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ABSTRACT 

RECALIBRATION OF VESTIBULAR REAFFERENCE ALTERS THE RECOVERY 
RESPONSE TO A PLATFORM PERTURBATION   

 
Adam Joseph Toth         Advisor:  
University of Guelph, 2016       Dr. Leah R. Bent 
 

This thesis presents three complementary experiments that aim to investigate the 

sensorimotor recalibration of vestibular reafference for platform perturbation recovery responses. 

Previous work has demonstrated that visual feedback is used to recalibrate the vestibular 

reafference used to control vestibulo-ocular reflexes as well as navigation. However, less work 

has examined the visual calibration of vestibular feedback for postural control. During a platform 

perturbation, vestibular feedback is thought to have very little contribution to the initial 

components of recovery responses and is largely involved in re-establishing postural equilibrium 

following recovery responses. In experiment I, we investigated whether vision could be used to 

alter how vestibular reafference was used for re-establishing equilibrium following a 

perturbation. We were able to show that after changing the vertical interpretation of a GVS-

altered vestibular signal using visual references, participants became realigned toward the 

cathode following GVS removal, suggesting recalibration of the vestibular signal. Interestingly, 

vision was unable to alter the vestibular influence on initial perturbation responses. Previous 

work has shown that multiple trial exposures may be necessary to demonstrate recalibration. 

Therefore, experiment II examined whether visual feedback provided during a platform 

perturbation could recalibrate the contribution of vestibular reafference to early components of 

the recovery response. We demonstrated that vestibular contributions to early components of 

perturbation responses could be recalibrated but that the recalibration observed was likely 

mediated by somatosensory feedback rather than vision. Sensory integration work has shown the 

importance of attending to the sensory feedback provided for improving postural control. In 

experiment III, we aimed to determine whether instructions to specifically attend to 

somatosensory feedback for realigning posture during multiple platform perturbations could 

improve the recalibration of vestibular reafference on initial perturbation responses. Participants 

did not show improvements in their ability to recalibrate vestibular feedback during perturbation 

responses with added instructions to attend to somatosensory feedback. This may result from the 
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fact that our postural control task did not merit the allocation of additional attention resources in 

our young healthy population. Together, our data show a task dependent recalibration of 

vestibular reafference for postural control. The following experiments provide further 

understanding into the integration of visual and vestibular feedback for postural control and how 

a change or decline in sensory feedback might be compensated for. This work may provide merit 

for rehabilitation strategies to take advantage of using intact or reliable sensory feedback to 

recalibrate sensory feedback that had been altered or declined, as is often the case for clinical and 

older adult populations.  
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compared to SOMAT P1. The p-value shows a trending difference between SOMAT E1 
and E3. C: NoSOMAT and SOMAT ML CoP recorded E5 responses (black) as well as the 
hypothetical E5 displacement predicted by the reduction in response between E1 and E4 
(E4-E1) (grey). .................................................................................................................... 126	
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Chapter 1: Review of the Literature 

1.1 Chapter Introduction 

The following section provides an overview of the topics pertaining to this thesis. It 

begins with a brief overview of postural control, including its definition in the literature, the way 

in which it is quantified and the models used to describe it. The section then goes on to discuss 

the sensory contributions to postural control, with a focus on visual and vestibular anatomy as 

well as the contributions made by these sensory channels to both spatial perception and postural 

control. The final component of this chapter briefly outlines current models used to describe 

sensory integration concluding with the sensory recalibration model. A gap in the literature 

regarding visual vestibular recalibration for postural control is described, leading to the 

overarching purpose of the thesis. 

 

1.2 Postural Control 

1.2.1 Significance 

The emergence of a bipedal standing posture is perhaps one of the largest contributors to 

the evolution of the human species (Schmitt 2003). The importance of postural control for 

survival readily becomes clear during the aging process or through a disorder that impairs 

stability. In the US alone, 250,000 older adults are hospitalized each year for hip fractures from 

falls (Parkkari et al. 1999) and the direct medical costs for all fall injuries is approximately $34 

billion annually (Stevens et al. 2006). This along with the fact that a significant proportion of the 

population is entering a senior age bracket is reason enough for the importance of research into 
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the prevention of falls. However, to prevent falls, it is important to have an understanding of the 

mechanisms that control posture and balance. 

 

1.2.2 Definitions 

Postural control is generally defined as the continual regulation of the body’s position in 

space and includes both the body’s balance and the orientation of its segments (Lacour et al. 

2008; Duclos et al. 2014). It is also commonly defined as the maintenance and restoration of 

balance or equilibrium during any posture or activity (Maki and McIlroy 1997; Pollock et al. 

2000). Equilibrium, often defined synonymously with ‘balance’, is the state of the body in which 

the downward projection of the centre of mass (CoM; location within the body where its total 

mass is concentrated), termed the centre of gravity (CoG), falls within the confines of the base of 

support (BoS) (Maki and McIlroy 1997). More generally, it is the state of an object when the 

resultant of the forces and moments acting on it is zero (Pollock et al. 2000). The success with 

which equilibrium is maintained is referred to as stability. Stability is often improved under 

conditions of an increased BoS, lower CoM, or more central CoG within the BoS (Pollock et al. 

2000). During bipedal standing, it is extremely rare for the resultant of the forces and moments 

acting on a human to be zero. We are constantly moving and even while attempting to stand still, 

the act of breathing, the beating of the heart and noise in motor efferent commands can introduce 

CoM fluctuations that can threaten balance over time if they are not corrected for (Van der Kooij 

et al. 2005; Carpenter et al. 2010). Moreover, humans are multi-segmented with many muscles 

acting across numerous joints. This biomechanical organization predisposes one to instability. 
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Therefore, humans require a postural control system to correct for fluctuations of the body’s 

CoM that threaten equilibrium. 

 

1.2.3 Quantifying Postural Control 

The postural control system includes muscles that act across joints to produce torques 

that aim to shift the centre of pressure (CoP) within the BoS. The CoP is defined as the point 

location of the sum of all the forces under the BoS (Winter 1995). While independent of the 

CoM or CoG, it behaves in such a way that it oscillates about the CoM to minimize and control 

CoM deviations (Hasan et al. 1996). Through the use of a force platform, CoP displacements can 

be easily calculated from the measured ground reaction forces and moments from the platform’s 

surface. The simplicity with which CoP can be calculated makes it an attractive descriptor of 

balance. As a result, CoP variables are often used to describe and characterize the ability of the 

postural control system to maintain equilibrium (Collins and De Luca 1993; Powers et al. 2014). 

However, during human postural control, the CoP is only the final outcome of a complex system 

involving many segments under the control of numerous muscles. The body segments can attain 

numerous configurations and yet the same pattern of CoP movement may still be observed. Due 

to the relationship between the CoP and the CoM, many believe it is essential to have a measure 

of whole body movement as well (Winter et al. 1998; McIlroy and Maki 1999). 

 

Much of the research involving the study of human postural control attempts to identify 

CoM and CoP variables that best predict or identify those who are at risk of a fall.  
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Examples of these variables include peak displacements (Deschamps et al. 2013), velocities 

(Jeka 2004), sway ellipses (Lacour et al. 1997), and frequency measures (Maurer 2004) among 

many others. It is from these many variables that models arise that attempt to explain and predict 

the behaviour of the body in a given situation. 

 

1.2.4 Modelling Postural Control 

Many attempts at modeling postural control have aimed to do so in the sagittal plane, 

where the body is well described as an inverted pendulum that pivots about the ankle joints 

(Winter 1995; Loram and Lakie 2004). Winter and colleagues (Winter 1995) propose that the 

postural control system aims to minimize the error between the CoM and CoP. By observing 

minimal time delay between CoM and CoP movements they claimed that, during quiet stance, 

sensory feedback is likely not used online but instead pre-sets the stiffness of postural muscles 

that behave like springs to passively restore CoM fluctuations (Winter et al. 1998). However, this 

model does not account for a predictive element to explain the minimal time delays between 

CoM and CoP movements and only when stance width is constrained to 100% of the hip joint 

distance is sensory feedback claimed to not be involved in the reactive control of posture.  

 

Collins and colleagues (1993) measured CoP deviations (stabilo-diffusion coefficients) to 

demonstrate that quiet standing can be characterized as a stochastic process with both open and 

closed loop control (Collins and De Luca 1993). They suggest that short-term fluctuations in 

CoP positions can be described using an open loop system that tends to shift the CoP away from 

a relative equilibrium position. Long term CoP fluctuations, however, are described by a closed 
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loop system that utilizes sensory afferent feedback to restore CoP equilibrium (Collins and De 

Luca 1993). However, more recent research has demonstrated that feedback control mechanisms 

alone may account for CoP diffusion patterns previously explained by open-closed loop 

mechanisms (Peterka 2000).  

 

When using a model to describe postural control, it is attractive to describe a simple, 

unified system or set of reflexes; however, postural control involves a multimodal system and 

includes biomechanical constraint, cognitive processing, movement and sensory parameters 

(Horak 2006). For example, Van der Kooj and colleagues (1999) present a non-linear sensory 

integration model that includes multiple segments and infers information about the state of the 

postural control system based on prior experience. By modeling the postural control system this 

way, researchers can better explain the mechanisms of static as well as dynamic equilibrium, 

where the importance of sensory feedback for postural control is well documented (Ushida et al. 

2004; Van der Kooij et al. 2005; Horak 2006). 

 

1.3 Sensory Contributions to Postural Control  

1.3.1 Section Summary 

The following section provides a brief overview of the sensory contributions to postural 

control. It begins by outlining the predominant sources of somatosensory feedback that 

contribute to the maintenance of balance. It continues with an in depth overview on vestibular 

anatomy and physiology, concluding with vestibular influences on spatial perception and 
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postural equilibrium. Finally, a brief overview of visual anatomy and the visual system’s role in 

spatial perception and postural control is provided. 

