the trunk. A laser 

pointer was mounted to the left side of the head and a target was mounted to the adjacent 

wall and adjusted to subject height. In order to ensure consistent head and trunk 

orientation throughout testing, subjects were instructed to align their head and maintain 

the laser beam within the target (3 cm in diameter at a distance of 170 cm) at the 

beginning of each trial. During data collection when subjects’ eyes were closed, head 

deviations away from proper orientation were mitigated with verbal reminders to keep the 

head turned.  
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2.4.1. Quiet stance trials 

Subjects were instructed to simply maintain verticality with eyes closed and arms 

relaxed by their sides. During each skin condition (PRE and POST), subjects performed 

two trials. Trials were 2 minutes in duration. 

 

2.4.2. Functional base of support (FBoS) trials 

The FBoS instructions were adapted from King and colleagues (1994). The 

following instructions were provided to each subject and simultaneously demonstrated: 

“First, stand quietly with your head turned to the left and eyes closed for ~20 s. You will 

keep you head in this position for the entire trial. When cued, you will lean as far forward 

as you can comfortably without moving your feet or waving your arms. Hold this 

position for ~5 – 8 s. You will then receive another cue and will return to your original, 

neutral position for ~ 8 – 10 s. Next, you will lean as far backwards as you can 

comfortably and hold for ~5 – 8 s. Lastly, you will be cued to return to your original, 

neutral position. Each step will be verbally cued during data collection.”  

Subjects were encouraged to avoid large torques at the hip and were allowed one 

practice trial before data collection. If subjects required a step during the task to maintain 

balance, the trial was discarded and repeated. Only one subject took a step and required 

an additional functional base of support trial. We believe this was due to the subject’s 

competitive nature as the subject tested their limits. The failed FBoS trial occurred during 

the first trial of the PRE condition. Subjects performed two FBoS trials for each skin 

condition (PRE and POST). 
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2.4.3. Galvanic vestibular stimulation trials 

Bipolar, binaural galvanic vestibular stimulation (GVS) was used for the 

vestibular perturbation. The skin over the mastoid processes was cleaned, and surface 

electrodes (9 cm2 silver/silver chloride foam electrodes, Medi-Trace™, Kendall™, 

Mansfield, MA, USA) were adhered to the skin to stimulate the peripheral vestibular 

afferents, which run beneath the bony processes. Gel was used on the electrodes to reduce 

impedance, and lower the voltage necessary to maintain a constant current. The 

respective leads were attached to the electrodes and were secured using Transpore™ tape 

and a headband worn over the ears throughout testing (Figure	  2.1). A Linear Stimulus 

Isolator (A395, World Precision Instruments) generated the galvanic square pulses, which 

were customized to each subject’s GVS threshold (Bent et al. 2000). GVS threshold was 

defined as the minimal amount of current (mA) in which visual observations of sway 

were produced. The stimulus was a 2-3 s pulse, which began at an intensity of 0.05 mA 

and increased by increments of 0.05 mA as subjects stood comfortably (1 – 2 cm 

separating the feet, arms relaxed by their sides, and head turned 90° to the left).  Separate 

GVS thresholds were determined for when the anode electrode was on the front (right) or 

back (left) ear. The higher threshold between both electrode polarities was chosen as the 

GVS threshold; although there was little difference between each subject’s anode front 

and anode back threshold levels (~ 0.02 mA difference at maximum).  

The galvanic stimulus used during testing was set to three times the magnitude of 

GVS threshold (≥ 0.8 mA; 0.8 mA – 1.8 mA). Seven GVS blocks (approximately three 

minutes each) were applied in the PRE condition and seven blocks were applied in the 

POST condition. Therefore, a total of fourteen GVS blocks were delivered over the 
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testing session. Each GVS block was comprised of 20 GVS square wave pulses (2 s in 

duration) with randomized rest intervals of 4 – 6 s (140 GVS pulses/PRE or POST 

condition; total of 280 GVS pulses). A custom data collection program was created in 

Spike2 to randomize the anode electrode between the front (right) and back (left) ear. Of 

the 20 pulses in one GVS block, there were 10 pulses with the anode on the anterior 

mastoid and 10 pulses with the anode on the posterior mastoid.  

Rest periods were implemented after every two or three GVS testing blocks 

(exposure to 40 – 60 GVS pulses); subjects sat on a chair for approximately one minute 

to reduce any effects of fatigue. Participants were also encouraged to perform neck 

stretches in the opposite direction between trials. 

 

2.5. Reducing cutaneous input 

A topical anesthetic (EMLA® cream, Astra Zeneca: 2.5% lidocaine, 2.5% 

prilocaine) was used to reduce dorsal skin input from the feet. Both feet were measured 

and the cutaneous area of interest (anaesthetization area) was mapped and normalized to 

each subject’s foot size. The distance between the right and left malleoli (center to center; 

cm) was recorded and a line was drawn across to define the level of the malleoli. A point 

located in the centre of the malleoli was marked on the right foot to be used as the test 

location for all of the subsequent perceptual and temperature measurements. The width 

and height of the anaesthetization area was normalized to each participant’s foot size and 

protruding tendons and ligaments were avoided as best as possible. To define the width 

limits of the anesthetization area, points were created 1.5 – 2.5 cm medially from the 

center of each malleolus. Dorsal foot length was measured as the distance between the 
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end of the great toe and the level of the malleoli. The total length of the anaesthetization 

area was 75% of the dorsal foot length; the length of the area was arranged so that 50% of 

the border length was below and 25% of the border length was above the level of the 

malleoli (Figure	  2.1). The anesthetization area was restricted to approximately 100 

cm2/foot due to limitations of the topical anesthetic cream. All hair was shaved from the 

anaesthetization area prior to application of the topical anesthetic. 

A thick layer of EMLA® cream was applied (~1.0 g / 10 cm2) within the mapped 

borders of the anesthetization area. The cream was then covered with an airtight dressing 

and subjects sat comfortably for 2 hours to allow maximum absorption of the cream. The 

effectiveness of the cutaneous intervention was evaluated with monofilament perceptual 

testing (Touch Test® Sensory Evaluators). One experimenter performed all of the 

monofilament testing to obtain reliable and repeatable perceptual thresholds. These 

monofilaments are individually calibrated and when applied perpendicularly to the skin, 

the filament bends at the peak force threshold (0.008 g – 300 g). A total of three 

monofilament perceptual tests were performed at three separate time points (Dyck et al. 

1993). The first monofilament threshold test (MF1) was measured prior to the EMLA 

cream application, MF2 was measured immediately following the removal of the topical 

anesthetic, and MF3 was measured at the end of data collection (approximately 1 hour 

after testing began). Participants indicated whether they perceived an applied stimulus by 

answering ‘yes’ or ‘no’ within a 2 second window after a 3-2-1 countdown. They were 

instructed to answer ‘yes’ only if they were 90% confident that a stimulus had been 

applied, otherwise they answered ‘no’. Each perceptual test session began by applying a 

large stimulus that participants were required to perceive before testing continued. 
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Monofilaments of smaller forces were then applied in a step-wise manner to determine 

the monofilament perceptual threshold (MF) (Bent et al. 2000; Dyck et al. 1993). 

Subjects sat with eyes closed with feet elevated on a chair, with knees slightly bent. The 

experimenter reminded participants of the test location on the right dorsal foot before 

closing their eyes, prior to each MF test. Catch trials were implemented in which no 

stimulus was applied following the stimulus countdown to ensure subject accuracy 

throughout the protocol. Monofilament perceptual threshold was determined as the 

smallest perceivable stimulus that could be successfully identified in at least 3 of 4 trials 

(≥ 75% success rate). The aim of the anesthetic intervention was to elevate MF threshold 

to a clinically relevant threshold similar to that seen in a diabetic peripheral neuropathy 

population (MF3 ≥ 10 g) and indicative of reduced skin sensitivity; however, all subjects 

who obtained elevated MF scores were included in analysis. Subjects who had no skin 

sensitivity change or decreased MF threshold were excluded from the study. Skin 

temperature was also recorded using an infrared thermometer (ThermoWorks, Alpine, 

Utah, USA) at the same time points and location as monofilament testing (Figure	  2.1).  

Subjects were aware of the medicinal ingredients of the cream (lidocaine and 

prilocaine) and that they may experience numbness; however, the hypotheses regarding 

the potential postural influences of the intervention were not made apparent to subjects. It 

was also mentioned that every individual experiences different sensations following 

cream application.  
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2.6. Sham group 

A subset of different participants acted as a control group to investigate if factors 

inherent of the protocol (i.e. duration of data collection) contributed to the findings. Five 

subjects participated in this experiment (3 females; 20 – 21 years old; 171.2 ± 3.8 cm; 

62.8 ± 5.3 kg). In place of the EMLA cream, a sham cream (moisturizer cream; NIVEA 

Crème) was applied to the anesthetization area. The sham group performed the identical 

procedure as subjects in the EMLA group.  

 

2.7. Data analysis and outcome measures  

Our main objective of the study was addressed by comparing the PRE and POST 

dependent variables collected during the galvanic perturbation trials. The dependent 

variables of interest were: the peak amplitude and area of the short and medium latency 

muscle responses, and the magnitude, latency, and velocity of the CoP and CoM 

responses elicited by GVS. All data were spike-trigger averaged to the onset of each GVS 

pulse. The spike-trigger averaged data included 100 ms of data prior to GVS and 6 

seconds subsequent to the GVS onset. All outcome measures were generated and 

analysed separately for the anode front GVS and anode back GVS trials due to the 

biomechanical nature of the response.  

 

2.7.1. Short latency (SL) and medium latency (ML) muscle responses  

Surface EMG data were band-pass filtered offline using a 10 – 1000 Hz, fourth 

order Butterworth filter (Spike2 version 7). The signals were rectified and then smoothed 

with a 30 ms moving average filter to attenuate any high frequency components. The 



 36 

spike-trigger averaged EMG signal was imported into Excel and zeroed to the mean 

EMG activity 50 ms prior to GVS onset. The spike-trigger averaged, rectified, and zeroed 

EMG traces for the anode front and anode back perturbations were superimposed in order 

to determine the short and medium latency responses. The beginning of the short latency 

(SL) response was the first response that occurred between 40 and 70 ms after GVS 

onset, where the traces of the two polarities diverged. The beginning of the medium 

latency (ML) response occurred at approximately 100 ms after GVS onset and was the 

inverse polarity of the SL response (Welgampola and Colebatch 2001). The beginning of 

the ML response was also the termination of the SL response. Peak amplitude and area 

were determined for the SL and ML responses and compared between conditions. 

Activity was expressed as percentage of background of the mean pre-stimulus activity 

(Figure	  2.2).  

 

2.7.2. Centre of pressure  

The force and moment data were filtered using a low pass, dual-pass Butterworth 

filter with a 10 Hz cut-off (Spike2 version 7). The position of the centre of pressure 

(CoP), defined as the sum of the ground-reaction forces or pressures beneath the feet, was 

calculated in the axis of progression (AP) using the following equation:  

CoPy = 
Mx – cFy 
Fz      c = 0.0388 m  

 

Trials were zeroed to 50 ms of mean CoP activity preceding the galvanic 

stimulation.  The postural events or time points labeled as CoP1 through CoP7 (see 

below) were established for each of the PRE and POST conditions to quantify the CoP 



 37 

response elicited by GVS. These postural events were based on the peaks of the postural 

movement. 

CoP1 was established as the first peak following GVS, also characterized as the 

‘push response’ elicited by GVS (So and Bent 2009). CoP3 was defined as the peak CoP 

amplitude while GVS was on; therefore indicating the largest magnitude of CoP 

displacement during the vestibular perturbation. CoP2 was established as the midpoint 

between CoP1 and CoP3.  

Turning off GVS acted similarly to a second vestibular perturbation. The change 

in current creates a CoP displacement that is of comparable magnitude to CoP1, but 

occurs in the opposite direction. This postural event was characterized as CoP4. After 

CoP4, subjects then return to a baseline position similar to their initial starting position. 

We labeled the event of baseline following GVS as CoP7. The movement following 

GVS, from CoP4 to baseline, was quite variable across individuals; the anode front GVS 

and anode back GVS traces were superimposed, similar to the technique used to quantify 

the SL and ML muscle responses. The point at which the anode front GVS and anode 

back GVS traces crossed (~ 3 seconds after GVS onset) was defined as the new 

equilibrium point that occurred after GVS was turned off. This postural event was labeled 

CoP7. 