 

1.3.2 Somatosensory Feedback 

The somatosensory system includes afferent feedback from a number of different sources 

throughout the body. Afferent information from the skin, muscle spindles, joint receptors and 

golgi tendon organs all provide unique somatosensory feedback. When maintaining standing 

balance, our only contact with the environment is generally through the soles of our feet. 

Therefore, cutaneous feedback from skin on the foot sole (Meyer et al. 2004) in addition to 

stretch feedback from spindles in postural muscles crossing the ankle joint (Kavounoudias et al. 

2001) arguably contribute significantly to the maintenance of posture. 

 

We receive cutaneous feedback from 4 distinct afferent types that terminate into 4 unique 

mechanoreceptors. The receptors and afferents associated with them can be classified based on 

the types of feedback that they code for. For example, fast adapting afferents code for velocity 

responses in that these afferents will fire upon indentation and stimulus removal but not when 

indentation is maintained. Alternatively, slowly adapting afferents code for the magnitude of a 

constant indentation stimulus (Strzalkowski et al. 2015). Afferents can also be classified as type I 

or type II based on their receptive field sizes. Type 1 afferents have small distinctive receptive 

fields while type II afferents have larger less defined receptive field borders. 

 

Muscle spindles largely code for the length and rate of change of length of skeletal 
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muscle and contribute to proprioception. Muscle spindles also contain a gamma efferent system 

that helps to maintain the sensitivity of the muscle spindle to changes in muscle length even 

when the muscle is in a contracted state. The feedback we receive from both cutaneous and 

muscle spindle afferents helps us determine where we are relative to our environment and also 

how our body segments are organized with respect to each other and together, this aids postural 

control. 

 

Many experiments have highlighted the importance of somatosensory feedback for 

postural control. Decreasing either the quantity or quality of cutaneous afferent feedback has 

been shown to hinder postural control. For example, a reduction of cutaneous feedback through 

cooling (McKeon and Hertel 2007) and anaesthesia (Meyer et al. 2004) have both been shown to 

hinder postural control through increased CoP deviations. Alternatively, enhancing sensory 

feedback has been shown to improve postural control. Palluel et al. (2009) demonstrated that 

additional somatosensory feedback provided by spiked insoles improved balance sway 

parameters when worn and hindered balance when removed in older adults.  

 

While extensive work has led to an agreement over the importance for somatosensory 

feedback during postural control, somatosensory feedback is limited in its ability to aid the 

maintenance of balance. Given that a key facet of postural control is orienting the body axis with 

respect to gravity (Horak 2006) the ability for additional sensory feedback to reference our 

posture and movements to this vertical cue must also be considered in the control of postural 

equilibrium. Although Mittelstaedt has found evidence for somatic graviceptors in the human 

trunk (Mittelstaedt 1996), work done in patients with vestibular lesions has shown that 
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somatosensory feedback alone cannot re-establish the body’s equilibrium with respect to the 

gravitational vertical (Borel et al. 2001; Borel et al. 2002). Given the capability of the vestibular 

system to detect the acceleration of gravity on the head, we must also consider the role of 

vestibular feedback for controlling our vertical posture. 

 

1.3.3 The Vestibular System 

1.3.3.1. Peripheral Anatomy 

The vestibular system is comprised of both semicircular canals (SCCs) and otolith 

organs, which detect and transduce angular and linear accelerations of the head respectively. A 

set of otolith organs and SCCs can be found on either side of the head, encased in the temporal 

bone of the skull, with the organs on the right side oriented so as to form a mirror image of those 

on the left (Kandel et al. 2000). The perilymph, A thin layer of fluid continuous with 

cerebrospinal fluid, can be found between the bone and baso-lateral surface of the organs 

(Kandel et al. 2000). 

 

1.3.3.2. Semicircular Canals 

Three orthogonally oriented semicircular canals (posterior, anterior and horizontal canals) 

can each be found bilaterally in the skull and together encode pitch, roll and yaw movements of 

the head (Fitzpatrick and Day 2004). Each canal is approximately 8mm in diameter and is filled 

with a fluid, called endolymph (Kandel et al. 2000). A dilated region at one end inside each 

canal, called the ampulla, contains hair cells. Epithelial support cells surround these hair cells 

and together they are covered in a gelatinous substance called the cupula. On the basal surface, 
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the hair cell synapses with an afferent and efferent nerve fibre. On the apical side of the hair cell, 

hexagonal clusters of stereocilia project into the cupula at increasing lengths along an axis that is 

parallel to the plane of the canal (Kandel et al. 2000). The longest stereocilia, specifically termed 

the kinocilium, is thought to serve no special purpose as the function of the hair cell bundle is 

maintained if the kinocilium is lost (Kandel et al. 2000). The stereocilia are primarily composed 

of actin and fibrin filaments, which taper near their insertion on the hair cell’s surface, allowing 

them to bend. Each stereocilia also contains spring gated ion channels that are oriented so as to 

control the flow of ions when the stereocilia bend toward or away from the kinocilium. A unique 

feature of the ion channels is that a proportion are slightly open at rest, resulting in hair cells that 

are always slightly depolarized and transmitting neurotransmitter to an underlying afferent. 

When the head rotates, the canals inside move with the head and the endolymphatic fluid within 

the canals lags behind. Angular movements of the head in the plane of a given canal will cause 

endolymphatic fluid within that canal to deform the cupula in one direction, bending the 

stereocilia toward or away from the kinocilium (Hillman and McLaren 1979). When this bending 

occurs toward the kinocilium, the ion channels open. This results in the flow of positive ions 

(primarily potassium) into the cell, increasing the amount of depolarization of the hair cells and, 

in turn, increases the firing frequency of action potentials in the afferent. When the bending 

occurs in the opposite direction, the ion channels close and the cell becomes hyperpolarized 

relative to its rested state, leading to a decrease in afferent firing frequency (Fitzpatrick and Day 

2004). The relationship between stereocilia deflection and the afferent response is largely 

sigmoidal (Schneider et al. 2015). Additionally, stereocilia within the same canal on either side 

of the head are oriented such that opposite afferent responses are observed to a given head 
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movement. This serves to provide greater resolution in the overall afferent signal sent to the 

central nervous system (Kandel et al. 2000). 

 

1.3.3.3. Otolith Organs 

Two otolith organs, the utricle and saccule, can also be found in either side of the head. 

The utricle is oriented to optimally detect linear accelerations in the transverse plane as well as 

tilts of the head away from the gravitational vector. The saccule is oriented to detect linear 

accelerations along the gravitational axis (Kandel et al. 2000). 

 

The macula of the saccule and utricle is comprised of a bed of hair cells that each synapse 

with an afferent and efferent neuron and project clusters of stereocilia into a gelatinous otolithic 

membrane. A curved zone that bisects the macula of both the utricule and saccule (called the 

striola) influences the organization of the stereocilia in these two structures. The stereocilia in the 

utricle increase in length toward the striola while in the saccule, they decrease in length (Kandel 

et al. 2000). Atop the otolithic membrane is a layer of otoconia, composed of calcium carbonate 

crystals. These otoconia weigh down the otolithic membrane and shear the membrane when the 

head linearly accelerates or tilts. This movement of the otolithic membrane creates a deflection 

of the stereocilia that project into it. Through a similar mechanism to what occurs in the SCCs, 

the hair cells will then depolarize or hyperpolarize as the stereocilia are deflected towards or 

away from the kinocillium respectively (Fitzpatrick and Day 2004). 
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1.3.3.4. Hair Cell Morphology and Afferent Electrophysiology 

Our current knowledge about hair cell and afferent electrophysiology stems largely from 

work done in primates and specifically in rhesus (Angelaki and Hess 1994b), macaque (Yu et al. 

2012) and squirrel monkeys (Goldberg and Fernández 2003). To date, there have been no neural 

recordings from human vestibular afferents. 

 

Two types of vestibular hair cells can be found in the SCC and otolith organs. Type I hair 

cells synapse with 90% of vestibular afferents and are globular-shaped with large synaptic 

terminals. An afferent will innervate only one type I hair cell. Type II hair cells on the other 

hand, synapse with 10% of vestibular afferents and are more rectangular in shape with small 

bouton-like synaptic terminals. Each afferent will innervate many type II hair cells (Kandel et al. 

2000). 

 

The afferents themselves can also be classified based on their discharge regularity. The 

action potentials of regularly firing afferents tend to recover more slowly while irregular 

afferents recover quickly, making their discharge rate highly irregular. These differences can be 

quantified by the afferent’s interspike interval coefficient of variation (cv), which is calculated 

by dividing the interspike time standard deviation by the mean interspike interval (Goldberg and 

Smith 1984). Regularly firing afferents have a small cv (cv <0.1) while the cv of irregular 

afferents is much larger (cv > 0.1) (Goldberg and Smith 1984). While the significance of the 

differences found with discharge regularity is not yet clear, scientists have found that irregular 

afferents show greater sensitivity to natural stimuli (Schneider et al. 2015) and electric stimuli 

delivered via the perilymphatic space (Goldberg and Fernández 1980). However, upon ablating 
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irregular afferents with strong anodal currents, vertical and horizontal vestibulo-ocular reflex 

(VOR) responses were maintained suggesting that for controlling eye movements, regular 

afferent contributions may be sufficient (Minor and Goldberg 1991). Another potential reason 

for the observed difference in discharge regularity between the two classes of afferents is that the 

afferents differ in how information about head movement is transmitted within the neural code. 

Sadeghi and colleagues (2007) discovered that regular afferents tend to carry information about 

head movement within the specific timing of action potentials whereas irregular afferents carry 

the majority of their information within the rate code of action potentials. Schneider et al. (2015) 

suggest that differences in neural coding might be related to the processing low versus high 

frequency head movements (i.e., during sitting and grooming versus running). 

 

1.3.3.5. Vestibular Nuclei 

Primary vestibular afferents project largely to the vestibular nuclei complex (VNC) (there 

are also direct projections to the cerebellum). The VNC is located primarily within the pons but 

does extend into the medulla region of the brainstem. It is comprised of 4 regions of secondary 

afferents including the lateral vestibular nuclei (LVN; sometimes referred to a Dieter’s Nucleus), 

medial vestibular nucleus (MVN), dorsal vestibular nucleus (DVN) and superior vestibular 

nucleus (SVN) (Fitzpatrick and Day 2004). Much of the work attempting to outline the SCC and 

otolithic projections to the different vestibular nuclei has been done in rodents (Kevetter and 

Leonard 1997) cats (Grillner et al. 1971; Orlovsky 1972) and monkeys (Goldberg et al. 2012). 

Previous research has identified canal and otolith projections to both the LVN and MVN with 

otolith afferents projecting more caudally. The LVN projects down the lateral vestibulo-spinal 
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tract (LVST), while the MVN projects down the medial vestibulo-spinal tract (MVST) in 

addition to abducens and oculomotor nuclei. The SVN projects largely to oculomotor nuclei and 

the thalamus while the DVN projects largely to the cerebellum and merges with the reticular 

formation ventrally (Highstein and Holstein 2006). 

 

The cells that comprise the vestibular nuclei can be further classified based on their 

sensitivity to eye movements and passive whole-body rotations. Position vestibular pause (PVP) 

neurons are commonly found in the MVN and project largely to the abducens nucleus. These 

neurons contribute to oculomotor responses that stabilize gaze during head movement (Cullen et 

al. 2011; Goldberg et al. 2012). Conversely, vestibular-only (VO) neurons have very little 

contribution to the VOR and based on their responses to passive whole body movements, are 

suggested to largely contribute to vestibulo-collic and vestibulo-spinal reflexes (Angelaki and 

Cullen 2008; Goldberg et al. 2012). VO neurons are also thought to be important for integrating 

primary vestibular afferent signals with visual and somatosensory inputs and then projecting to 

higher brain structures (Goldberg et al. 2012). This projection of vestibular information to higher 

brain structures provides evidence of vestibular contributions to spatial perception. 

 

1.3.3.6. Vestibular Contribution to Spatial Perception 

The vestibular system can exert a large influence on spatial perception. Work done by 

Fitzpatrick and colleagues (Fitzpatrick et al. 1999) using galvanic vestibular stimulation (GVS) 

showed that the vestibular system is involved in forming a spatial map of a previously navigated 

route. Moreover, otolith and SCC monkey afferent recordings have shown that without SCC 
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feedback, these monkeys have difficulty distinguishing body tilt from linear acceleration 

(Angelaki and Yakusheva 2009). This type of work has increased the understanding of the cause 

of dangerous illusions experienced by plane pilots, where prolonged linear accelerations in the 

absence of disambiguating SCC or visual cues creates an illusion of body tilt (Clément et al. 

2001). Further evidence of the vestibular contribution to spatial perception has come from work 

done in humans who have had a vestibular nerve lesion. Borel and colleagues (2014) 

demonstrate that 7 days after a vestibular neurectomy, shifts in the perception of the external 

world are evident by the presence of errors toward the lesion side when pointing to specific 

targets. This type of spatial perception bias has also been demonstrated experimentally, where 

GVS was used during a line bisection task at different visual distances (Ferrè et al. 2013). These 

authors demonstrated that when bisecting a line during GVS, participants made errors in in their 

judgment about the location of the midpoint of a line toward the anodal stimulus. These 

aforementioned studies demonstrate the importance of vestibular information for spatial 

perception. Alterations in orientation or movement perception can have profound effects on 

postural control. This therefore highlights the importance of considering vestibular feedback 

when investigating postural control. 

 

1.3.3.7. Vestibular Contribution to Postural Control 

Much of the work studying vestibular contributions to postural control includes lesion 

studies in animals. Marchand and Amblard (1984) have shown that labyrinthectomized cats 

struggled navigating across a narrow beam as opposed to walking on level ground, 

demonstrating the increased role of vestibular feedback when the challenge of the postural task is 
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increased. When examining vestibular contributions to postural control in humans, Borel and 

colleagues (2001) have shown deviations in postural control exist in patients who have had a 

unilateral vestibular neurectomy to alleviate symptoms due to Meniere’s disease, which can take 

upwards of one month to be compensated. While studying a patient population is beneficial, 

there are limitations when attempting to use these findings to understand vestibular function in a 

young healthy adult population. In a patient population, for example, central compensations may 

manifest in response to a chronic vestibular lesion that can affect the attribution of symptoms 

solely to vestibular causes. An additional benefit to extending vestibular research in healthy 

young and older adult populations includes attaining a better understanding of the changes that 

occur in vestibular function during the aging process. However, it is unethical to create a 

permanent vestibular lesion in these populations, so alternative methods to probe vestibular 

function in these individuals are necessary. 

 

1.3.3.8. Probing the Vestibular System 

Many techniques have been used to probe the role of vestibular feedback for numerous 

tasks, including physical whole body accelerations and rotations (Cullen and Minor 2002), 

caloric stimulation (Tsutsumi and Komatsuzaki 1999), and clicks (Watson and Colebatch 1998), 

used to elicit vestibular evoked myogenic potentials (VEMPs). However, many of these 

techniques either concurrently activate alternate sources of sensory feedback, which confound 

the vestibular contribution to the responses observed, or preferentially examine vestibular 

contributions to oculomotor, rather than postural control (Borel et al. 2002). 
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GVS, on the other hand, is a non-invasive technique that largely creates a pure vestibular 

perturbation without influencing alternate sources of sensory feedback. The technique involves 

passing a current directly to the primary vestibular afferents through electrodes placed on the 

skin overlying the mastoid processes (Fitzpatrick and Day 2004). In primates, a DC current 

passed through a bipolar binaural electrode arrangement has been shown to non-preferentially 

increase the firing rate of the afferent population on the side where the cathode is located and 

decrease the firing rate of the afferents on the anodal side (Goldberg et al. 1982). Although it has 

never been shown directly, it is generally accepted that the galvanic stimulus affects human 

vestibular afferents in a similar manner to primates due to the similar behavioural responses 

observed in both humans and primates (Fitzpatrick and Day 2004). GVS has become a widely 

used research tool due to its simplicity, non-invasiveness and repeatability. Specifically, it has 

been used to elegantly demonstrate vestibular contributions to oculomotor (Watson et al. 1998), 

vestibulo-spinal (Kennedy et al. 2004), perceptual (Ferrè et al. 2013) and postural responses 

(Britton et al. 1993; Inglis et al. 1995; Day et al. 1997; Cathers et al. 2005). 

 

1.3.3.9. Postural Responses to GVS  

The postural response to GVS during standing is largely described with respect to the 

electromyographic (EMG) responses in the lower limb muscles and whole body postural 

responses as measured through CoM and CoP movements. At the level of the muscle, bipolar 

binaural GVS elicits a biphasic EMG muscle response that is dependent both on the orientation 

of the head (Lund and Broberg 1983) and whether or not the muscle being examined is 

contributing to the control of posture (Fitzpatrick et al. 1994). The initial phase of the response 
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consists of a short latency (S-L) component that begins at approximately 60ms after stimulus 

onset in the soleus muscle and has opposing polarity in the two legs (Britton et al. 1993). When 

the upper limb is used for balance, the response is observed earlier at a latency of approximately 

40ms. The magnitude of the S-L response is dependent largely on the level (Rosengren 2002) 

and duration of the applied stimulus (Britton et al. 1993). The S-L response is also largely 

unaffected by alternate sources of sensory feedback (Britton et al. 1993). Although consistently 

present under the correct conditions, the function of the S-L response is largely unknown and 

does not seem to correlate with the whole body postural response observed in response to GVS 

(Cathers et al. 2005). However, similar latency EMG responses in lower limb muscles have been 

shown when individuals are dropped from a height, and these responses are thought to be 

saccular in origin (Jones and Watt 1971). Further work using 100-decibel click stimuli (thought 

to preferentially activate the saccule) has also shown to produce a response with similar latency 

to the GVS mediated short latency response (Watson and Colebatch 1998). 

 

The medium latency (M-L) response occurs immediately after the short latency response 

at a latency of approximately 110ms from the stimulus onset (Britton et al. 1993; Dakin et al. 

2011). When the head is facing forward, the response in the soleus muscle is of opposite polarity 

in the two legs and when the head is turned to the side, the responses between the soleus and 

tibialis anterior muscles in each leg are opposite in polarity. The presence of the M-L response is 

also largely dependent on whether the muscle observed is involved in the task of postural 

control. For example, when sitting the M-L response is abolished the lower leg muscles 

(Fitzpatrick et al. 1994). The M-L response is relevant to the whole body postural movements 

elicited in response to GVS. Cathers and colleagues (2005) have shown that when the head is 
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bent forward and the vestibular signal produced by GVS is not relevant for stabilizing the head in 

space, both the whole body sway and M-L EMG responses are abolished. The opposing polarity 

of the M-L response observed bilaterally in the soleus muscles of an individual standing with 

their head facing forward also largely correlates with the initial pattern of CoP movement used to 

drive the whole body postural sway in response to GVS (Fitzpatrick and Day 2004). Sensory 

feedback, in the form of lightly touching a stable reference (Maaswinkel et al. 2013) or a visual 

reference (Britton et al. 1993), largely reduces the magnitude of the M-L response. 