The events CoP5 and CoP6 characterized the movement during the return to 

baseline. CoP6 was defined as the midpoint between CoP4 and CoP7. The CoP5 time 

point was selected 500 ms after CoP4. A time frame of 500 ms was chosen because it was 

adequate for automatic postural adjustments and voluntary movements to be made 

following the termination of GVS. When GVS was turned on, CoP movements were 
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initiated between 80 and 200 ms post-stimulus. The CoP4 – CoP5 window of 500 ms 

enabled capturing a response with an increased or decreased latency.  

For each time point (CoP1 – CoP7), the amplitude and latency (time to that 

amplitude) were compared between conditions. The slope between each time point was 

also calculated to determine if there were changes in average CoP velocity between 

conditions (Figure	  2.3).  

 

2.7.3. Centre of mass  

CoM was estimated using the position of the head, trunk, and pelvis rigid bodies 

in V3D (C-motion, Germantown, MD, USA). Marker position data files (.c3d) were 

exported offline from NDI First Principles and imported into V3D. The data were filtered 

using a low pass, dual-pass Butterworth filter with a 5 Hz cut-off. Postural sway was 

investigated in the axis of progression (x-axis) using a modified (Winter 1990) model. 

 Six time points (CoM1-CoM6) were established to quantify the postural response, 

similar to the method used for CoP.  

CoM1 was labeled as the initial position of the CoM prior to forward or backward 

displacement. CoM3 defined the peak CoM amplitude for the duration of the trial. CoM2 

was chosen as the midpoint between CoM1 and CoM3.  

The CoM traces that resulted from anode front GVS and anode back GVS were 

superimposed to determine subjects’ return to an equilibrium position. The point at which 

the anode front GVS and anode back GVS traces crossed after GVS was turned off was 

defined as the postural event CoM6. CoM6 was a postural event that was consistent 

across all subjects; it signified the point at which subjects regained their stability prior to 
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the next GVS pulse. CoM5 was the midpoint between CoM3 and CoM6. CoM4 was 

selected 500 ms after the CoM3 time point. 

The amplitude and latency of each postural event (CoM1 – CoM6) were 

compared between conditions. The slope between each time point was also calculated to 

determine average CoM velocity (Figure	  2.3). 

 

2.7.4. Quiet stance trials 

CoP in the axis of progression was calculated for each 2-minute quiet stance trial 

and zeroed to the initial 50 ms of CoP activity. The data were filtered with a low pass, 

dual-pass Butterworth filter with a 10 Hz cut-off (Spike2 version 7). Quiet stance was 

quantified using mean power frequency, CoP range, and CoP velocity (Prieto et al. 1996) 

and compared between skin conditions. 

 

2.7.5. Functional base of support trials 

CoP in the axis of progression was calculated for each FBoS trial and zeroed to 50 

ms of CoP activity prior to movement onset. The mean CoP displacement from initial to 

final lean position was calculated for forward and backward leans. The purpose of the 

FBoS trials was to provide a functional reference for any changes seen in the amplitude 

of CoP displacement during GVS trials. For each of the conditions, the largest 

displacement following a functional base of support trial was used to compare across 

conditions (King et al. 1994). CoP displacement was expressed as a percentage of plantar 

foot length. 
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2.8. Statistical analysis  

One-way repeated measures analyses of variance (ANOVA) were used to 

determine if there were differences in peak amplitude and area of the SL and ML 

responses due to the skin condition (PRE or POST). We tested the following dependent 

variables: SL amplitude anode front GVS, SL amplitude anode back GVS, SL area anode 

front GVS, SL area anode back GVS, ML amplitude anode front GVS, ML amplitude 

anode back GVS, ML area anode front GVS, and ML area anode back GVS. 

We used two-way repeated measures ANOVA to assess postural differences that 

resulted from reduced dorsal skin input during the vestibular perturbation. The two levels 

(independent variables) were (PRE/POST and time point (CoP1 – CoP7; CoM1 – 

CoM6). The change in temperature was established as a covariate in all analyses because 

skin temperature has shown to influence cutaneous sensitivity (Bolanowski Jr et al. 

1988). Our statistical analysis accounted for the influence of skin temperature variability. 

Therefore significant findings were not due to a change in skin temperature. Each of the 

following dependent variables was tested in their respective two-way ANOVA: CoP 

amplitude anode front GVS, CoP amplitude anode back GVS, CoP latency anode front 

GVS, CoP latency anode back GVS, CoP velocity anode front GVS, CoP velocity anode 

back GVS, CoM amplitude anode front GVS, CoM amplitude anode back GVS, CoM 

latency anode front GVS, CoM latency anode back GVS, CoM velocity anode front 

GVS, CoM velocity anode back GVS. 

  To ensure data set abided by the assumptions of linearity that are inherent within 

analyses of variance, the data were examined for normality of residuals, homogeneity of 

variance, and randomness prior to conducting each test. The normality of the residuals 
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was determined with a mixed model analysis. The Shapiro-Wilk statistic and p-value in 

conjunction with the generated scatter plot of the data determined if the data were 

normally distributed and random. Homogeneity of variance was determined with the 

Brown-Forsythe test using a general linear model analysis. 

A post-hoc Tukey-Kramer adjustment was used to make all remaining pairwise 

comparisons. Significant interactions following the Tukey-Kramer adjustment (corrected 

for multiple comparisons) between the PRE and POST conditions at each time point 

(CoP1 – CoP7; CoM1 – CoM6) determined if reduced dorsal foot skin input influenced 

postural outcome.  

Significance level was established as p < 0.05 for all analyses, which were 

performed in SAS (version 9.3).  
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Figure 2.1 Experimental set-up. A) Subject set-up: Subjects were equipped with surface 
electromyography on the bilateral soleus and tibialis anterior muscles. Rigid bodies were 
mounted to the head, trunk, and pelvis to estimate centre of mass. Subjects turned their 
head over the left shoulder for all experimental trials, which resulted in anterior-posterior 
sway elicited by galvanic vestibular stimulation. B) Cutaneous feedback within the area 
of anesthetization was reduced using a topical anesthetic. The effectiveness of the 
intervention was quantified using a perceptual monofilament test at one location (X). 
Temperature measurements were taken at the same location. 
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Figure 2.2 All data were spike-trigger averaged to the onset of GVS; GVS was on 
between 0 and 2 seconds. Above traces are mean data (n = 12) with standard error 
represented in grey shading. Anode front and anode back traces were superimposed to 
determine the short-latency (SL) and medium-latency (ML) responses. Peak amplitude 
(bar) and area (dashed lines) were calculated for each condition (PRE front, PRE back, 
POST front, POST back). Data are expressed as the percentage of mean muscle activity 
50 ms before stimulus onset. There were no significant differences in the area or peak 
amplitude of either the SL or ML response following a reduction in dorsal foot skin input 
(PRE vs POST; p > 0.05).  
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Figure 2.3 Methods for quantifying the CoP and CoM responses elicited by GVS. Data 
were averaged across all subjects (n=12) to generate each trace. Mean group data are 
represented by lines (PRE = solid lines; POST = hatched lines) and standard error is 
represented by grey shading. Data were spike-trigger averaged to the onset of GVS. GVS 
was on between 0 and 2 seconds (represented by the grey rectangle). GVS front and GVS 
back traces were superimposed to determine each postural event (CoP1 – CoP7; CoM1 – 
CoM6). A) CoP movement evoked by GVS in the anterior-posterior (AP) direction. 
Events CoP1 to CoP7 were identified in each trace to quantify CoP movement to the 
perturbation (see Methods section). B) CoM movement elicited by GVS in the AP 
direction. The events CoM1 to CoM6 were identified to quantify CoM movement to the 
perturbation (see Methods section). Postural equilibrium following GVS (CoM6) 
occurred significantly later when cutaneous input from the dorsal feet was reduced, 
which is highlighted with the solid (PRE) and hatched (POST) boxes. The CoP and CoM 
postural events are labeled for the PRE front condition. 
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3. Manuscript 

3.1. Introduction 

The relative contribution of sensory information from the visual, vestibular, and 

somatosensory systems is dynamic and task-dependent (Peterka 2002). The vestibular 

system is a sensory apparatus enclosed within the bony labyrinth of the inner ear and 

produces a collective vestibular afferent signal (Fitzpatrick and Day 2004b; Lund and 

Broberg 1983a) that is generated by changes in head accelerations and provides cues of 

verticality.  Somatosensory cues are utilized to accurately interpret the accelerations of 

the head relative to space as well as relative to the body (Lund and Broberg 1983a; 

Britton et al. 1993). 

In order to probe the vestibular system, a non-invasive technique called galvanic 

vestibular stimulation (GVS) can be used. This technique uses a small current applied 

behind the ears through the mastoid processes to alter the firing of the peripheral 

vestibular afferents (Fitzpatrick and Day 2004b; Fitzpatrick et al. 1994). GVS results in a 

reflexive muscle response in posturally active muscles (Britton et al. 1993; Welgampola 

and Colebatch 2001) that have short latency (SL) and medium latency (ML) components 

indicating the ability of the vestibular system to influence motor output. The reflexive, 

biphasic muscle activity has been related to small changes in appropriate ankle torques 

and movement originating at the ankle (Fitzpatrick et al. 1994). A later sway response is 

observed towards the anode electrode, described as a static postural tilt in response to the 

GVS, which is thought to compensate for the perception of movement toward the cathode 

(Day et al. 1997; Fitzpatrick et al. 1994). Importantly, the response to GVS is task-

dependent; a GVS response of larger magnitude (i.e. larger reflexive responses or sway 



 46 

responses) is indicative of a greater vestibular contribution to a given task. When relevant 

proprioceptive cues are reduced, the sensory contribution of the vestibular system to 

certain tasks has been shown to increase (Fitzpatrick et al. 1994; Muise et al. 2012). 

The plantar skin of the feet is known to contribute to postural control (Meyer et al. 2004a; 

Perry et al. 2000; Kavounoudias et al. 1998; Priplata et al. 2002). Reducing sensory 

information from the plantar surface of the feet results in increased centre of pressure 

velocity (Meyer et al. 2004a) and altered compensatory stepping strategies evoked by 

platform translations (Perry et al. 2000). Further support of skin’s role in balance is 

provided by skin augmentation; Kavounoudias et al. (1998) found that an enhancement of 

cutaneous input with vibration applied to the foot soles generates direction specific 

postural sway. Cutaneous feedback from the plantar feet has also been enhanced with 

elevated ridge insoles (Perry et al. 2008) and with sub-sensory mechanical noise (Priplata 

et al. 2002). These devices have been shown to improve lateral stability during gait and 

reduce sway during quiet stance, respectively.   

An interaction between the plantar skin of the feet and the vestibular system has 

been previously demonstrated (Lowrey and Bent 2009; Thomas and Bent 2013; Muise et 

al. 2012). Lowrey and colleagues (2009) found that the independent effects of input from 

cutaneous and vestibular stimulation summed linearly when stimuli were paired. The 

authors suggested that the plantar skin of the feet and the vestibular system had equal 

sensory importance when subjects were lying down prone with head in a neutral position 

(no head turn) (Lowrey and Bent 2009). Likewise, Muise and colleagues (2012) found 

that there is a relationship between skin and vestibular input. These authors demonstrated 

that cutaneous input from the glabrous feet was relevant for standing equilibrium; 
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therefore when input from the plantar foot skin was reduced, the vestibular system 

compensated with an increased contribution (Muise et al. 2012; Britton et al. 1993). 

Muise et al. (2012) found that a reduction of cutaneous information from the plantar feet 

using hypothermic anesthesia resulted in an increase in peak amplitude of the ML 

response to GVS during standing. They interpreted this finding as indication of an 

interaction between skin and vestibular inputs, where the reduction in skin resulted in an 

increased reliance on vestibular input, represented by the increased ML response (Muise 

et al. 2012).  These vestibular-skin investigations suggest that afferent information 

originating from the plantar skin of the feet and the vestibular system interact for the 

maintenance of postural control. The plantar skin of the feet is relevant for postural 

control (Meyer et al. 2004a; Perry et al. 2000; Kavounoudias et al. 1998; Priplata et al. 

2002), and when plantar foot skin information is reduced, the input from the vestibular 

system increases to compensate.  

While postural contributions from the plantar skin are well represented, there have 

been limited studies examining the dorsal foot skin. Aimonetti and colleagues (2007) 

found that of the cutaneous afferents they investigated, 47% of those innervating the 

dorsal and lateral foot skin were sensitive to two-dimensional ankle movements. 