 

The sway response to GVS is often described with respect to CoP shifts, with initial and 

late components (Smetanin and Popov 1990), and a whole body CoM movement toward the 

anode electrode (Day et al. 1997). The initial CoP response is observed approximately 160-

200ms after stimulus onset, and occurs in the direction of the cathode. It is used to move the 

body toward the anode. The magnitude of the response is affected by stimulus intensity (Day et 

al. 1997) and prior knowledge about the direction of the vestibular perturbation (Smetanin and 

Popov 1990). However, visual availability was not able to attenuate this response (Smetanin and 

Popov 1990). 

 

The late CoP response mimics the whole body CoM sway response, and is observed as a 

large postural deviation toward the anode electrode. The response is organized according to the 

head’s position relative to the feet, being largely mediolateral (ML) in direction when the head is 

facing forward and anteroposterior (AP) in direction when the head is turned 90 degrees to the 

side (Lund and Broberg 1983). There are generally two consistent patterns of the response 

observed in participants. The first involves the adoption of a static tilted position and the second 
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involves a halting and attempted recovery of the sway response (Fitzpatrick and Day 2004).  The 

size of the response has been shown to depend both on the magnitude of the stimulus (Day et al. 

1997; Day et al. 2010) and the availability of additional sensory feedback (Day and Guerraz 

2007; Maaswinkel et al. 2013). A lack of somatosensory feedback leads to responses that are an 

order of magnitude larger (Day and Cole 2002) while increasing richness of visual availability 

has also shown to proportionally decrease the size of the response (Day and Guerraz 2007). 

 

Due to the completion of the reflexive component of the response approximately 200-

500ms after stimulus onset (Smetanin and Popov 1990; Britton et al. 1993), there is arguably a 

large perceptual component to the whole body sway response that is maintained multiple seconds 

after the onset of GVS. Work done in standing, yet immobilized, individuals demonstrated that a 

perception of tilt in the opposite direction to the observed sway response is reported, suggesting 

that the postural response is organized to counteract an illusory tilt of the head (Fitzpatrick et al. 

1994). Alternatively, Day and colleagues (1997) report that the response is an attempt to stabilize 

the body rather than the head in space and the change in vestibular feedback is similar to that 

experienced when standing on an inclined support surface. Wardman and colleagues (2009) 

describe the observed postural tilt as an attempt to stabilize the head in gravito-inertial space in 

response to illusory head movement. This explanation is supported by work in a deafferented 

subject, whose response to GVS was a continual whole body rotation or tilt (Day and Cole 

2002). Alternatively, the response in individuals with intact somatosensory feedback is not 

continual but is eventually halted (Day et al. 1997). This is likely due to a somatosensory 

mediated realization that the original attempt to restore equilibrium in response to the illusory 

vestibular signal was incorrect (Fitzpatrick and Day 2004). In this case, it would be expected that 
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individuals would quickly suppress their vestibular response and realign their vertical posture; 

however, in many individuals this does not occur. Instead, a statically tilted posture is adopted 

and maintained for many seconds after stimulus onset and recovers upon the termination of GVS 

(Day et al. 1997; Séverac Cauquil et al. 2000; Fitzpatrick and Day 2004). As a result, it has also 

been interpreted that GVS alters the internal representation of vestibular vertical, and participants 

therefore align their posture with this new representation. This interpretation has been supported 

by work examining patients with unilateral vestibular lesions (Borel et al. 2001; Borel et al. 

2002) as well as work examining GVS responses during platform translations (Inglis et al. 1995; 

Hlavacka et al. 1999; Horak and Hlavacka 2002)) and lower limb muscle tendon vibrations 

(Hlavacka et al. 1995; Hlavacka et al. 1996).  

 

Despite evidence suggesting that the GVS response attempts to realign the body with an 

altered internal representation of vertical, it has been reported that individuals perceived their 

postural movement away from gravitational vertical and toward the anode electrode (Fitzpatrick 

et al. 1994). Wardman and colleagues (2009) specifically argue that the postural response to 

GVS is not organized to align the body with a new internal representation of vertical but is 

simply designed to stabilize the head. They showed that participants, during GVS, could still 

indicate the true direction of vertical both visually and haptically. This evidence tends to argue 

against the interpretation that participants are realigning themselves with an altered perception of 

gravity. However, the GVS-altered internal representation of the postural vertical goal may not 

necessarily imply a change in the conscious perception of vertical (Horak and Hlavacka 2002). 

Taken together, GVS appears to produce an illusion of head movement that the postural control 

system attempts to stabilize by shifting one’s postural equilibrium away from an upright 
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orientation.  

 

While it has been demonstrated that GVS produces a change in bilateral vestibular 

afferent firing patterns, less work has explored the significance of the tonic vestibular signal 

when the body is not tilting or moving. Recordings from numerous species have identified 

resting vestibular afferent firing rates from 13Hz in stingrays (Lowenstein 1955), 30-40Hz in rats 

(Courjon et al. 1987), 65-90Hz in squirrel monkeys (Fernández and Goldberg 1971) to 95-115Hz 

in Macaques (Cullen and Minor 2002). In these species, the different resting vestibular afferent 

firing rates all provide the same information; that the head and body are in static equilibrium 

with respect to gravity. Therefore, how the brain calibrates a particular vestibular signal to 

indicate vertical equilibrium is of particular interest. One sensory system that is often relied upon 

for detecting vertical orientation is vision (Jenkin et al. 2003). 

 

1.3.4 The Visual System 

1.3.4.1. Peripheral Anatomy 

Visual processing begins at the retina, where light is converted into an electrical impulse 

that is sent down the optic nerve to the visual cortex and is eventually perceived as an image. 

The retina is largely made up of rod, cone, bipolar and ganglion cells. While rods are optimized 

to detect contrast, cones are specialized to detect color, blue, green or red wavelengths of light 

(Kandel et al. 2000). The information from the rods and cones is eventually passed on to the 

ganglion cells, which transport the information to the lateral geniculate nucleus and eventually 

the primary visual cortex. 
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1.3.4.2. Central Anatomy 

The human visual cortex is organized retinotopically and has been shown to have both 

hierarchal processing and functional specialization (Grill-Spector and Malach 2004). The human 

visual cortex is comprised of the primary visual cortex (area V1 or the striate cortex) and 

extrastriate areas, V2, V3, V4/V8, and V3a. These areas are all present in each hemisphere of the 

brain with the left hemisphere receiving information from the right visual field and vice versa 

(Kandel et al. 2000).  

 

The hierarchal processing of visual stimuli within the visual cortex extends from work 

showing the scaling of contrast sensitivity shown between areas V1, V4 and the lateral occipital 

complex (LOC) (Avidan et al. 2002). Additional work has demonstrated hierarchal processing 

between lower level processing in area V4/V8 and higher-level object processing areas, 

including the LOC and ventral occipital-temporal area (VOT) (Lerner et al. 2001). Lerner and 

colleagues (2001) used images with varying degrees of scrambling to show that with increased 

scrambling of an image, V4/V8 responses remained consistently robust whereas marked 

decreases in both object recognition area responses and recognition performance were observed. 

These findings provide strong evidence for the hierarchal processing of visual information in the 

cortex.  

 

In addition to the hierarchal organization observed in visual areas, areas more lateral in 

the cortex also show functional specialization. These areas include the fusiform face area, 

responsible for the perception of faces (Kanwisher et al. 1997), the LOC, responsible for object 

recognition (Grill-Spector and Malach 2004) and areas involved in the detection and processing 
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of 3D motion. Motion processing areas include but are not limited to the middle temporal area 

(hMT+) (Born and Bradley 2005), the visual posterior sylvian area (VPS) (Chen et al. 2011a) 

and the ventral intraparietal area (VIP) (Bremmer et al. 2002; Gabel et al. 2002; Chen et al. 

2011b). Additional work has also found areas in the brain specialized for spatial orientation and 

creating a representation of visual space (Epstein and Kanwisher 1998; Darling et al. 2003), 

which are largely optimized to detect visual references for the direction of gravitational vertical. 

These functionally specialized areas compartmentalize different aspects of the visual world and 

integrate visual information with sensory information from alternate sources to influence spatial 

perception. 

 

1.3.4.3. Visual Contribution to Spatial Orientation 

There are many cues in our environment that our visual system can use to provide the 

body with a reference for vertical. The general assumption that light comes from above (Jenkin 

et al. 2004), our experience regarding the gravitational alignment of buildings, people and 

objects (Harris 2010), and the interaction between certain objects (e.g., a book sitting on a table) 

(Jenkin et al. 2003) can all provide gravitational references, which influence our spatial 

perception. The importance of these cues for influencing our vertical perception is not new (Asch 

and Witkin 1948) and can be observed by reductions in the ability to visually determine 

orientation when the image containing these features is blurred (Harris and Jenkin 2014). It has 

also been shown that both the orientation richness of a visual scene and one’s field of view can 

influence the ability for the visual system to discern the direction of ‘up’ (Haji-Khamneh and 

Harris 2010). Our reliance on visual feedback for spatial orientation can also be demonstrated by 
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dissociating the visual perception of vertical from the vertical perception provided by alternate 

sensory sources. For example, when participants lay supine in a room constructed to visually 

appear vertical along an axis 90 degrees to the actual gravitational vector, a levitation illusion 

occurred where one had the feeling that their arms were floating when held out in front of them 

(Jenkin et al. 2007). Additionally, when navigating in the presence of a visual stimulus that 

creates the perception that one is travelling faster than one actually is, significant reductions in 

the ability to judge distance are observed (Wright et al. 2014). These experiments demonstrate 

the way in which visual feedback shapes our perception and, as a result, can influence our 

postural behaviour. 