Additionally, recent investigations have found that the dorsal foot skin contributes to 

joint kinesthesia at the ankle (Lowrey et al. 2010) and reduced input from the dorsal foot 

skin changes the kinematics of the knee and ankle during locomotion (Howe et al. under 

review). What remains to be determined is whether the dorsal foot skin contributes to 

postural control during standing and whether the cutaneous input arising from the dorsal 

foot interacts with vestibular information. 
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The objective of the current study was to investigate if cutaneous input from the 

dorsal feet contributes to postural control during a vestibular perturbation. Based on our 

previous work using icing (Muise et al. 2012) and EMLA cream (Lowrey et al. 2010) we 

hypothesized that the skin input from the foot dorsum is used to maintain standing 

equilibrium during the vestibular perturbation. Therefore, reduced cutaneous input from 

the dorsal feet would result in an increased vestibular contribution expressed as an 

increase in peak amplitude of the reflexive (ML) response and  increased CoP and CoM 

sway responses elicited by GVS. 

 

3.2. Methods 

All experimental procedures were approved by the research ethics board at the 

University of Guelph and followed the Declaration of Helsinki. Fourteen healthy, young 

adults (seven females; 20 – 24 years old; 175.3 ± 9.77 cm; 69.8 ± 12.33 kg) participated 

in the current study to investigate the contribution of cutaneous input from the dorsal feet 

during a standing vestibular perturbation. Prospective participants with known 

neuromuscular or balance disorders, inner ear disturbances, or foot and ankle injuries 

were excluded from the study.  

 

3.2.1. Subject set-up: 

For all experimental trials, subjects stood with 1 – 2 cm separating the heels with 

the feet approximately parallel and the arms relaxed at their sides. Subjects rotated their 

head over the left shoulder to induce an anterior-posterior GVS response (Lund and 

Broberg 1983a; Britton et al. 1993). 



 49 

Bipolar surface electromyography (EMG) was recorded from the bellies of the 

bilateral soleus (recorded from the medial aspect) and tibialis anterior muscles (9 cm2 

silver/silver chloride foam electrodes, Medi-Trace™, Kendall™, Mansfield, MA, USA). 

The muscle activity was amplified with an AMT-8 EMG amplifier (input impedance: 

10GΩ, gain = 1000, frequency response = 10 – 1000 Hz, at -6 dB, common mode 

rejection ratio = 115 dB at 60 Hz, Bortec, Calgary, Canada) and digitized at 2048Hz 

(Spike 2.7, Cambridge Electronic Design, Cambridge, UK).  

Ground reaction forces and moments were collected on a force plate (Advanced 

Mechanical Technology Inc., Watertown, MA, USA). Data were amplified with an 

AMTI MSA-6 strain gauge mini amplifier and were sampled at 1000 Hz (Spike 2 version 

7). The force plate was zeroed before each condition (PRE and POST). 

Custom rigid bodies were created and adhered to each subject to record the 

movement of the head, trunk, and pelvis with the Optotrak 3020 motion capture system 

(NDI, Waterloo, ON). Each rigid body was constructed with four, non-collinear infrared 

light emitting diodes. Movement of the rigid bodies was captured with one horizontally 

oriented camera bank comprised of three cameras, and used to estimate centre of mass 

(CoM). Data were sampled at 100 Hz (NDI First Principles).  

 

3.2.2. Data collection 

3.2.2.1. Galvanic vestibular stimulation trials 

Bipolar, binaural galvanic vestibular stimulation (GVS) was used to elicit 

vestibular perturbations. The mastoid processes were cleaned and surface electrodes (9 

cm2 silver/silver chloride foam electrodes, Medi-Trace™, Kendall™, Mansfield, MA, 
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USA) with additional gel were adhered behind both ears. Galvanic square pulses were 

generated (Linear Stimulus Isolator A395, World Precision Instruments) and customized 

to each subject’s GVS threshold (Bent et al. 2000; see below for GVS threshold data 

collection). 

GVS threshold was defined as the minimal amount of current (mA) in which 

visual observations of sway were produced (Bent et al. 2000). The galvanic stimulus used 

during testing was set to three times the magnitude of GVS threshold (≥ 0.8 mA; test 

range: 0.8 mA – 1.8 mA).  

 

3.2.3.  Reducing dorsal foot skin input 

A topical anesthetic (EMLA® cream, Astra Zeneca: 2.5% lidocaine, 2.5% 

prilocaine) was used to reduce input from the dorsal foot skin. Application of the topical 

anesthetic was normalized to each subject’s foot size (see Figure 2.1B). All hair was 

removed from the anaesthetization area prior to application of the topical anesthetic. The 

effectiveness of the cutaneous intervention was evaluated with monofilament perceptual 

testing (Touch Test® Sensory Evaluators, North Coast Medical & Rehabilitation 

Products, CA, USA). One experimenter performed all of the monofilament testing to 

obtain reliable and repeatable perceptual thresholds. These monofilaments are 

individually calibrated and when applied perpendicularly to the skin, the filaments bend 

at their peak force threshold (0.008 g – 300 g) based on thickness and length. MF 

threshold was determined as the smallest perceivable stimulus that could be identified in 

at least 3 of 4 trials (≥75% success rate). The aim of the anesthetic intervention was to 

elevate MF to a clinically relevant threshold of ≥ 10 g, which is indicative of diabetic 
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peripheral neuropathy; however, all subjects who had a relative increase in MF from the 

baseline measurement were included in the study. On average, subjects increased their 

MF threshold following the topical anesthetic from 4 g (± 0.78 g) to 84 g (± 28.6 g) (n = 

12). MF threshold increased 2000% (80 g) following the application of the topical 

anesthetic. Skin temperature was recorded using an infrared thermometer (ThermoWorks, 

Alpine, Utah, USA) at the same time points and location as monofilament testing (Figure	  

3.1).  

 

3.2.4. Protocol 

A total of fourteen GVS blocks were delivered over one testing session. Subjects 

received seven blocks of GVS testing within each skin condition (PRE and POST). Each 

GVS block was approximately 3 minutes in duration and included 20 GVS square wave 

pulses (10 Anode front and 10 Anode back randomized, each pulse 2 s in duration). Each 

subject experienced a total of 280 GVS pulses (7 blocks x 20 GVS pulses x 2 skin 

conditions) or 140 GVS pulses/skin condition (PRE and POST). Inter-pulse intervals 

were randomized between 4 – 6 s to keep the onset of stimulation unpredictable and to 

enable subjects to recover from the vestibular perturbation before the next GVS pulse 

occurred. The polarity of the electrodes (anode front or anode back) was randomized in a 

custom data collection script (created in Spike2) between the front (right) and back (left) 

ear. After every two to three GVS blocks (40 – 60 GVS pulses), subjects sat on a chair to 

reduce any effects of fatigue.  

In addition to GVS trials, subjects performed two quiet stance trials within each 

skin condition. Each trial was 2 minutes in duration and the same body orientation was 
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maintained (head turned to the side) as in GVS trials. Instructions were to simply 

maintain verticality. Subjects also performed two functional base of support trials 

(FBoS). Instructions were adapted from King and colleagues (1994). Briefly, subjects 

performed voluntary, maximal forward and backward leans upon a verbal cue(King et al. 

1994). The FBoS trials were performed with the head turned to the left side, consistent 

with the quiet stance and GVS trials.  

 

3.2.5. Sham group 

A group of different participants acted as a control group to investigate if factors 

inherent to the protocol (i.e. duration of data collection, placebo effect) contributed to the 

findings. Five subjects participated in this experiment (3 females; 20 – 21 years old; 

171.2 ± 3.8 cm; 62.8 ± 5.3 kg). In place of the EMLA cream, a sham moisturizer cream 

(NIVEA Crème) was applied to the anesthetization area. The sham group performed the 

identical procedure as subjects in the EMLA group.  

 

3.2.6. Signal processing and outcome measures  

All trials were spike-trigger averaged to the onset of galvanic stimulation. Data 

(EMG, CoP, and CoM) were windowed to include 100 ms pre-stimulus activity, the GVS 

pulse (2 s in duration), and the minimum inter-stimulus interval (4 s in duration). 

Outcome measures were averaged across trials within each condition and compared. 
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3.2.7. Reflexive muscle response 

Surface EMG data were band-pass filtered offline using a 10 – 1000 Hz, fourth 

order Butterworth filter (Spike2 version 7). The signals were rectified and then smoothed 

with a 30 ms moving average filter to attenuate any high frequency components. The 

spike-trigger averaged EMG signal was zeroed to the mean EMG activity 50 ms prior to 

GVS onset. The short (40 – 70 ms onset) and medium latency responses (~ 100 ms onset) 

were determined from the superimposed anode front and anode back EMG traces 

(Welgampola and Colebatch 2001). The beginning of the ML response was also the 

termination of the SL response. Peak amplitude and area for the SL and ML responses 

were determined and compared between skin conditions. Activity was expressed as a 

percentage of the pre-stimulus muscle activity (Figure	  3.2).  

 

3.2.8. Centre of pressure 

A low pass, dual-pass Butterworth filter with a 10 Hz cut-off was used to smooth 

force and moment data (Spike2 version 7). Centre of pressure (CoP) data was zeroed to 

50 ms of pre-stimulus CoP activity. For each generated CoP trace, the postural events 

labeled CoP1 through CoP7 were identified (Figure	  3.3). These time points characterized 

the motor response and quantified the amplitude of generated sway responses as well as 

the time in which they occurred. CoP1 was established as the first peak following GVS, 

also characterized as the ‘push response’ elicited by GVS (So and Bent 2009). CoP3 was 

defined as the peak CoP amplitude in the opposite direction as CoP1 and occurred while 

GVS was on. CoP2 was the midpoint between CoP1 and CoP3. Turning off GVS 

(occurred at 2 seconds in all CoP and CoM figures) is known to generate a second 
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vestibular perturbation (off response). The ‘off’ or change in GVS current results in 

another CoP peak, which was characterized as CoP4. After CoP4, subjects then return to 

an equilibrium position similar to their initial starting position. The return of equilibrium 

was labeled CoP7. The GVS front and GVS back traces were superimposed, similar to 

the technique used to quantify the SL and ML muscle responses. The point at which the 

GVS front and GVS back traces crossed (~ 3 seconds after GVS onset) defined the new 

equilibrium point that occurred after the recovery from the vestibular perturbation; this 

postural event was labeled CoP7. The postural events CoP5 and CoP6 characterized the 

movement after GVS was turned off in order to return to equilibrium. CoP6 was defined 

as the midpoint between CoP4 and CoP7. The CoP5 event was selected 500 ms after 

CoP4. A time frame of 500 ms was chosen because it was an adequate time to allow for 

automatic postural adjustments and voluntary movements to occur following the 

termination of GVS. CoP movements were initiated between 80 ms and 200 ms following 

GVS onset and were similar in response to GVS being turned off. The window of 500 ms 

that was used to establish CoP5 enabled us to capture the position of CoP soon after the 

peak amplitude (CoP4) of the response. The amplitude and latency (the time at which the 

defined postural event occurred) for each postural event (CoP1 – CoP7) were compared 

between conditions. The slope between each time point was also calculated to determine 

if there were changes in average CoP velocity between conditions. 

 

3.2.9. Centre of mass 

Centre of mass (CoM) was estimated with a modified (Winter 1990) model using 

the position of the head, trunk, and pelvis rigid bodies (V3D, C-motion, Germantown, 
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MD, USA). CoM data were filtered using a low pass, dual-pass Butterworth filter with a 

5 Hz cut-off. Similar to the CoP analysis, the postural events labeled CoM1 – CoM6 were 

identified for each CoM trace (Figure	  3.3) to quantify the elicited motor response. The 

initial position of the CoM prior to forward or backward displacement was defined as 

CoM1. CoM3 defined the peak CoM amplitude for the duration of the trial. CoM2 was 

chosen as the midpoint between CoM1 and CoM3. The GVS front and GVS back CoM 

traces were superimposed to determine the new equilibrium point that occurred after 

GVS was turned off and before the next GVS pulse; this postural event occurred at the 

point where GVS front and GVS back traces crossed and it was labeled CoM6. CoM5 

was the midpoint between CoM3 and CoM6. CoM4 was selected 500 ms after the CoM3 

time point. The amplitude and latency of each postural event (CoM1 – CoM6) were 

compared between conditions. The slope between each time point was also calculated to 

determine average CoM velocity. 

The responses generated by GVS with the anode electrode on the front mastoid 

(GVS front) and GVS with the anode electrode positioned on the back mastoid (GVS 

back) were treated as separate entities for all of the analyses due to differences in CoP 

and CoM displacement and the biomechanical nature of the foot. 