 

1.3.4.4. Visual Contribution to Postural Control 

The visual system has been shown to contribute significantly to postural control. Simply 

closing the eyes can lead to a significant reduction in postural control evidenced by increased 

head movement (Kelly et al. 2008) and postural sway (Paulus et al. 1984). When the eyes are 

open, using wedge prisms to induce a shift in the visual world can induce body tilts that attempt 

to align the body with the new visual vertical (Michel et al. 2003). It has been argued that 

peripheral vision exerts a larger influence on postural control (Berencsi et al. 2005). This notion 

follows research showing a larger rod density peripherally along the retina (Jonas et al. 1992), 

better suiting this region for detecting small changes in luminance (Rieke and Baylor 1998) that 

may be associated with movement. However, others have demonstrated both central and 

peripheral visual contributions to the control of stance (Nougier et al. 1997). Specifically, 

Piponnier and colleagues (Piponnier et al. 2009) demonstrated that during static conditions, the 
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peripheral visual field better coded for motion stimuli while the central visual field better 

encoded information regarding orientation. Visual contributions to the control of posture are also 

shown to increase when alternate sensory feedback is reduced or altered. For example, balance in 

an individual with both vestibular and somatosensory deficits was largely impossible without the 

aid of visual feedback, with which this individual was able to stand and walk slowly (Paulus et 

al. 2007). Additionally, acute reversible disruptions of either vestibular (Day and Guerraz 2007) 

or somatosensory feedback (Orma 1957) have shown to enhance the visual contribution to 

postural control. 

 

While sufficient evidence exists supporting the influence of visual feedback on postural 

control, it has also been established that vision is more heavily relied upon as postural task 

demands increase (Young et al. 2012). Work done on a moving platform has shown that 

orientation rich visual feedback is used to stabilize postural responses (Dobie et al. 2003). 

Additionally, visual motion stimuli have frequently been used to demonstrate the dynamic role of 

vision in the control of posture. Early work utilized moving rooms to induce large scale visual 

motion stimuli which were shown to produce robust postural responses in children (Lee and 

Aronson 2010) as well as adult populations (Lestienne et al. 1977; Soechting and Berthoz 1979). 

Eventually, virtual reality head mounted displays (HMDs) were used as a more efficient way to 

elicit postural responses to moving visual stimuli. HMDs proved to be more versatile as users 

wearing the headset no longer had to be constricted in their environment. This was beneficial as 

it allowed for the testing of visual flow on gait parameters during over-ground walking that may 

not have been appropriately measured on a treadmill (Alton et al. 1998). However, differences in 

postural control have been found between the use of real world visual stimuli and those created 
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using HMDs due to the reduced field of view as a result of wearing a HMD (Kelly et al. 2008) 

leading to improved HMD construction. More recently, large-scale rooms have become a 

popular, yet expensive, means to study dynamic visual contributions to postural control. These 

rooms have walls on which visual stimuli can be projected to induce perturbations that more 

closely mimic those caused by real world visual stimuli (Cruz-Neira et al. 1992). Taken together, 

virtual visual stimuli have become more realistic in recent years, leading to a better 

understanding of how the brain processes dynamic visual information to influence spatial 

perception and postural control. 

 

During postural control, visual motion stimuli tend to exert the greatest influence when 

the bandwidth of the stimulus is low (<0.2Hz) (Lestienne et al. 1977). Work done using delayed 

visual feedback of the CoP revealed that visual influences on low frequency components of 

postural control were hindered in both young and older adults (Yeh et al. 2014). Furthermore, 

work examining visual and vestibular detection thresholds identified visual feedback to be 

sensitive within a bandwidth of 0.05 to 5Hz with sensitivity being highest between 0.1 and 1Hz 

(Karmali et al. 2014). The optimal detection of low frequency motion by the visual system may 

partially be due to a time delay in visual motion processing. For example, Corbett and colleagues 

(2009) demonstrated via changes in a late event related potential that processing of visual 

orientation may occur during later post perceptual processing. The time delay in the processing 

of visual feedback may be required to allow the brain to distinguish between visual motion 

caused by body movement or movement externally. Recordings from VIP show that this region 

is able to distinguish between active and passive visual motion (Gabel et al. 2002). Interestingly 

this brain region has also been shown to process vestibular information as well (Chen et al. 
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2011b) and evidence suggests that that the VIP integrates visual and vestibular feedback for the 

perception of self motion (Bremmer et al. 2002). An important question extending from these 

findings regards how appropriate sensory integration is achieved. 

 

1.4  Sensory Integration 

It is well known that feedback from multiple sensory sources is combined to influence 

many perceptual and motor behaviours, including oculomotor control (Waespe and Henn 1977), 

spatial perception (Harris 2010), navigation (Carlsen et al. 2005) and postural control (Bent et al. 

2002b). However, the way in which the brain integrates sensory feedback is debated and appears 

to be task dependent. Current models of sensory integration include sensory weighting models, 

optimal integration probabilistic models, forward or reafference models and recalibration 

models. All have been used to explain sensory influences on perception and motor behaviour and 

the following sections review some of the ways in which these models are being used to describe 

sensory integration during various tasks. 

 

1.4.1 Sensory Re-weighting Model 

The sensory reweighting model hypothesizes that the brain allocates a specific amount of 

resources to sensory feedback control during a given task and that each sensory modality 

contributes a certain amount of the total feedback (Peterka 2002). It is suggested that when 

sensory feedback from one modality is lost either chronically (e.g., loss of proprioceptive 

feedback in diabetic peripheral neuropathy) (Horak and Hlavacka 2001) or acutely (e.g., removal 
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of visual feedback when entering a dark room) (Day and Guerraz 2007), the contribution from 

alternate sensory sources is increased (reweighted) in an attempt to maintain task performance. 

Previous research has often described the sensory contribution from any given system as a 

percentage out of 100 (Horak 2006) or fraction of 1 (Peterka 2002). In this way, as the weight of 

one sensory system declines, the weight attributed to one or more sensory sources increases to 

maintain the total sensory contribution. 

 

 Work examining the role of attention for a given task demonstrates that although 

provided with additional sensory information to aid successful performance, the brain must 

attend to this additional feedback in order to affect sensory reweighting (Teasdale and Simoneau 

2001). This finding may suggest that the total amount of sensory feedback used during a given 

task does not necessarily reflect the total sensory capacity. As a result, a decline in the central 

weight of one modality may not be reflected by an equal increase in the weight of another. In 

support of this notion, work done by Logan and colleagues (2014) demonstrated that when using 

visual field motion and platform surface rotations, changes in proprioceptive weighting did not 

explain the observed declines in visual weighting as visual stimulus amplitude increased. 

However, in this experiment, vestibular feedback was also present and may have been weighted 

more heavily to account for declines in visual weighting. Alternatively, the total sensory capacity 

may fluctuate depending on the attention demands of the task. As a result, the contributions of 

each sensory source would still reflect a fraction of the total sensory capacity. Cenciarini and 

Peterka (2006) provide support for this notion by altering the weights of somatosensory and 

vestibular feedback in the absence of vision using support surface tilts and GVS respectively. In 

their model, they were able to demonstrate a high correlation between declines in the weighting 
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of somatosensory feedback and increases in the weighting of vestibular feedback (Cenciarini and 

Peterka 2006). 

 

During sensory reweighting, the brain must have a way to decipher which sensory 

channels require a decrease versus an increase in weight during a given task. Much of the 

sensory reweighting work bases the different weights attributed to the sensory modalities on the 

reliability of their feedback for successful task performance (Burge et al. 2010; Fetsch et al. 

2013). For example, the organization of the vestibular system makes it very useful for providing 

feedback when the body is in motion. This has led to numerous studies showing that vestibular 

feedback is weighted more heavily during dynamic tasks, such as walking (Bent et al. 2000) or 

recovering from a platform perturbation (Inglis et al. 1995; Hlavacka et al. 1999), where 

vestibular motion feedback is presumably more reliable. 

 

1.4.2 Bayesian Optimal Integration Model 

The concept of cue reliability stems from the view that the perception of our environment 

is guided by feedback from sensory receptors that transduce the different aspects of our world as 

noisy signals that the central nervous system must interpret (Berniker and Kording 2011). When 

viewed this way, a Gaussian distribution with a particular mean and variance can be 

appropriately used to represent a given sensory signal. In this case, the mean of the Gaussian 

distribution represents the maximal probability that the sensory signal accurately encodes the real 

world property it attempts to estimate.  The inverse variance of the distribution represents the 

reliability with which the signal estimates the real world property (Ernst and Di Luca 2011). 
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Mathematically describing signals in this way has led researchers to model the combination of 

multiple sensory estimates in a Bayesian statistical framework. In this framework, combining 

two Gaussian distributions (representing two sensory estimates of the same real world property) 

results in a distribution that is shifted toward the more reliable (and thus, more heavily weighted) 

distribution and is also more reliable than either sensory estimate on its own. When modeling 

sensory integration this way, the advantage of having redundant sensory feedback becomes 

apparent. The popularity of modeling sensory feedback in this way is evidenced by the many 

studies that have used this model to predict sensory cue combination at the neural (Morgan et al. 

2008), the perceptual (Goldreich 2007; MacNeilage et al. 2007; Angelaki et al. 2009), and 

behavioural levels (Berniker and Kording 2011). However, another problem presented to the 

nervous system is how to interpret the same feedback provided by a sensory modality differently 

during two different tasks. One solution would be for the brain to have a signal that estimates the 

expected sensory feedback from each channel during a given task. The actual sensory feedback 

produced during execution of an action can then be compared with the expected feedback to 

modify one’s actions to successfully complete the required task. 

 

1.4.3 Sensory Reafference Model 

Let us consider two scenarios during which the head is identically turned to the right; the 

feedback information provided by the vestibular and somatosensory systems are identical. 

However, in one scenario the task is to maintain gaze on the stationary object while in the other, 

the task is to visually follow the object moving to the observer’s right. In the first scenario, 

vestibular signals are required to modulate the vestibulo-ocular reflex (VOR) to move the eyes in 
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opposite direction to the motion of the head in order to maintain gaze. However, in the second 

scenario, the vestibular modulation of the VOR must be suppressed to allow the eyes to remain 

fixed in the head so that the moving object may be visually pursued. In order to interpret how to 

utilize the identical vestibular signals during different tasks, it is thought that the brain sends a 

copy of the motor signal from which expected sensory feedback for a given action can be 

deduced; this is referred to as the efference copy. The efference copy is then compared with the 

total sensory afference provided by the various sensory channels. The afference resulting from 

the motor action itself is termed reafference while the afference resulting from activation of the 

sensory receptors by external causes is termed the exafference. If there is a match between the 

total afference and efference copy, no command is fed back to the motor system to update or 

correct the movement behaviour. However, in the case of a mismatch, the brain can determine 

the sensory exafference and send a signal to the motor system to update the movement 

behaviour. This reafference model was first proposed in the early 1800s and later, work by Holst 

and Mittelstaedt (1971) led to the identification of the terms reafference, exafference and 

efference copy. The model explains very well our ability to differentiate between active and 

passive body movement (Day and Reynolds 2005; Cullen et al. 2009; Cullen 2012), and has been 

used to explain sensory-motor mechanisms of postural control (Inglis et al. 1995; McCollum 

1999). 

 

The sensory integration models described above, although different in their complexity, 

are not mutually exclusive. Rather, more complex models build on the fundamentals of simpler 

sensory reweighting models to explain many of the sensory perceptions that guide our actions. 

Building upon optimal integration and reafference models, the brain has another strategy to 
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control movement when sensory feedback is reduced (e.g., as we age) or altered (e.g., the change 

in proprioceptive feedback when completing a task wearing gloves). When the information from 

one sensory channel is altered, simply averaging two sensory estimates that largely differed via 

optimal integration would incur a bias in the final percept. This bias would then lead to a motor 

action that would not be appropriate for successful task completion (Block and Bastian 2011). 

Alternatively, the brain can recalibrate its interpretation of the information provided by given 

sensory channel to match that from a more accurate and/or reliable sensory channel (sensori-

sensori recalibration), or it can recalibrate the required motor output given the current sensory 

feedback (sensori-motor recalibration) (Sarlegna and Bernier 2010).  

 

1.4.4 Recalibration Model  

Sensory recalibration, also termed sensory adaptation or remapping (Ernst and Di Luca 

2011), is the modification of a specific movement or percept from trial-to-trial based on error 

feedback. Once adapted, restoring the original sensory conditions can lead to an after effect in 

the percept or behaviour. As a result, an individual must ‘de-adapt’ the new behaviour in order to 

retrieve the prior one (Bastian 2008). Previously thought to take minutes to hours, recent work 

has shown that the process of recalibration can occur much more rapidly (Wozny and Shams 

2011), sometimes only requiring a single trial (Van der Burg et al. 2013). In terms of optimal cue 

integration, the iterative process of recalibration has been represented using a Kalman filter, a 

mathematical formula that uses previous information to update a given state estimate with a gain 

that can reflect the speed at which recalibration occurs (Ernst and Di Luca 2011).  
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When recalibrating the interpretation of an altered sensory signal to align with the 

estimates of another, it has been shown that the realigned estimate can influence multiple actions 

and thus, the performance on multiple tasks. Work done by Morton and colleagues (2004) has 

demonstrated that when using prism goggles to recalibrate walking trajectories to the altered 

visual feedback, arm trajectories were concurrently recalibrated. Alternatively, Marotta et al. 

(2004) demonstrated that adaptation to either the perceived location or orientation of an object 

depended on whether the task was to reach to different locations or grasp differently oriented 

bars at the same location. This provides evidence that sensorimotor recalibration can be very task 

specific. 

 

Recalibration models have been used to explain alterations in tactile perception (Stetson 

et al. 2006; Goldreich 2007), audio-visual feedback (Van der Burg et al. 2013) and visuo-

proprioceptive feedback (Marotta 2004; Cressman and Henriques 2009; Burge et al. 2010; 

Mostafa et al. 2014). A large body of evidence also exists demonstrating visuo-vestibular 

recalibration for oculomotor control (Gonshor and Jones 1976; Sherman and Keller 1986) and 

navigation (Sturnieks et al. 2005; Carlsen et al. 2005), but less work has been done concerning 

visuo-vestibular recalibration for postural control. 

 

During navigation, it has been shown that visual information can very rapidly recalibrate 

a vestibular signal indicating rotation, to instead mean ‘straight ahead’ (Sturnieks et al. 2005). 

These authors used galvanic vestibular stimulation (GVS) in the absence of vision to create 

deviations in walking trajectories toward the anode electrode. Upon restoring vision, participants 

were able to use visual feedback to recalibrate their GVS-altered vestibular feedback to indicate 
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a straight walking trajectory such that when vision was removed, walking trajectories remained 

straight during the ongoing GVS. Furthermore, upon removing the GVS, participants could no 

longer use their baseline vestibular feedback to walk along a straight trajectory and walking 

trajectories actually deviated in the opposite direction, toward the cathode electrode. This after 

effect observed in the navigational trajectory suggested that vision had been used to recalibrate 

how a GVS-altered vestibular signal was used for a navigational task. 

 

During postural control it is well known that vestibular afferents provide constant 

feedback about the body’s orientation with respect to gravity (Fitzpatrick and Day 2004). It is 

also well established that, as it is during navigation, vestibular feedback is weighted more 

heavily during dynamic tasks, such as when recovering posture during a platform perturbation 

(Inglis et al. 1995; Hlavacka et al. 1999; Horak and Hlavacka 2002). However, it remains 

undetermined whether vision can be used to recalibrate the how an altered vestibular signal is 

used during a dynamic postural task. 

 

 In summary, the above review of the literature stresses the importance of sensory 

feedback during postural control. It also presents the predominant methods by which the brain is 

thought to integrate feedback from multiple sensory channels to influence both spatial perception 

and postural control. Specifically, the importance of visuo-vestibular recalibration during 

oculomotor control and navigation is identified. However, there seems to be a gap in the 

literature concerning the role of visuo-vestibular recalibration during dynamic postural control. 

The importance of addressing this gap can be observed in individuals who have trouble 

compensating for changes in vestibular feedback (Suarez et al. 2000), and as a result have 
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reduced postural control and higher risk of experiencing injury due to a fall. This thesis addresses 

this gap in the literature and determines how vestibular reafference may be recalibrated by 

alternate sources of sensory feedback to influence perturbation recovery responses. 
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Chapter 2: Thesis Objectives and Hypotheses 

2.1  Rationale 

The main objective of this thesis is to establish whether vision is used to recalibrate the 

interpretation of vestibular reafference during a perturbation recovery task. The first two 

experimental protocols of this thesis were conducted towards addressing this main research 

objective. A third experiment was conducted to examine the somatosensory mediated 

recalibration of vestibular reafference during the recovery from a platform perturbation. The 

objectives and hypotheses associated with each experiment are briefly outlined in the following 

sections.  

 

2.1 Experiment I Objectives and Hypotheses 

2.1.1 Major Objective 

To investigate whether the vestibular reafference signal, used to re-establish equilibrium 

following a platform perturbation could be recalibrated by visual orientation feedback. 

 

2.1.2 Minor Objective 

To investigate whether vision can be used to recalibrate the vestibular influence on initial 

perturbation responses to a platform perturbation. 
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2.1.3 Experiment I Hypotheses 

Hypothesis 1: Participants will be able to use visual vertical and horizontal references to 

aid in the realignment of their GVS-shifted postural equilibrium. 

 

Hypothesis 2: When GVS is terminated, following a visually aided postural realignment, 

initial postural responses and final equilibrium positions will be significantly shifted away from 

upright, in the direction of the cathode. 

 

2.2 Experiment II Objectives and Hypotheses 

2.2.1 Major Objective 

To investigate whether vision, provided during a platform perturbation in the presence of 

GVS-altered vestibular input, can recalibrate how the altered vestibular feedback is used during 

initial perturbation responses. 

 

2.2.2 Hypotheses 

Hypothesis 3: Only in the presence of visual feedback during multiple platform 

perturbations will the GVS-altered vestibular influence on the mediolateral (ML) component of 

the initial postural responses be attenuated.  

 

Hypothesis 4: The ML component of initial perturbation responses will remain 

suppressed after occluding vision, providing evidence that vestibular input has been recalibrated. 
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Hypothesis 5: The initial ML recovery response component following the removal of 

GVS will be significantly biased away from vertical toward the cathode when compared to the 

condition where prior visual recalibration did not occur. 

 

2.3 Experiment III Objectives and Hypotheses 

2.3.1 Major Objective 

To determine whether attending to specific somatosensory feedback can improve the 

sensorimotor recalibration of vestibular reafference during a perturbation recovery task. 

 

2.3.2 Hypotheses 

Hypothesis 6: Specific instructions to attend to somatosensory feedback will enhance the 

extent to which individuals can reduce the vestibular influence on their perturbation recovery 

responses, and as a result, improve the recalibration of their GVS-altered vestibular feedback. 

This will be evidenced by a significantly smaller ML response component following exposure to 

a 4th perturbation during GVS and also by a larger after effect in the perturbation response, well 

after the removal of GVS, when compared to trials where these additional instructions were not 

provided.  
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Chapter 3: General Methods 

3.1 Introduction 

The following chapter presents a description of the methodology pertinent to all three 

projects of the thesis. It first provides details on kinematic and kinetic data collection parameters. 