 

3.2.10. Statistical analysis  

One-way, repeated measures analyses of variance (ANOVA) were used to 

determine differences in MF threshold and the amplitude and area of the SL and ML 

responses between skin conditions (PRE and POST). Two-way, repeated measures 

ANOVA (skin condition x postural event) were used to identify differences between skin 
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conditions (PRE and POST) at each postural event for CoP (CoP1 – CoP7) and for CoM 

(CoM1 – CoM6). The change in temperature was incorporated into all analyses as a 

covariate because skin temperature has shown to influence cutaneous sensitivity 

(Bolanowski Jr et al. 1988) 

The data were examined for normality of residuals, homogeneity of variance, and 

randomness prior to conducting each test to ensure there were no violations of the 

assumptions of the analyses of variance. The normality of the residuals was determined 

with a mixed model analysis. The Shapiro-Wilk statistic and p-value in conjunction with 

the generated scatter plot of the data determined if the data were normally distributed and 

random. Homogeneity of variance was determined with the Brown-Forsythe test using a 

general linear model analysis. A post-hoc Tukey-Kramer adjustment was used to make 

all remaining pairwise comparisons. Significance level was established as p < 0.05 for all 

analyses. Statistical analyses were performed in SAS (version 9.3).  

 

3.3. Results  

The cutaneous intervention using EMLA cream was successful in reducing skin 

perception threshold levels for 12 of 14 subjects. For the 12 participants, MF threshold 

increased from an average of 3.83 g (±0.78 g; MF1) to 83.9 g (±28.6 g; MF3) after 

application of the topical anesthetic (p = 0.0186). Two subjects did not meet the MF 

threshold criteria and were excluded. One of the excluded subjects obtained a slightly 

decreased MF threshold at the final measurement (MF3) and the other subject had no 

change in MF3 relative to the baseline measurement (MF1).  

SL and ML responses elicited by GVS. 
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The SL and ML EMG responses were successfully generated for every subject 

and we compared the peak amplitude and area across skin conditions (PRE vs. POST). A 

reduction in skin input from the dorsum of the feet did not significantly influence the SL 

or ML muscle responses elicited by GVS (Figure	  3.2).  

The peak amplitude of the SL response during both GVS front and GVS back did 

not change following a reduction in dorsal foot skin input (p = 0.8817 and p = 0.2008). 

The area of the SL response was also unaffected by the cutaneous intervention (p = 

0.6522 and p = 0.6129 for GVS front and GVS back respectively).  

The reduction of dorsal foot skin input also did not affect the ML response. There 

was no change in the peak amplitude of the ML response for either GVS front (p = 

0.2640) or GVS back (p = 0.9527). Interestingly during GVS front, the area of the ML 

response decreased from 386.4%seconds (± 51.1%) to 323.2%seconds (± 46.3%) when 

the response that was expressed as a percentage of 50 ms prestimulus EMG activity was 

integrated by time, but this finding was not significant (p = 0.1339).  There was no 

significant change in area of the ML response during GVS back (p = 0.2332).  

We also compared the level of prestimulus muscle activity (50 ms) between skin 

conditions (PRE and POST) to investigate if there were changes in motor neuron 

excitability as this can influence the size of the SL and ML response (Son et al. 2008). 

There was no significant change for either GVS front (p = 0.4086) or GVS back (p = 

0.9703).  
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3.3.1. PRE condition: Postural response elicited by GVS  

During GVS front trials there was observable forward sway towards the anode 

electrode. Peak CoP displacement was 13.4 mm (±3.6 mm) (5.4% of average plantar foot 

length) and peak CoM displacement was 4.5 mm (± 1.2 mm) during GVS front.  

During GVS back trials there was observable backward sway towards the anode. 

The peak CoP displacement to GVS back was 6.4 mm (±2.2 mm) (2.6% of average 

plantar foot length). Peak CoM displacement during GVS back was 2.0 mm (± 0.8 mm). 

Since CoP and CoM displacements were larger during GVS front compared to GVS 

back, the data were analysed separately. The CoM displacements elicited by GVS in the 

current protocol were comparable to previous work by Day et al. (1997)in which a GVS 

level of 0.5 mA at a stance width of 4 cm resulted in a travelled distance of ~ 5 mm at the 

level of C7. Inglis and colleagues  (1995c) who reported the net effect of anterior 

posterior GVS (0.2 – 0.5 mA), elicited maximum CoP and CoM displacements of ~ 1 cm. 

 There were significant main effects of the postural event (i.e. CoP1 is different 

than CoP2 etc.) for each dependent variable used to quantify postural response to GVS 

(timing, amplitude, and velocity of CoP and CoM). The interactions as a result of the 

two-way ANOVA between the skin condition (PRE and POST) and postural event (CoP1 

– CoP7; CoM1 – CoM6) were our primary interest to determine if a reduction in dorsal 

foot skin input (PRE and POST) altered the postural response generated by GVS. The 

results of the interactions are discussed below.  
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3.3.2. PRE vs. POST condition: Timing of postural changes  

3.3.2.1. CoM timing: GVS front 

With reduced input from the dorsal foot skin, it took significantly longer (760 ms) 

for the CoM to reach the time point CoM5 (midpoint during the return to equilibrium; 

between peak CoM displacement and equilibrium) (F5,55 = 4.06, p = 0.0044), and 1000 

ms longer to reach CoM6 (re-established equilibrium after GVS was turned off) (F5,55 = 

4.06, p = < 0.0001). While no significant changes in CoM timing were observed at the 

onset of the response (initial position (CoM1) to peak CoM displacement (CoM3)), 

subjects took longer to reach every time point. In fact, it appeared to be a cumulative 

effect of CoM delay throughout the perturbation response in the POST condition; the 

time for the CoM to reach each sequential time point increased from CoM1 to CoM6, as 

subjects responded to the postural perturbation and then made the return to equilibrium. 

The POST timeline to reach each point is as follows: an increased latency of 60 ms 

(CoM1), 290 ms (CoM2), 520 ms (CoM3), 520 ms (CoM4), 760 ms (CoM5; F5,55 = 4.06, 

p = 0.0044), and 1000 ms (CoM6; F5,55 = 4.06, p = < 0.0001) (Figure	  3.4).  

 

3.3.2.2. CoM timing: GVS back 

During GVS back, when the skin information was removed, subjects reached their 

final equilibrium position (CoM6) significantly later by 1000 ms (F5,55 = 2.07, p = 

0.0097). There was no significant change to timing for any other event (CoM1 – CoM5) 

in the backward condition when skin was altered; however, the time to reach each 

postural event did increase slightly during the POST condition. The latencies of CoM1 to 
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CoM5 with reduced dorsal foot skin increased by 60 ms, 170 ms, 290 ms, 290 ms, and 

650 ms, respectively (Figure	  3.4). 

We found high power and effect sizes for the significant CoM changes that were 

observed following the reduction in dorsal foot skin input. For GVS front, the power of 

CoM5 and CoM6 timing was 0.95 and 0.96, respectively and effect sizes were 0.47 and 

0.49, respectively. For GVS back, the significant timing of CoM6 was the same power 

and effect size as GVS front: 0.96 and 0.49, respectively.  

 

3.3.2.3. CoP timing: GVS front and back 

There were no significant changes in timing of CoP (CoP1 – CoP7) following the 

removal of skin information in the GVS front or back trials. The time to establish 

equilibrium (CoP7) was not different following a reduction in dorsal foot skin input. 

Small increases in the time to establish equilibrium (CoP7) were observed in the POST 

condition, although none were significant. The time of CoP7 increased by 265 ms with 

reduced skin input for both GVS front and back perturbations (Figure	  3.4). 

 

3.3.3. PRE vs. POST condition: Amplitude of CoM and CoP changes  

The amplitude of CoM displacement elicited by GVS was not significantly 

different between PRE and POST conditions at any time point (CoM1 – CoM6) during 

GVS front or GVS back (p > 0.05). Unlike the timing of CoM, subjects reestablished 

equilibrium (CoM3 – CoM6) following GVS front without significantly changing the 

amplitude of CoM when information from the dorsal feet was reduced. Although not 

significant, there were slightly larger displacements of CoM following GVS front when 



 61 

dorsal foot skin input was reduced (POST). The peak amplitude of CoM (CoM3) to GVS 

front increased from 4.5 mm (±1.2 mm; PRE) to 5.0 mm (±1.4 mm; POST) (p = 1.00; 

increased by 0.5 mm) (Figure	  3.5). 

Similar to CoM, the magnitude of CoP displacement was not significantly 

different across time points (CoP1 – CoP7) in the POST trials compared to the PRE trials 

for GVS front or GVS back. All CoP changes between skin conditions were small and < 

2 mm (< 0.8% of average plantar foot length). The peak CoP displacement following 

GVS was defined as CoP4. During GVS front there was no change in CoP4 amplitude 

after dorsal foot skin information was reduced. CoP4 amplitude was 13.4 mm (± 3.6 mm) 

in the PRE condition and was 13.8 mm (± 4.0 mm) during the POST condition (Figure	  

3.5). 

 

3.3.4. PRE vs. POST condition: Velocity of postural changes  

 There were no significant differences in CoM average velocity following a 

reduction of dorsal foot skin information. Although velocity differences between PRE 

and POST conditions were quite small and variable, the average CoM velocity decreased 

between almost all time points when information from the dorsal foot skin was reduced 

(Table	  3.1). The largest decrease in velocity between skin conditions occurred between 

time points CoM5 and CoM6 during the return to baseline following the vestibular 

perturbation, which is also when timing differences became significant between PRE and 

POST trials (Figure	  3.4). The average CoM velocity decreased from – 3.2 mm/s (PRE) to 

– 2.6 mm/s (POST) (decrease of 0.6 mm/s) following GVS front and decreased from 2.3 

mm/s (PRE) to 1.6 mm/s (POST) (decrease of 0.7 mm/s) during GVS back. 
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 There were also no significant differences in CoP average velocity following 

changes to dorsal foot skin input. Average CoP velocity tended to decrease in the POST 

condition; however, likewise to CoM velocities, the changes were small and variable 

(Table	  3.1), likely due to different time points at which subjects reduced their velocity. 

 

3.3.5. Sham group 

Perceptual skin sensitivity of the dorsal feet did not change after application of the 

sham cream (p > 0.05); there were no significant differences in MF threshold. There were 

no significant differences between the PRE and POST conditions when a sham cream 

was applied for SL and ML responses, CoP, or CoM dependent variables (p > 0.05) 

(Figure	  3.6). Our main finding in the topical anesthetic test group was that subjects took 

~ 1 s longer to return to equilibrium following GVS when dorsal foot skin input was 

reduced (p = < 0.0001). When a sham cream was used, subjects did not take longer to 

return to equilibrium following GVS, which was a strategy employed by all of the 

subjects in the topical anesthetic group. Averaged across sham subjects (n = 5), the return 

of CoM to the equilibrium position following GVS (CoM6) occurred at 5.27 s (± 0.33 s) 

and 5.30 s (± 0.30 s) for the PRE and POST conditions, respectively. CoP equilibrium 

(CoP7) occurred at 4.17 s (± 0.58 s) and 4.15 s (± 0.59 s) for the PRE and POST 

conditions, respectively (p > 0.05; effect size = 0.015; power = 0.03).  

 

3.4. Discussion 

Following a decrease in skin input from the foot dorsum, we found a significant 

increase in the time taken to recover from the GVS perturbation. This increase became 
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significant during the later phase of the postural response; the time point at which the 

CoM reached its final equilibrium position (CoM6) was significantly increased by 1000 

ms when dorsal foot skin information was reduced. The significant increase in time 

suggests that the dorsal foot skin can influence whole body movement and contribute to 

anterior posterior postural control following a vestibular perturbation.  

 

3.4.1. Sensory reweighting of vestibular input did not occur during the vestibular 

perturbation 

Contrary to our hypothesis, subjects did not alter the weighting of sensory 

information during the vestibular perturbation following cutaneous anesthetization of the 

dorsal feet. We expected that a reduction in dorsal foot skin input would result in 

increased peak amplitude of the ML EMG response, indicative of an increased reliance 

on vestibular input to compensate for the reduced skin information from the dorsal feet. 

There were no significant changes to the SL or ML reflexive responses between PRE and 

POST conditions (Figure	  3.2). The ML response evoked by GVS has been used as an 

identifier of sensory weighting of the vestibular system for postural tasks (Day et al. 

1997; Welgampola and Colebatch 2001). Previous investigations have highlighted that 

the sensory information from the skin of the plantar feet (Muise et al. 2012), stance width 

(Day et al. 1997), and vision (Britton et al. 1993) contribute to the response elicited by 

GVS; when these sensory sources are altered, vestibular input is reweighted. Chronic 

sensory reweighting has also been illustrated in a subject with a complete loss of 

somatosensory information in which the deafferented subject had a GVS response an 
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order of magnitude larger than a control subject; indicative of a heavily weighted 

vestibular input (Day and Cole 2002). 

Our results indicate that there were adequate sensory sources available during the 

initial part of the vestibular perturbation to control quiet stance despite a reduction in 

dorsal foot skin information; therefore the weighting of vestibular input did not change. It 

is likely that the plantar foot skin (Muise et al. 2012) and the muscle spindles (Aniss et al. 

1990; Diener et al. 1984) within the posturally active muscles provided the necessary 

sensory information at the onset of the GVS response.  

The skin of the plantar feet influences postural control during quiet stance (Meyer 

et al. 2004a; Magnusson et al. 1990) whereas the dorsal foot skin does not appear to be 

crucial for quiet standing. Quiet stance data were not presented in the current manuscript, 

but there were no significant differences between the PRE and POST conditions (p > 

0.05). For example, CoP range in the anterior posterior direction was 44.2 mm and 47.4 

mm for the PRE and POST skin conditions, respectively and was not significantly 

different (p = 0.1868). There were also no significant differences in a preliminary 

examination of the FBoS trials due to a reduction in dorsal foot skin input. The main 

focus of the current manuscript was the vestibular perturbation trials.  

When sensory information is relevant to postural control, it will be utilized 

(Fitzpatrick et al. 1994; Meyer et al. 2004a; Aniss et al. 1990). We suspect that if subjects 

were further deprived of other sensory information, the dorsal foot skin may become 

crucial for postural control during the initial aspect of the vestibular perturbation, which 

would be demonstrated as a change in amplitude of the GVS evoked ML response.  
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3.4.2. Dorsal foot skin is used to establish equilibrium following a vestibular 

perturbation 

Cutaneous information from the dorsal foot skin became relevant for postural 

control during the recovery from the vestibular perturbation. When the vestibular 

perturbation was terminated, the firing of the vestibular afferents once again indicated an 

accurate vertical. The weighting of reliable and useful sensory information dictates which 

movements are generated to ultimately return the body to an equilibrium position. We 

believe the skin on the foot dorsum is used as a reliable source to monitor the vestibular-

guided reference of upright. In the current work the timing of CoM position deviated 

between skin conditions (PRE and POST) as early as CoM1 by 60 ms. The peak 

amplitude of CoM (CoM3) occurred 520 ms later during the POST condition, but these 

trends were not significant. The increases with respect to time were significantly different 

at CoM5 and CoM6 after GVS front and at CoM6 after GVS back (Figure	  3.4). At these 

time points or postural events (CoM5 and CoM6), the body was in motion to return to 

equilibrium, which suggests that the cutaneous input from the dorsal feet was used to 

guide the re-establishment of equilibrium; essentially used as a form of sensory 

reafference (Inglis et al. 1995a). Sensory reafference describes the sensory information 

that is produced after body movement (Holst and Mittelstaedt 1971; Cullen et al. 2009; 

Inglis et al. 1995a). Skin on the foot dorsum appears to be used to help monitor the return 

to equilibrium. Our data suggests that in order to compensate for a reduction in 

information from the dorsal foot skin, subjects used more time during the return to 

equilibrium to enable other sensory sources to be utilized and accurately realign body 

position.  



 66 

 

3.4.3. Why increase the time to recover? 

With a reduction in cutaneous input from the dorsal feet, subjects took 

significantly longer to establish equilibrium following the vestibular perturbation. We 

hypothesize that the significant increase of 1 s to recover from the vestibular perturbation 

in the POST condition enabled other sensory sources to provide information regarding 

body orientation and feedback of the elicited movement. Importantly, in the sham 

subjects the time to establish equilibrium (CoM6) was not significantly different between 

skin conditions demonstrating that this extra time was not necessary. 

Slowing down the movement of the body, as a postural tactic, is reminiscent of 

cautious postural control strategy in which subjects take more time to reach the new 

equilibrium point (CoM6) and ensure that the employed postural corrections (recovery 

from GVS) do not overshoot the new equilibrium point. Subjects did not utilize a 

stiffening strategy to compensate for reduced dorsal foot skin input, which was confirmed 

by no change in the pre-activation levels of the soleus muscle as well as no change in the 

magnitude of the postural response. By increasing the time to re-establish equilibrium 

when cutaneous input from the dorsal feet was reduced, the remaining sensory receptors 

(i.e. muscle spindles and other skin areas) have more time to identify body orientation 

and therefore elicit the appropriate motor output.  
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3.4.4. Significantly slower body movement due to a reduction in dorsal foot skin was 

not due to the limitations of a topical anesthetic intervention 

Due to the nature of the anesthetic intervention, we were unable to randomize the 

PRE and POST conditions; data collection of the POST condition was always performed 

second. As such, one argument that may challenge our significant findings is the proposal 

that subjects were fatigued during the POST condition. This proposal is countered by 

arguments presented by Freitas and colleagues (2005), who demonstrated that prolonged 

quiet standing resulted in a significant increase of CoP speed and CoP RMS for an adult 

population (Freitas et al. 2005), which is contrary to the current findings of slower body 

movement. Our sham group in which a moisturizer cream replaced the topical anesthetic 

provides additional support. There were no significant differences between the PRE and 

POST conditions for CoM timing, or of any dependent variable for the sham group 

(Figure	  3.6).  

When dorsal foot skin input was reduced, subjects took longer to return to 

equilibrium after GVS, which indicated that CoM movement was slower. However, a 

detailed examination did not reveal any significant changes in the CoM velocity measure 

between the postural events (CoM1 – CoM6) following a reduction in dorsal foot skin 

input (Table	  3.1). We inspected each subject’s generated trace of CoM and CoP position 

and found that although on average subjects took 1s longer to return body position to 

equilibrium (CoM6) when dorsal foot skin was reduced, they did not exhibit the same 

stereotyped movement. Some subjects decreased CoM velocity primarily between time 

points CoM5 and CoM4 (about the midpoint of return to equilibrium), whereas other 

subjects showed the largest decrease in velocity between time points CoM4 and CoM3 
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(just following the peak CoM displacement elicited by GVS). These differing strategies 

have resulted in quite variable CoM velocities when averaged across subjects. 

Importantly, the clear change in CoM timing following the removal of skin input 

demonstrates that this area of skin on the foot dorsum is important during the time when 

subjects re-establish equilibrium following a perturbation.     

We also expected that a significant change in the timing of CoM would manifest 

as changes in CoP timing; however, none of the slight increases in timing of the CoP1 – 

CoP7 postural events were significant (Figure	  3.4). We propose that the significant 

change in CoM movement may have been dampened by the time the forces and moments 

were measured at the force plate. Day and colleagues (1997) found that GVS results in 

different magnitudes of segment tilt for the head, trunk, and pelvis relative to gravity. The 

largest segment tilt occurred at the head and decreased to the pelvis (Day et al. 1997), 

which supports the notion that subjects do not respond to GVS as an inverted pendulum. 

Our subjects may have also made other modifications to body orientation such as a slight 

bend in the knees that would enable a dissociation between the timing of CoM and CoP.  

 

3.5. Conclusion 

Our work indicates that the dorsal foot skin is not necessary for successful quiet 

stance or for postural control during the initial part of a vestibular perturbation. 

Cutaneous input from the dorsal feet is utilized later in the postural response, after GVS 

is turned off to facilitate the return to equilibrium. The stretch and compression of the 

dorsal foot skin may contribute to the postural response via a sensory reafference 

mechanism (Inglis et al. 1995a; Holst and Mittelstaedt 1971) in that the dorsal foot skin is 
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a primary contributor for coding the movement generated during the recovery from GVS. 

To compensate for a reduction in the dorsal foot skin input, subjects slowed down the 

movement of the body, which we suspect was a cautious postural strategy to allow for 

other sensory sources to contribute sensory cues, such as the spindles or perhaps the skin 

of the posterior aspect of the legs. Interestingly, this cautious strategy was similar to that 

of older adults (Lowrey et al. 2007) and children (Berard and Vallis 2006) to successfully 

cross obstacles. Our findings have highlighted that the dorsal foot skin is a necessary 

sensory source to re-establish equilibrium and recover from an anterior posterior 

vestibular perturbation.  

This work has further broadened our knowledge regarding the functional 

properties of the dorsal foot skin and warrants further exploration. Improving our 

understanding of sensory systems in a healthy, young adult population is crucial to 

optimize prevention and rehabilitation strategies for special populations such as diabetic 

peripheral neuropathy and the elderly.   
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Figure 3.1 Experimental set-up. A) Subject set-up: Subjects were equipped with surface 
electromyography on the bilateral soleus and tibialis anterior muscles. Rigid bodies were 
mounted to the head, trunk, and pelvis to estimate centre of mass. Subjects turned their 
head over the left shoulder for all experimental trials, which resulted in anterior-posterior 
sway elicited by galvanic vestibular stimulation. B) Cutaneous feedback within the area 
of anesthetization was reduced using a topical anesthetic. The effectiveness of the 
intervention was quantified using a perceptual monofilament test at one location (X). 
Temperature measurements were taken at the same location. 
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Figure 3.2 All data were spike-trigger averaged to the onset of GVS; GVS was on 
between 0 and 2 seconds. Above traces are mean data (n = 12) with standard error 
represented in grey shading. Anode front and anode back traces were superimposed to 
determine the short-latency (SL) and medium-latency (ML) responses. Peak amplitude 
(bar) and area (dashed lines) were calculated for each condition (PRE front, PRE back, 
POST front, POST back). Data are expressed as the percentage of mean muscle activity 
50 ms before stimulus onset. There were no significant differences in the area or peak 
amplitude of either the SL or ML response following a reduction in dorsal foot skin input 
(PRE vs POST; p > 0.05).  
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Figure 3.3 Methods for quantifying the CoP and CoM responses elicited by GVS. Data 
were averaged across all subjects (n=12) to generate each trace. Mean group data are 
represented by lines (PRE = solid lines; POST = hatched lines) and standard error is 
represented by grey shading. Data were spike-trigger averaged to the onset of GVS. GVS 
was on between 0 and 2 seconds (represented by the grey rectangle). GVS front and GVS 
back traces were superimposed to determine each postural event (CoP1 – CoP7; CoM1 – 
CoM6). A) CoP movement evoked by GVS in the anterior-posterior (AP) direction. 
Events CoP1 to CoP7 were identified in each trace to quantify CoP movement to the 
perturbation (see Methods section). B) CoM movement elicited by GVS in the AP 
direction. The events CoM1 to CoM6 were identified to quantify CoM movement to the 
perturbation (see Methods section). Postural equilibrium following GVS (CoM6) 
occurred significantly later when cutaneous input from the dorsal feet was reduced, 
which is highlighted with the solid (PRE) and hatched (POST) boxes. The CoP and CoM 
postural events are labeled for the PRE front condition.  
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Figure 3.4 The time (s) of the postural events elicited by GVS anode front and anode 
back. A) CoM anode front GVS. B) CoM anode back GVS. C) CoP anode front GVS. D) 
CoP anode back GVS. CoP5 occurred after CoP6 when averaged across subjects (C and 
D). Their position on the x-axis was adjusted to represent the timing of the response 
averaged across subjects. Black bars and white bars represent the Pre-EMLA and Post-
EMLA conditions, respectively. Significance (p < 0.05) is denoted by *. Errors bars 
represent standard error. 
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Figure 3.5 Amplitude (mm) of CoM and CoP responses elicited by GVS anode front and 
anode back at each postural event. A) CoM anode front GVS. B) CoM anode back GVS. 
C) CoP anode front GVS. D) CoP anode back GVS. CoP5 occurred after CoP6 when 
averaged across subjects (C and D). Their position on the x-axis was adjusted to represent 
the timing of the response averaged across subjects. Black and white bars represent Pre-
EMLA and Post-EMLA conditions, respectively. Errors bars represent standard error. 
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Figure 3.6 No significant differences were found between PRE and POST for sham 
subjects (n = 5). A) Mean trace of all sham subjects (n = 5). The SL and ML responses 
were not significantly different between the PRE and POST conditions when a sham 
cream was used. Grey shading represents standard error. B) The time to return to 
equilibrium following GVS was not significantly different when a sham cream was used. 
Data were averaged across sham subjects (n = 5). PRE = black bars; POST = white bars. 
Error bars represent standard error. 
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Table 3.1 Average velocities (mm/s) between each postural event (CoM1 – CoM6 and 
CoP1 – CoP7). Data were averaged across subjects (n=12) and expressed as mean (SE). 
See Methods section and Figure 3 for explanation of each postural event. There were no 
significant differences in average CoM velocity or CoP velocity following a reduction in 
cutaneous input from the dorsal foot skin (PRE vs POST). 