The chapter then goes on to describe the methods by which a) visual availability was controlled, 

b) mechanical perturbations were implemented, and c) the vestibular system was perturbed. See 

Figure 3.1 for a view of the overall experimental setup for the experiments of this thesis. 

 

Figure 3.1: Experimental setup used in experiments I, II and III. (a) Kinematic markers over the 
anatomical locations that were used to develop the CoM model in the experiments are 
highlighted by the white dots on the example participant in in the figure. (b) The forceplate 
(outlined in black), on which participants stood, is outlined in black in the centre of the motion 
platform. (c) One of the 12 Optitrak motion capture cameras used to record kinematic data. (d) 
Linear Stimulus Isolator unit used to deliver GVS currents to participants. (e) Refers to the LCD 
occlusion spectacles, worn by the participant in the image, used to control visual availability. 

(a) 

(b) 

(c) 

(d) 

(e) 
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3.2 Kinematics 

To record and estimate the 3D location of each participant’s whole body CoM during the 

experiments presented in this thesis, an OptitrakTM passive motion capture system was used. The 

system consists of 12 v100:R2 cameras that record the position of 8mm passive reflective 

markers at a frequency of 100Hz. A passive motion capture system utilizes cameras that emit 

pulses of infrared light. The cameras then detect the light reflected off of passive markers, which 

in this case, were placed on specific anatomical locations (see below). This type of setup reduced 

the amount of equipment the participant are required to wear, making movement less 

cumbersome and arguably more natural (Field et al. 2011).  

 

3.2.1 Calibration 

Prior to recording data, the global coordinate system was set using an L-frame with 3 

non-collinear markers at standardized distances from one another. The global coordinate system 

was setup such that the X and Z-axes defined the sagittal plane while the Y and Z-axes defined 

the frontal plane, with +X posterior and +Y to the right of participants standing in the capture 

volume. The camera system was calibrated using a calibration wand with markers at 

standardized distances from one another. Following completion of the calibration process, 

calibration accuracy was always ensured, via visual inspection to be below ±0.5mm prior to 

commencing data collection. 
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3.2.2 Infrared Marker Locations 

In an attempt to minimize marker motion artifacts while maintaining the comfort of our 

participants, infrared markers were placed over anatomical locations on tight fitted clothing, 

worn by each participant. Six 8mm infrared markers were placed bilaterally over specific 

anatomical landmarks on each participant using double-sided skin tape. Markers were placed 

bilaterally over the temporo-mandibular joints (TMJs), acromia and anterior-superior iliac spines 

(ASISs) (Figure 3.1). One marker was placed on the platform in order to track the platform 

motion during perturbations. Kinematic data from the platform marker were later subtracted 

from the data of our CoM model in order to isolate the motion of the body from that of the 

platform. An example of AP CoM data before and after the subtraction of the platform marker 

data is illustrated in Figure 3.2.  

 

 

Figure 3.2: Representative raw AP CoM (platform motion signal embedded within) and platform 
marker displacements (cm) are indicated by the grey and dashed lines. The solid black line 
indicates the resulting difference between the raw AP CoM and platform marker signals. 
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Finally, two additional markers were placed on the left and right 1st metatarsal heads to 

estimate foot position in projects 2 and 3. This was done to ensure each foot remained in place as 

the protocol for projects 2 and 3 required many more platform perturbations per trial. A 

description of the methods used to ensure foot placement can be found in Chapter 5. 

 

3.2.3 Centre of Mass Model 

A reduced CoM model comprised of both head and Trunk segments was constructed in 

order to estimate movements of the whole body CoM. TMJ and acromia markers were used to 

define a Visual 3D head segment while acromia and ASIS markers were used to define the trunk 

segment. The mass fractions used for the head and trunk when calculating the estimated whole-

body CoM location were 0.081 and 0.355 respectively. These values nearly replicate the mass 

fractions used for these segments (head; 0.081 and trunk; 0.357) in a widely accepted whole 

body CoM model proposed by Winter and colleagues (1998). The reduced model was tested and 

validated against a whole body CoM model (Winter et al. 1998) prior to being implemented in 

the experimental protocols presented in this thesis (Figure 3.3). 
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Figure 3.3: ML and AP CoM displacements in response to a platform perturbation paired with 
GVS (onset indicated by the vertical dotted line). The grey lines indicate displacements of a 
whole body CoM model. The black lines indicate the displacements of a CoM model calculated 
using head and trunk segments. 
 

3.3 Kinetics 

A Kistler forceplate (model 9281B) was used to collect the forces and moments (100Hz) 

to calculate CoP displacements. The forceplate was embedded in the motion platform such that 

its surface was level with the surrounding surface of the platform. The piezoelectric sensor 

present in the Kistler forceplate can lead to a signal that, over time, can develop drift bias 

(Quagliarella et al. 2008). To reduce drift bias in the recorded forces the forceplate was tared 

between every 1st to 4th trial in all experimental protocols. The variables and equations used to 

calculate the location of the CoP on the surface of the forceplate are outlined in Table 3.1. 
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Table 3.1: Description of the variables and equations used to determine AP and ML CoP 
locations. Fx12 and Fx34 represent the forces along the x-axis measured by sensors 1+2 and 
sensors 3+4 respectively. Fy14 and Fy23 represent the forces along the y-axis measured by 
sensors 1+4 and sensors 2+3 respectively. Fz1, Fz2, Fz3 and Fz4 represented the force along the 
z-axis measured by sensors 1, 2, 3 and 4. 

Variable Equation Description 

a 0.12 m Distance from edge to the origin of the 
forceplate along the x axis 

b 0.2 m Distance from edge to the origin of the 
forceplate along the y axis 

c -0.054 m Distance from the surface to the origin of the 
forceplate along the z-axis 

Fx Fx12 + Fx34 Mediolateral Force 
Fy Fy14 + Fy23 Anteroposterior Force 
Fz Fz1 + Fz2 + Fz3 + Fz4 Vertical Force 
Mx b * (Fz1 + Fz2 - Fz3 - Fz4) Moment about the x axis 
My a * (-Fz1 + Fz2 + Fz3 - Fz4) Moment about the y axis 
Mx' Mx + Fy * c Mx about the surface of the plate 
My' My - Fx * c My about the surface of the plate 

CoPx (ML) -My' / Fz Mediolateral CoP 
CoPy (AP) Mx' / Fz Anteroposterior CoP 

 

 

Pilot studies evaluated the difference in CoP displacements when forces and moments 

due to the platform motion were and were not subtracted from the forces and moments recorded 

while participants stood on the forceplate (Figure 3.4). A paired t-test on the means of the two 

signals found no difference between the CoP traces with and without bias removal. This 

confirmed that any recorded forces and moments measured due to the platform motion that were 

not removed were not influencing our data. 
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Figure 3.4: AP and ML CoP displacements in response to a posterior platform perturbation. The 
grey traces indicate raw CoP displacements calculated from forces and moments recorded while 
the participant stood on the forceplate during the platform perturbation. Prior to calculating the 
CoP displacements presented in by the black traces, forces and moments recorded during the 
platform perturbation alone were subtracted from the forces and moments recorded during the 
same perturbation while a participant stood on the forceplate. 
 

3.4 PLATO Visual Occlusion Spectacles 

3.4.1 Vision ‘Removed’ versus Vision ‘Occluded’ 

In order to precisely control the timing of visual availability and occlusion throughout the 

experimental protocols, we used LCD spectacles with lenses that are capable of transitioning 

between transparent and opaque states (Figure 3.1). Previous studies that used LCD goggles 

indicate that they were used to remove vision (Nougier et al. 1997). However, that participants 

always had their eyes open in the experiments of this thesis is an important feature when altering 

visual availability in this way. Marx and colleagues (Marx et al. 2004) have demonstrated 

alterations in brain activity in a number of brain regions via fMRI between eyes open and eyes 
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closed conditions in complete darkness. Therefore, during visual occlusion in the experiments of 

this thesis, it is likely that the visual system would still be searching for visual information, 

which may alter cortical processing and/or sensory integration when compared to the active 

removal of vision that occurs when closing the eyes. In light of these observations, we are careful 

to consider the findings of our experiments in the context of visual occlusion rather than visual 

removal. 

 

3.4.2 Central versus Peripheral Visual Availability 

Previous work has demonstrated different contributions of the peripheral and central 

visual fields to the control of posture (Paulus et al. 1984; Nougier et al. 1997; Dearing and Harris 

2011). When participants wore the LCD goggles provided to them in the thesis experiments, it is 

possible that when vision was made available, the peripheral visual field may have remained 

occluded, hindering each participant’s ability to use vision to control their posture. Therefore we 

consider the total field of view accessible to participants when the LCD goggles were in a 

transparent state. Central or foveal vision is often defined by a central field of view of 

approximately ±10 to ±15 degrees (Paulus et al. 1984) whereas the full binocular visual field of 

view ranges between ±45 and ±57.5 degrees (Streepey et al. 2007). Participants wearing our 

goggles had a horizontal field of view of approximately ±54 degrees and previous work using the 

same goggles treated conditions in which the goggles were transparent to be a ‘full vision’ 

condition (Nougier et al. 1997). Therefore, while the LCD goggles used in our experimental 

protocols, when transparent, selectively occluded some peripheral visual availability, we believe 

participants were provided with adequate binocular peripheral and central visual availability. 
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3.5 Platform Perturbations 

The platform perturbation profile used in the experimental protocols of this thesis is 

illustrated in Figure 3.5. The perturbation was chosen based on previous work (Inglis et al. 1995; 

Hlavacka et al. 1999) and pilot work attempting to create a large enough perturbation to perturb 

standing posture while minimizing the need to adopt a stepping strategy (which would alter the 

base of support). However, previous work has demonstrated that when not constrained, 

individuals will often revert to a stepping strategy to recover balance in the face of a 

perturbation. We therefore also included an additional instruction to avoid using a stepping 

strategy in response to the platform perturbations. 