 
 

CoM average velocity (mm/s) 

Postural Event PRE 
GVS front 

POST 
GVS front 

PRE 
GVS back 

POST 
GVS back 

CoM2 – CoM1 2.6 (0.85) 2.2 (0.68) -1.8 (0.59) -1.2 (0.51) 
CoM3 – CoM2 2.0 (0.73) 1.9 (0.80) -1.7 (0.70) -1.4 (0.73) 
CoM4 – CoM3 -1.4 (0.25) -1.2 (0.37) 1.0 (0.26) 0.6 (0.17) 
CoM5 – CoM4 -2.8 (0.98) -3.0 (1.25) 2.0 (0.51) 1.7 (0.65) 
CoM5 – CoM3 -1.6 (0.44) -1.9 (0.75) 1.3 (0.28) 1.2 (0.41) 
CoM6 – CoM3 -2.4 (0.71) -2.3 (0.71) 1.8 (0.64) 1.4 (0.45) 
CoM6 – CoM5 -3.2 (1.01) -2.6 (0.71) 2.3 (1.02) 1.6 (0.51) 

 
CoP average velocity (mm/s) 

Postural Event PRE  
GVS front 

POST  
GVS front 

PRE 
GVS back 

POST  
GVS back 

CoP2 – CoP1 15.9 (4.18) 14.7 (4.07) -18.2 (5.14) -13.6 (4.37) 
CoP3 – CoP2 9.6 (2.14) 6.8 (1.88) -12.1 (2.12) -8.3 (2.44) 
CoP4 – CoP3 3.7 (0.92) 4.2 (1.69) 0.3 (0.67) -1.1 (1.09) 
CoP5 – CoP4 -22.2 (5.30) -19.5 (5.20) 17.6 (5.91) 17.4 (6.11) 
CoP7 – CoP4 -24.2 (5.33) -19.1 (5.22) 18.5 (5.72) 17.6 (6.06) 
CoP6 – CoP5 -24.9 (5.21) -22.3 (5.97) 19.4 (5.88) 17.9 (6.67) 
CoP7 – CoP5 -12.6 (3.80) -13.9 (4.54) 6.0 (3.38) 13.5 (5.14) 
CoP7 – CoP6 -24.2 (5.33) -19.1 (5.22) 18.5 (5.72) 17.6 (6.06) 
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4. General Discussion, Conclusions, and Recommendations 

The objective of this thesis was to examine the sensory contribution of the dorsal foot 

skin during a standing vestibular perturbation. We hypothesized that when subjects 

experienced a vestibular perturbation in the sagittal plane that the skin information from 

the dorsal feet would provide crucial sensory input for standing control. Therefore with a 

reduction in cutaneous input from this skin area, we expected that sensory reweighting 

would occur, expressed as an increase in peak amplitude of the ML response. We also 

expected that the peak amplitude of CoP and CoM movement during the vestibular 

perturbation would increase when skin information from the top of the feet was reduced.  

Contrary to our hypothesis, sensory reweighting was not essential to maintain standing 

during the vestibular perturbation with reduced cutaneous input from the dorsal feet. The 

reflexive response generated by GVS, particularly the ML response, is known to indicate 

vestibular contributions to a particular task (Britton et al. 1993; Welgampola and 

Colebatch 2001). As such, the amplitude of the ML response has been used as an 

indicator of sensory reweighting of vestibular input; an increase or decrease in the peak 

amplitude of the ML response has been shown to be indicative of an increased or 

decreased reliance on vestibular sensory information (Britton et al. 1993; Welgampola 

and Colebatch 2001; Muise et al. 2012). We found no significant changes in the reflexive 

responses elicited by GVS, which suggests that either the dorsal foot skin is not crucial 

during the initial portion of a vestibular perturbation or that its role is adequately 

compensated by a reweighting of other available sensory sources, such as muscle 

spindles or other skin areas.  
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Previous work has suggested that muscle spindles and Golgi tendon organs 

provide relevant sensory input for postural control (Aniss et al. 1990) and contribute to 

higher frequency movements (Diener et al. 1984). We hypothesize that in the current 

protocol, muscle spindles and Golgi tendon organs (GTOs) from the posturally active 

lower limbs provided the necessary sensory input to withstand the initial aspect of the 

vestibular perturbation despite a reduction in dorsal foot skin. It has been suggested that 

the cutaneous and joint afferents of the foot and ankle provide sensory information for 

smaller, lower frequency movements (Diener et al. 1984).  

A sensory contribution from muscle receptors does not negate the importance of 

the cutaneous afferents. Cutaneous afferents and the muscle afferents that lie beneath the 

skin area have been shown to code to movements about the ankle in a similar fashion 

(Aimonetti et al. 2012), which supports the notion that the skin and spindle inputs work 

in conjunction. The link between cutaneous and muscle afferents has been demonstrated 

in the cat by Johansson and colleagues (1989); the authors were able to modulate 

fusimotor activity in the triceps surae muscle of cats by cutaneous afferent stimulation 

(Johansson et al. 1989). Sensory information from muscle spindles within posturally 

active muscles is relevant for postural control. In the absence of cutaneous input from the 

dorsal feet, we believe that muscle spindles in addition to other available sensory sources 

such as the skin of the plantar feet  (Muise et al. 2012; Meyer et al. 2004b; Magnusson et 

al. 1990) and posterior leg provide the necessary sensory information to control posture 

during the initial stages of a vestibular perturbation. 
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4.1. Cutaneous information from the dorsal feet was required to return to 

equilibrium after the vestibular perturbation 

Skin information from the dorsal feet became crucial during the return to 

equilibrium after GVS was turned off. The vestibular perturbation was constant 

throughout the experiment; however, the return to equilibrium following GVS was the 

most affected by decreased skin information. Subjects slowed down their whole body 

movement when cutaneous input from the dorsal feet was reduced, which was expressed 

as a change in timing of CoM position as equilibrium was re-established. Slowing down 

body movement is reminiscent of a cautious postural control strategy to ensure that 

postural corrections did not overshoot the new equilibrium point (CoM6). Contrary to our 

hypotheses, subjects did not increase the magnitude of body movement (CoP or CoM) 

following a reduction in dorsal foot skin information. With decreased input from the 

dorsal foot skin, slower movement of the body enables other sensory inputs such as 

muscle spindles and other areas of skin to provide cues of body orientation during the 

recovery from a vestibular perturbation. 

The strategy to slow down also suggests that when skin information from the 

dorsal feet is available, it is used in a sensory reafference role to guide the return of the 

body position to equilibrium. Sensory reafference is defined as the new sensory 

information that is generated by one’s own movement (Cullen et al. 2009; Holst and 

Mittelstaedt 1971); in this case the stretch and compression of the skin around the ankle 

that occurs during the response to GVS is an indicator of body position to re-establish 

equilibrium. Interestingly, Inglis and colleagues (1995a) demonstrated that vestibular 

input can also be used in the role of sensory reafference following a platform 
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perturbation. It appears that somatosensory feedback from the spindles initiates the initial 

response, and the vestibular information assesses whether the response was successful. In 

this previous work, the vestibular signal was used as sensory reafference since the 

vestibular signal that resulted from body movement was used to establish equilibrium. 

Our results suggest that the dorsal foot skin also contributes to postural control in a 

sensory reafference role. It is likely that cutaneous input from the dorsal feet is used in 

the interpretation of body orientation to accurately realign body position.  

 

4.2. Is there a subtype of cutaneous afferent primarily responsible for the observed 

response? 

To investigate the dorsal foot skin, we included the application of a topical 

anesthetic and tested its effectiveness in reducing skin sensation using perceptual 

monofilament testing. We assumed that all mechanoreceptor classes were affected 

equally by our cutaneous intervention. Each cutaneous afferent is distinct in its receptive 

field size and adaptation to stimuli. As a result, each afferent is sensitive to specific 

stimuli (local pressure, stretch, vibration) and will fire if stimulated by an optimal 

stimulus; it is likely that each afferent has specific contributions for optimal postural 

control. For example when cutaneous input is available from the dorsal feet (PRE 

condition), the compression and stretch of the skin area will be signaled differently by 

each cutaneous afferent. The smaller and more edge-sensitive receptive fields of the type 

I afferents (Vallbo et al. 1979) provide higher resolution of where compression occurred 

across the dorsal foot skin, which suggests the FAI and SAI afferents are key to signal the 

degree of skin compression during GVS front and back perturbations. The FAII afferent 
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is found deep within the dermis and subcutaneous layers of the skin and is sensitive to 

remote, high frequency events; it may have been used to code for air friction experienced 

at the foot dorsum and used for body alignment. The sensitivity of the SAII afferent to 

lateral skin stretch is optimal for signaling skin stretch of the dorsal feet. When a forward 

vestibular perturbation is applied, the initial movement is a forward displacement that 

results in compression of the dorsal foot skin. To recover from the forward vestibular 

perturbation, a backward movement is produced and the dorsal foot skin is stretched to 

ultimately re-establish equilibrium. Body displacements to the backward vestibular 

perturbation are opposite to the forward vestibular perturbation. Therefore, all cutaneous 

afferents have an opportunity to contribute to signal aspects of the postural control during 

a vestibular perturbation as well as the return to equilibrium; perhaps each 

mechanoreceptor contributes afferent signals optimally at specific points of this postural 

control.  

Investigations of the plantar surface of the feet have alluded that the slowly 

adapting afferents primarily contribute to postural control due to the low frequency (< 5 

Hz) of movement during quiet stance (Perry et al. 2000). The SA afferents slowly adapt 

to stimuli, which enable sensory signaling to continue when the foot is loaded. The 

sensitivity of the slowly adapting afferents to sustained pressures and stretches of the skin 

(Vallbo et al. 1979) would be advantageous in order to constantly monitor weight 

distribution during stance. We cannot, however, rule out the contribution of fast adapting 

receptors. Kennedy and Inglis (2002) found a high proportion of FAI receptors on the 

plantar feet (57% of afferents investigated) and suggested that the functional role of this 

density could be to detect the small velocity changes that occur beneath the feet for 
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postural control (Kennedy and Inglis 2002). The FAII receptor is extremely sensitive to 

transient and vibratory stimuli (Vallbo et al. 1979; Vallbo and Johansson 1984), which 

could be ultimately helpful to signal the complex stimuli experienced during standing. 

However the optimal sensitivities of the FAI, SAI, and SAII afferents suggest that the 

FAII of the plantar feet does not independently contribute to postural control.  

There have been limited investigations of the mechanoreceptor classes found on 

the dorsal aspect of the feet. We hypothesized that the dorsal foot skin is relevant for 

postural control because this skin area experiences compression and stretch during sway 

and could therefore contribute to the assessment of the base of support and body 

orientation following a vestibular perturbation. Aimonetti and colleagues (2007) found 

that all four mechanoreceptor classes were present on the anterior and lateral aspects of 

the leg and 47% of which were sensitive to ankle movement. These authors found that the 

directionally sensitive afferents that innervated the anterior leg had a mean preferred 

neural firing for plantar flexion with slight eversion and highlighted that type II afferents 

were generally more sensitive to movements than type I afferents (Aimonetti et al. 2007). 

The SAII afferents of the dorsal foot skin would experience the greatest degree of stretch 

during plantarflexion in the current protocol during GVS back or on the return to 

equilibrium following a GVS front perturbation. Assuming the contribution of SAII 

afferents were reduced by the applied EMLA cutaneous intervention, the degree of skin 

stretch would not be signaled by these afferents, which could result in the compensatory 

slowed movement as we observed to allow for other sensory sources to contribute to 

postural control. 
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Our work has highlighted a functional role for the dorsal foot skin. The dorsal 

foot skin is used to re-establish whole body position following a vestibular perturbation. 

The current results in combination with previous findings of the plantar aspects of the 

feet (Kavounoudias et al. 1998; Roll et al. 2002; Muise et al. 2012) suggest the dorsal and 

plantar skin areas of the feet have different functional roles. For example, the dorsal foot 

skin does not appear to be crucial for postural control during quiet standing within the 

confines of the current protocol. In contrast, cutaneous input from the plantar feet has 

been shown to influence control used for quiet stance (Magnusson et al. 1990). It remains 

to be determined if one mechanoreceptor class is the primary contributor to postural 

control or if there are aspects of postural control in which each mechanoreceptor class is 

optimally utilized.  

 

4.3. Limitations 

The topical anesthetic and its mechanism of action are not completely understood. 

The effectiveness of EMLA cream has been tested with noxious stimuli (pinpricks) in 

which there was no percept of the noxious stimuli for an approximate depth of 5 mm 

following an application of 2 hours (AstraZeneca 2010). Although we cannot be certain 

that the EMLA cream applied to the skin solely affected the cutaneous afferents, an 

advantage to using the topical anesthetic was that motor fibres are the least affected fiber 

type (AstraZeneca 2010). Furthermore, we were able to be selective in the affected skin 

area. We defined discrete borders on the dorsal feet and were able to anesthetize the area 

with precision, whereas other techniques such as hypothermic anesthesia are not capable 

of this selectivity. The application of a topical anesthetic is a non-invasive method that 
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provides more selectivity than hypothermic anesthesia with respect to the afferent fiber 

targeted as well as the anesthetization area of the skin. An additional benefit to our 

methodology is the long-lasting effects of the topical anesthetic in comparison to 

hypothermic anesthesia (Perry et al. 2000; Lowrey et al. 2013), which allowed more 

consistent data collection during the POST condition in the current protocol. 

We used a perceptual test to evaluate the effectiveness of the cutaneous 

intervention. Perceptual monofilament testing is a useful tool as it is clinically relevant, 

and easy and quick to implement. To date, there is limited literature investigating the 

cutaneous afferent class primarily responsible for the perception of monofilaments. It has 

been suggested that the fast adapting afferents are primary contributors; one impulse from 

a FAI afferent has been shown to result in a percept (Vallbo and Johansson 1984). If this 

is the case, a reduced ability to perceive monofilament stimuli after application of a 

topical anesthetic could be indicative of decreased ability of the fast adapting 

mechanoreceptors to signal sensory events. Therefore the significant results in the current 

study, that show a slower return to equilibrium following a vestibular perturbation, could 

be in part due to the inability of the FA receptors to contribute sensory information to 

facilitate the return to baseline following a vestibular perturbation. Further investigation 

is also required to clarify the connection between cutaneous afferent firing and the 

perception of a stimulus. We assumed that the application of a topical anesthetic reduced 

the sensitivity of all four cutaneous mechanoreceptor classes equally since to date there 

have been no findings that indicate one mechanoreceptor class is most affected by topical 

anesthesia. 
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We excluded the two subjects who did not obtain an increased MF score (reduced 

skin sensitivity) to be confident in the effectiveness of our cutaneous intervention. The 

effectiveness of topical anesthetic across the dorsal skin surface can be variable. Lowrey 

and colleagues (2010) tested MF threshold at two dorsal foot skin sites (upper and lower 

ankle) on one foot and found that only 5 of 15 subjects reached the target anesthetization 

level at the lower ankle; however, at the upper ankle test site, 11 of 15 subjects obtained 

the target level of anesthesia (Lowrey et al. 2010). The target level of anesthesia set by 

Lowrey and colleagues (2010) was higher than the current protocol (17 g of force, 

monofilament #15), but their findings highlight the potential variability across the dorsal 

foot skin surface that could be in part due to proximity of mechanoreceptor populations to 

the monofilament stimuli. A single monofilament test site was used in the current 

protocol that was similar in location to that of the lower ankle test site of Lowrey and 

colleagues (2010) and suggests our exclusion criteria of reducing cutaneous input was 

stringent and sufficient. Only the subjects that increased their MF threshold were 

included in the study (12 of 14 subjects tested); on average, the MF threshold was 

increased by 80 g (n = 12) following EMLA application and was indicative of reduced 

cutaneous information from the dorsal feet. To ensure our monofilament scores were 

reliable and repeatable, one experimenter performed all of the monofilament tests. We 

believe that the application of a topical anesthetic reduced skin information from the 

dorsal feet and effectively addressed our research aim of investigating the role of the 

dorsal foot skin during a vestibular perturbation.  

The current work supports the finding that sensory input from the skin that covers 

the ankle joint may dictate the timing of re-established equilibrium following a vestibular 
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perturbation. We are limited in that we did not directly measure any ankle angles that 

may be related in generating the cutaneous signals used for the postural control response 

to GVS. In preliminary pilot work, motion capture of the right shank and right foot using 

rigid bodies was included to estimate ankle angle. These rigid bodies were excluded from 

further data collections because we could not control the additional skin stretch that was 

produced by adhering the rigid bodies to the skin of the shank and foot, which we 

expected the SAII receptor to optimally code. Efforts were also made to include 

goniometers in lieu of the rigid bodies to record ankle angle; however, we faced a similar 

challenge and could not control the skin stretch that was produced by adhering the 

goniometers. This additional skin stretch was not feasible to contend with given the 

objective of the study, which was to examine responses in the absence of dorsal foot skin 

input.  As a result goniometers were not included in data collection.  

Despite this limitation, we believe that the sway elicited by GVS resulted in 

relevant cutaneous input from the dorsal feet, which was used to re-establish equilibrium 

following the vestibular perturbation PRE intervention. To our knowledge, there are no 

other studies that have applied GVS with the head turned (AP vestibular perturbation) 

and measured the resulting CoP and CoM movement as well as the change in ankle angle 

in the sagittal plane. Therefore we are limited in our ability to compare the postural 

magnitudes that we recorded in the current study and ultimately infer the degree of ankle 

movement that was imposed. Previous work by Aimonetti and colleagues (2007) who 

investigated the skin of the dorsal feet and legs found that small degrees of ankle 

movement resulted in direction-specific firing of the cutaneous afferents that innervate 

the dorsal foot skin (Aimonetti et al. 2007). The amplitude of the imposed ankle 
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movement was 25 mm at the tip of the foot; however, the authors did not directly 

measure ankle angle (Aimonetti et al. 2007). We estimate that the ankle movements 

generated by Aimonetti and colleagues (2007) resulted in ankle angles of approximately 

6 – 8°.  Aimonetti and colleagues (2007) have shown that small movements about the 

ankle are capable of activating the cutaneous afferents that innervate the dorsal skin of 

the feet and legs. It is likely that smaller ankle movements than those implemented by 

Aimonetti et al. (2007) can activate the cutaneous afferents of the dorsal foot skin; 

however, further exploration is required.  

 

4.4. Sham testing demonstrated that significant findings were not a result of topical 

anesthetic limitations  

A drawback of using a topical anesthetic was the increased protocol time to allow 

for the cream to be absorbed in the skin. In order to compare postural differences between 

the control and reduced skin conditions, the topical anesthetic required an application 

time of 2 hours. To validate that our observed findings were due to a reduction of dorsal 

foot skin information and not a result of fatigue, we tested a group of different 

participants (n = 5) using a sham cream in place of the topical anesthetic. Perceptual skin 

sensitivity of the dorsal feet did not change after application of the sham cream (p > 

0.05); there were no significant differences in MF threshold. There were no significant 

differences in the return to equilibrium following a vestibular perturbation (p > 0.05). 

Although a small group of subjects were tested in the sham group (n = 5), inspection of 

each subject’s generated response showed that the sham subjects maintained the timing of 

CoP and CoM position following GVS for the sham protocol between PRE and POST 
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conditions. The only difference of the sham cream protocol from the topical anesthetic 

protocol was that cutaneous input from the dorsal feet was available. We are confident 

that a significantly longer return to equilibrium following the vestibular perturbation 

exemplified during the topical anesthesia protocol occurred due to a reduction in dorsal 

foot skin input. 

 

4.5. Applications and implications of the current work 

In order to create effective balance aids for populations with sensory deficits such 

as diabetic peripheral neuropathies or the elderly, a concrete understanding of the sensory 

systems and how they are utilized for postural control is required. Previous applications 

of cutaneous research have focused on the plantar aspect of the feet. Perry and colleagues 

(2008) developed insoles with ridged edges to facilitate cutaneous input from the borders 

of the plantar feet and improve balance in older adults (Perry et al. 2008). Insoles 

equipped with stochastic vibratory stimuli have also been used to elevate cutaneous input 

and improve balance in older adults (Priplata et al. 2002; Priplata et al. 2003).  

In light of the current findings, the implementation of rehabilitative devices may 

benefit from the addition of augmentation to the sensory information from the top of the 

feet. Our results suggest that the cutaneous input from the dorsal feet is crucial for 

realigning to equilibrium after a vestibular perturbation. By enhancing the sensory 

information from this skin area in populations with sensory deficits such as peripheral 

neuropathy patients, postural control following perturbations may improve. Recently 

Bent and Lowrey (2013) found that stimulation of the dorsal and plantar feet modulated 
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muscle activity of the upper limb, which highlights that the skin of the dorsal feet can 

influence remote body activity and has potential to be utilized for balance interventions.  

 

4.6. Future directions 

The current study has demonstrated that skin information from the dorsal feet is 

important following a standing vestibular perturbation, which corroborates previous 

notions that sensory information, and specifically the skin, is important for standing 

postural control (Roll et al. 2002; Kavounoudias et al. 1998). To understand the complex 

nature of human balance, we encourage future studies to examine how sensory 

information derived from different sensory systems interact (i.e. combining skin and 

vestibular stimulation) to signal body orientation. Investigating sensory interactions 

between different systems (i.e. somatosensory and vestibular) is important and perhaps 

more relevant to understand the complex sensory relationships that enable successful 

standing balance. 

Topical anesthetic and GVS were effective techniques to examine the skin and 

vestibular system, respectively. Future studies examining the skin’s role in posture and 

balance in healthy adults should consider a topical anesthetic, which is a non-invasive 

and more selective technique to reduce skin information as opposed to a cooling 

intervention. When using a topical anesthetic cream, including a sham group is important 

to validate significant findings. GVS is also a useful and non-invasive research tool. It is 

an effective technique to examine the vestibular system and its postural response is well 

characterized (Fitzpatrick and Day 2004; Day et al. 1997; Welgampola and Colebatch 
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2001). The ability to modify galvanic stimulus parameters makes it an advantageous tool 

to address a variety of vestibular research questions. 

It was assumed that for the current protocol, all four cutaneous afferents were 

affected by the topical anesthetic and their reduction equally contributed to a significantly 

slower return to equilibrium. The adaptation and receptive field properties of each 

cutaneous afferent provide optimal sensitivity to encountered stimuli; it still remains to be 

determined if the sensitivity of one cutaneous afferent is optimal and primarily 

contributes to postural control. Further work investigating the individual contributions of 

each cutaneous afferent during postural control would be helpful to optimize balance 

interventions and technologies. 

 

4.7. Conclusion 

We found that the cutaneous input from the skin of the dorsal feet is necessary in 

order to accurately return to equilibrium following a vestibular perturbation. This thesis 

has expanded our knowledge on the interaction between the skin and the vestibular 

system and the postural relevance of the dorsal skin of the feet. It is generally accepted 

that healthy young adults can compensate for acute losses in sensory information (akin to 

our cutaneous intervention using a topical anesthetic) to preserve standing balance (Stal 

et al. 2003; McKeon and Hertel 2007), but special populations may not have this luxury 

especially following perturbations. It is important to first understand the sensory elements 

that influence postural control in healthy subjects to enable more effective and specific 

intervention strategies and technologies that ultimately aid pathological populations.    
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5. Appendix 

 
Participant Questionnaire 

 
The researchers wish to be inclusive in their recruitment process. This project requires: 

• Young adults (18 – 40 years old) 
• No balance, muscle, or nerve impairments 
• Wear tight fitting garments 
• Placement of motion sensors on the head and body 
• Removal of some articles of clothing including headgear 
• Application of a topical anesthetic  

 
Please complete the following questionnaire. The questionnaire will be used to identify exclusionary criteria. 
Please do not hesitate to ask any questions about the study or concerns you may have. You are able to withdraw 
from the study at any point without consequence.  
 
Subject code:    

 

Age:     

  

Sex:  Male   or    Female or  Other 

 

Height:   

 

Weight: 
 

• Have you ever experienced vertigo or other sensations of inner ear disturbances? 
 
Yes  No 
 

 
If yes, please list: 
 
 
_____________________________________________________________________________ 
 
 

• Have you ever experienced a stroke or brain injury?          Yes        No 

If yes, please list: 
 
 
_____________________________________________________________________________ 
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• Have you ever had a concussion or symptoms of a concussion?    Yes 

 No 

If yes, please explain: 

_____________________________________________________________________________ 

_____________________________________________________________________________ 

 
 

• Do you suffer from any neurological or cutaneous (skin) disorders?      
 
Yes  No 

 
 
If yes, please list: 
_____________________________________________________________________________ 
 
_____________________________________________________________________________ 
 
 

• Do you suffer from any muscular disorders?        Yes  No 
 
If yes, please list: 
_____________________________________________________________________________ 
 
_____________________________________________________________________________ 
 
 

• Do you get motion sickness or experience dizziness?     Yes  No 

If yes, please explain: 

_____________________________________________________________________________ 

_____________________________________________________________________________ 

 

• Do you suffer from headaches, migraines, or prone to seizures?      Yes 

 No 

If yes, please explain: 

______________________________________________________________________________

______________________________________________________________________________ 
 
 

• Do you suffer from diabetes?     Yes  No 
 
If yes, what type (I or II) 
_______________________________________________________________ 
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How long have you had Diabetes?  
_______________________________________________________________ 
 
 

• Have you had any injury or surgery to your feet or ankles?             Yes            No 

If yes, please fill out the following: 
 
Side of injury:      Right      Left 

 

Type of injury: 

______________________________________________________________________________

______________________________________________________________________________ 

 
How it occurred:  
 
______________________________________________________________________________ 
 
______________________________________________________________________________ 
 
 
How long ago the injury occurred: 
 
_____________________________________________________________________________ 
 
______________________________________________________________________________ 
 
 
Have you recently experienced any problems with balance or falling?         Yes          No 
 
If yes, please explain (type of balance issue, how long ago, how it happened etc.) below: 
 
 

 
 
______________________________________________________________________________ 
 

• Do you have a cold, ear, or sinus infection?      Yes  No 
 
 

• Are you currently taking any medication?                        Yes  No 
 

o If yes, are you taking antiarrhythmic drugs?   Yes  No 
 
 
Please any medications you are taking: 
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• Do you have a cardiac pacemaker or any metallic devicess in your head including cochlear implants or 

surgical clips?      Yes  No 

If yes, please list: 
______________________________________________________________________________
______ 
 
______________________________________________________________________________
______ 
 

 

 

 
• Do you have any allergies to “Lidocaine”, “Prilocaine”, or any other “caine” anaesthetics? 

Yes             No  

If yes, please list: 

 

 
 

• Do you have “Methemoglobinemia”?   Yes               No  

Methemoglobinemia is a blood disorder, which is characterized by a high level of 

methemoglobin (form of hemoglobin). 

 

 
• Do you have any allergies to the non-medicinal ingredients in “EMLA® cream”?  

(carboxypolymethylene, polyoxyethylene hydrogenated castor oil, and sodium hydroxide) 
Yes               No 

 
If yes, please list: 
 
 
______________________________________________________________________________
______  
 

• Is there any chance you may be pregnant?                      Yes                        No 

• Are you sensitive to adhesive?          Yes           No 
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• Do you have a history of hepatic conditions/disease or skin conditions (rash, atopic dermatitis, lesions)? 

If yes, please list: 
_____________________________________________________________________________ 
 
_____________________________________________________________________________ 
 

 

   I ___________________________ certify that the information given is true, correct and complete to  
           (Name of participant) 
   the best of my knowledge. 
 
   X _____________________________________ 

 
 

   _______________________________________  
   Witness Name 

 
   _______________________________________ 
   Witness Signature 
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PRE-TEST: Visual Analog Scale 
 

Please indicate any areas which you are feeling discomfort or pain: 
 

 
 
 
 
 
Please mark a point along this horizontal line to indicate your current level of 
discomfort/pain: 
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 POST-TEST: Visual Analog Scale 
 

Please indicate any areas which you are feeling discomfort or pain: 
 

 
 
 
 
 
Please mark a point along this horizontal line to indicate your current level of 
discomfort/pain: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
If you felt any discomfort throughout the experiment, please explain: 
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What was your overall impression of the experiment (i.e. methods used, 
requirements as a participant etc.)? 
 
 
 
 
 
Did you feel any differences after application of the EMLA cream? If so, explain. 
 
 
 
 
 
Did you notice a difference in your ability to balance between the first block of 
testing (pre-cream) and the second block of testing (after-cream)? 
 
 
 
 
 
Do you have any suggestions to improve your experience? 
 
 
 
 
 
 
 
 
 
 
 

Thank you for your time and participation in our study J  
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CONSENT TO PARTICIPATE IN RESEARCH 
 

The influence of the hairy skin of the foot on the vestibular response 
 

You are asked to participate in a research study conducted by Dr. Leah Bent (Faculty 
Advisor), Meghan Yip (MSc Candidate Human Health and Nutritional Sciences), and 
Gagan Gill (4th Human Kinetics student) from the department of Human Health and 
Nutritional Sciences at the University of Guelph.  
 
This study will contribute to Meghan Yip’s MSc in Human Health and Nutritional 
Sciences, Gagan Gill’s undergraduate thesis, and faculty research. Dr. Leah Bent’s 
NSERC funding will be used for this study. 
 
If you have any questions or concerns about the research, please feel free to contact: 
 

 Name  & position Dept./Address  Phone No.   E-Mail 

Faculty with Principal 
Responsibility: Dr. Leah Bent 

Human Health & 
Nutritional 
Science 

X56442 lbent@uoguelph.ca 
 

Faculty:   
Co-Investigator(s)  Dr. Steve Brown  

Human Health & 
Nutritional 
Science 

X53651 shmbrown@uoguelph.ca 

Student: Investigator(s) 
Meghan Yip  
MSc Candidate  
 

Human Health & 
Nutritional 
Science 

X52116 myip@uoguelph.ca 

 
 
PURPOSE OF THE STUDY 
 
The purpose of this study is to evaluate if reduced input from the skin on the top of 
your foot changes your ability to balance. Your vestibular system, located within your 
inner ear, helps you to determine where your head is in space and provides information 
about movement of your head. Previous work has shown that the skin on the bottom of 
the foot is important for achieving balance, but there is limited knowledge about the 
interaction of signals from the skin on the top of the feet and signals from the inner ear 
system and what effect this interaction might have on your ability to maintain your 
balance. 
 
PROCEDURES 
 
If you volunteer to participate in this study, we would ask you to do the following things: 
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Please read and complete the consent form and questionnaire upon arrival. We will 
discuss the complete protocol of the study and the equipment used. If you have any 
questions about the study, protocol, or devices please do not hesitate to ask. To ensure 
accurate recordings, we ask that you wear tight fitting garments and remove some articles 
of clothing, including headgear during data collection. 
 
We will:  

• Measure and outline an area of 200 cm2 (20 cm x 10 cm) on the top of each foot 
to be anesthetized  

• Establish a single site for monofilament measurements 
o Monofilaments will be used to determine your skin sensitivity threshold (the 

point in which you can just feel a stimulus). We will test skin sensitivity on 
three occasions: Before applying the EMLA® cream, 2h after the cream has 
been left on, and at the end of testing. 

• Apply EMLA® cream on the top of both feet. The area of skin in contact with the 
cream will be covered with plastic wrap. You will be seated comfortably while 
the cream is left on for a duration of 2 hours.  

 
 

• Place electrodes behind your ears for the galvanic vestibular stimulation technique 
(GVS), a technique that alters the signals from the inner ear by passing an 
electrical current behind the ears. GVS will be customized to you by finding the 
lowest amount of current to generate a small sway: the GVS threshold. The 
following testing will occur at 3x GVS threshold with your head turned 90° over 
your left shoulder. You will be given a chance to feel these levels to ensure they 
are comfortable for you. During GVS testing you will stand barefoot on the force 
plate, relaxed with your hands at your sides. 

• Place electrodes on your calf and shin muscles to record muscle activity.  
• Place markers on your head, chest, pelvis, and right lower leg. The markers 

communicate with motion tracking software to record your whole body 
movements during the experiment.  The upper body and pelvis markers will be 
attached to your clothing. The head marker will be attached to a hat that you will 
wear during data collection. The lower leg marker will be attached to the skin 
with double-sided tape. 

 
 
The total length for participation in this study will be approximately 4 hours on one 
occasion. This will include a period of 15 minutes after data collection to assess the onset 
of potential dizziness or motion sickness, which can sometimes result from the GVS 
testing. 
 
Individual and study results will be available to subjects following the completion of data 
collection. You may contact Dr. Leah Bent or Meghan Yip by email or phone to receive 
the research findings. Please note the study findings are in no way a diagnosis.  
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POTENTIAL RISKS AND DISCOMFORTS 
 
There are few risks participating in this study. The following are potential risks that could 
occur: 
 
The force plate will be in contact with your foot sole and may result in the transfer of 
bacteria. Before and after each experiment, the equipment will be cleaned with alcohol 
swabs. 
 
Surface Electromyography: 

o The adhesive from the surface EMG electrodes or GVS electrodes may irritate the 
skin. The area of skin where the EMG and GVS electrodes are located will be 
cleaned with alcohol swabs before and after application to minimize the risk of 
skin irritation. Conductive electrode gel will also be applied to these skin areas to 
prevent or minimize any irritation from electrodes. 

 
GVS: 

o There is no evidence to date that GVS induces seizures. Therefore, the risk of 
seizures is very rare.  

o The electrical current used in GVS could potentially result in discomfort or 
motion sickness if you are susceptible to motion sickness. We ask you to remain 
in the laboratory 15 minutes following data collection to assess whether dizziness 
or motion sickness arises. If symptoms do arise, we will require that you remain 
in the laboratory until the sensation subsides. In the unlikely situation that 
symptoms do not subside, we will seek proper medical attention.  

o The GVS current will never exceed 3mA to reduce risk of discomfort and prevent 
harm.  

o Scheduled regular breaks during the protocol will also minimize the possibility of 
GVS side effects. 
   
 

EMLA® cream: 
o Minimal risks are associated with application of this cream. Some people 

may experience redness, irritation, and 
slight inflammation. To decrease the chances of these occurring, we will only be 
applying the recommended dosage of cream to the skin. We will also monitor 
your skin during the duration of contact. In the unlikely situation that more 
serious symptoms arise we will seek proper medical attention.   
 

POTENTIAL BENEFITS TO PARTICIPANTS AND/OR TO SOCIETY 
 
There will be no direct benefit by participating in this study. However, participants in the 
scientific community may be interested in the findings of cutaneous and vestibular 
influences during quiet standing balance.  
 
PAYMENT FOR PARTICIPATION 
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There will be no payment for participating in this study. 
 
CONFIDENTIALITY 
 
Every effort will be made to ensure confidentiality of any identifying information that is obtained in 
connection with this study. 
 
All the data collected will be stored on Dr. Leah Bent’s password protected lab computer. 
The computer is located in Dr. Leah Bent’s locked laboratory. Your data files will only 
be accessible to Dr. Bent and Meghan Yip. A subject code will be generated to ensure 
your name will not be attached to the computer data. Any documents generated with your 
name will be kept in a separate password protected file, only available to Dr. Bent and 
Meghan Yip. 
 
Identified records will be located on Dr. Bent’s lab computer and all electronic and hard 
copies of data will be stored in her locked office at the University of Guelph for 5 years 
or until data is published (whichever comes first). 
 
 
PARTICIPATION AND WITHDRAWAL 
 
You can choose whether to be in this study or not.  If you volunteer to be in this study, 
you may withdraw at any time without consequences of any kind.  You may exercise the 
option of removing your data from the study.  You may also refuse to answer any 
questions you don’t want to answer and still remain in the study.  The investigator may 
withdraw you from this research if circumstances arise that warrant doing so.  
 
RIGHTS OF RESEARCH PARTICIPANTS 
 
You may withdraw your consent at any time and discontinue participation without 
penalty.  You are not waiving any legal claims, rights or remedies because of your 
participation in this research study.  This study has been reviewed and received ethics 
clearance through the University of Guelph Research Ethics Board.   If you have 
questions regarding your rights as a research participant, contact: 
 
 Director, Research Ethics               Telephone: (519) 824-4120, ext. 56606 
             University of Guelph   E-mail: sauld@uoguelph.ca 
 437 University Centre   Fax: (519) 821-5236 
 Guelph, ON   N1G 2W1 
 
  
SIGNATURE OF RESEARCH PARTICIPANT/LEGAL REPRESENTATIVE 
 
I have read the information provided for the study “The influence of the hairy skin of the 
foot on the vestibular response” as described herein.  My questions have been answered 
to my satisfaction, and I agree to participate in this study.  I have been given a copy of 
this form. 
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 ______________________________________ 
 Name of Participant (please print) 
 
 ______________________________________ ______________ 
 Signature of Participant      Date 
 
 
 
 SIGNATURE OF WITNESS 
 
 ______________________________________ 
 Name of Witness (please print) 
 
 ______________________________________ _______________ 
 Signature of Witness      Date 
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