 

 

 

Figure 3.5: AP Displacement, velocity and acceleration of the platform perturbation used in 
experiments I, II and III. Onset of the platform perturbation is indicated by the vertical dotted 
line. Vertical capped lines indicate peak displacement, velocity and acceleration magnitudes 
respectively. 
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3.6  Galvanic Vestibular Stimulation 

3.6.1 GVS Affects the Population of Primary Vestibular Afferents 

Galvanic vestibular stimulation (GVS) is a technique that became popular in the late 

1800s (Fitzpatrick and Day 2004). It involves passing a current via electrodes placed bilaterally 

on the mastoid processes, located behind the ears. GVS applied to the perilymphatic space has 

been shown to activate the vestibular afferent population, including both SCC and otolith 

afferents (Goldberg et al. 1982). The stimulus creates an acute and reversible vestibular 

perturbation by altering the firing patterns of peripheral vestibular afferents (Fernández and 

Goldberg 1971; Goldberg et al. 1982; Goldberg and Smith 1984) rather than exerting effects on 

the vestibular end organs (Coats and Stoltz 1969). However, GVS does not allow for the 

selective activation of afferents from a single end organ and thus, is limited by the responses it 

can elicit. GVS was used in the experiments of this thesis to create a repeatable perturbation to 

vestibular feedback in isolation of other sensory sources. This was done in order to specifically 

examine the whether the interpretation of an altered vestibular signal could be recalibrated for a 

postural control task. 

 

3.6.2 Electrode Configurations 

One way in which GVS can be used to evoke different postural responses is by altering 

the electrode configuration and/or polarity. Electrode configurations include a monopolar 

binaural configuration, (Séverac Cauquil et al. 1998), a monopolar monoaural configuration 

(Séverac Cauquil et al. 2000) and bipolar binaural electrode configuration. The bipolar binaural 

electrode configuration is most commonly used to elicit responses in line with the interaural axis 
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of the head (Lund and Broberg 1983; Day et al. 1997; Bent et al. 2000; Séverac Cauquil et al. 

2000). It is also advantageous over the monopolar configuration in that larger responses can be 

elicited with lower stimulus levels (Séverac Cauquil et al. 2000). For these reasons, the bipolar 

binaural electrode configuration was chosen for the projects comprising this thesis.  

 

A bipolar electrode setup involves placing two Ag/AgCl electrodes, coated with Spectra 

360 electrode gel, on the skin overlying the mastoid processes. The electrodes (Ambu 

BlueSensor M ECG Electrodes) were then taped down to ensure they wouldn’t move. Two 

insulated copper wires with leads at one end were attached to each electrode and each participant 

wore a headband that the wires were fed through such that the headband supported the weight of 

the wires. 

 

3.6.3 Stimulus Waveforms 

The GVS current can be delivered as a stochastic (Dakin et al. 2011), sinusoidal (Coats 

1972), trapezoidal (Rosengren 2002) or square waveform (Day et al. 1997). In the current thesis, 

GVS was delivered as a square pulse (Experiment I) or trapezoidal waveform (Experiments II 

and III) with ramp duration of 4 seconds. The square pulse waveform is the most commonly used 

stimulus and its effects on postural responses are well described. However, the fact that the 

square wave pulse has been previously described as uncomfortable (Coats and Stoltz 1969; Mars 

et al. 2001), has led to speculation regarding the physiological relevance of the stimulus 

(Rosengren 2002). Therefore, in experiments II and III of the thesis, a ramp waveform (increased 
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over 4 seconds at a sample rate of 1000Hz) was used in an attempt to mask the perception of 

stimulus onset and maintain the comfort of the participants during the GVS stimulus. 

 

3.6.4 GVS Threshold Testing 

In order to decrease the variability in the postural response across individuals we 

normalized GVS stimulation to each individual’s vestibular sensitivity. During threshold testing, 

participants stood upright and relaxed with their eyes closed and a current of 0.05mA was 

administered. The experimenter stood immediately in front of the participant and observed both 

head and postural movement in the anodal direction. After turning off the current, participants 

were instructed to open their eyes and report any cutaneous sensation under the electrodes or 

sensation of sway beyond that detected normally when their eyes were closed. If GVS responses 

were not detected at the given stimulus level, participants again close their eyes and the process 

was repeated in increasing steps of 0.05mA.  Catch trials are also conducted during which no 

GVS is administered in order to keep participants from trying to anticipate the stimulus. In the 

current thesis, a participant’s GVS threshold was determined by having the experimenter visually 

observe the first noticeable sway in the direction of the anode. Due to the subjective nature of 

threshold testing, I tested the thresholds of all participants for a given experiment. Typical GVS 

current thresholds generally range between 0.2 and 0.5mA (Bent et al. 2000), which is similar to 

those found in the projects of this thesis (0.2-0.8mA).  

 

After measuring GVS thresholds testing currents were administered at a level either 2x 

(Experiment I) or 4x (Experiments II and III) each participants threshold. In experiment I, a 
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testing current of 2x threshold was chosen based on pilot work demonstrating consistent 

vestibular postural responses could be elicited when using a square wave pulse at this intensity 

while also maintaining participant comfort. However, in experiments II and III, a current 

intensity of 2x threshold did not appear to exert a great enough influence on initial perturbation 

responses. As a result a 4x threshold current was chosen and this current was delivered as a 

trapezoidal waveform with a 4 second ramp to maintain subject comfort during exposure to this 

more intense stimulus. 
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Chapter 4 Experiment I: Vision can recalibrate the vestibular 
reafference signal used to re-establish postural equilibrium 

following a platform perturbation  
(Submitted to Experimental Brain Research; May, 2016) 

4.1 Abstract 

Visuo-vestibular recalibration, in which visual information is used to alter the 

interpretation of vestibular signals, has been shown to influence both oculomotor control and 

navigation. Here we investigate whether vision can recalibrate the vestibular feedback used 

during the re-establishment of equilibrium following a perturbation. The perturbation recovery 

responses of nine participants were examined following exposure to a period of 11s of galvanic 

vestibular stimulation (GVS). During GVS in VISION trials, occlusion spectacles provided 4 

seconds of visual information that enabled participants to correct for the GVS-induced tilt and 

associate this asymmetric vestibular signal with a visually provided “upright”. NoVISION trials 

had no such visual experience. Participants used the visual information to assist in realigning 

their posture compared to when visual information was not provided (p < 0.01). The initial 

recovery response to a platform perturbation was not impacted by whether vision had been 

provided during the preceding GVS, as determined by peak centre of mass and pressure 

deviations (p = 0.09). However, after using vision to reinterpret the vestibular signal during 

GVS, final centre of mass and pressure equilibrium positions were significantly shifted 

compared to trials in which vision was not available (p < 0.01).  These findings support previous 

work identifying a prominent role of vestibular input for re-establishing postural equilibrium 

following a perturbation. Our work is the first to highlight the capacity for visual feedback to 

recalibrate the vertical interpretation of vestibular reafference for re-establishing equilibrium 
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following a perturbation. This demonstrates the rapid adaptability of the vestibular reafference 

signal for postural control.  

 

4.2 Introduction 

It is critical to have a sense of body orientation relative to gravitational vertical in order to 

maintain a balanced upright posture. Sensory feedback from visual, somatosensory and 

vestibular modalities is integrated to create an appropriate perception of verticality from which to 

base our actions (Borel et al. 2001; Peterka 2002; Bent et al. 2002b). The visual system provides 

salient cues regarding the body’s orientation with respect to visually vertical references. The 

visual orientation of objects in the environment, the horizon, and the direction from which light 

is coming, for example, are all reliable cues with which to reference our posture (Dobie et al. 

2003; Harris 2010). The vestibular system senses the linear acceleration of gravity and provides 

information about the movement and orientation of the head with respect to gravitational vertical 

(Hlavacka et al. 1996). The importance of vestibular feedback for postural control is especially 

evident during dynamic tasks. Previous work has illustrated an increased reliance on vestibular 

input during dynamic tasks (Bent et al. 2002b) and specifically during the re-establishment of 

equilibrium following a perturbation (Inglis et al. 1995). 

 

When a permanent vestibular imbalance arises, as in the case of an unilateral vestibular 

nerve lesion, significant, yet temporary, postural deviations are seen towards the side of the 

lesion (Borel et al. 2001; Borel et al. 2002). However, over time, the postural control system can 

utilize alternate sensory feedback to adapt the vestibular imbalance and correct these postural 
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deviations. One mechanism by which the body may adapt to alterations or reductions in sensory 

feedback is recalibration. Recalibration is the modification or adaptation of a movement or 

percept that occurs following error feedback (Wilke et al. 2013). Once recalibrated, restoring the 

previous sensory conditions would require individuals to recalibrate their new behaviour again in 

order to return the parameters of their movement to previous values (Bastian 2008). 

Sensorimotor recalibration has been examined following the alteration of one or more sensory 

feedback sources. For example, recalibration of movement has been shown to occur following 

the alteration of visual feedback via reversal prism spectacles (Wright et al. 2014).   

 

To study the potential for recalibration of vestibular feedback, we used galvanic 

vestibular stimulation (GVS) to provide a purely vestibular perturbation. GVS is a technique 

used to create a temporary and reversible imbalance in the bilateral vestibular afferent signal 

(Goldberg et al. 1982) by applying a current directly to the peripheral vestibular nerves via the 

mastoid processes. GVS has been used to demonstrate that, during an active navigation task, the 

body can rapidly recalibrate its interpretation of a vestibular signal that has been distorted to 

indicate ‘deviation’ to instead mean ‘straight ahead’ by using visual feedback (Sturnieks et al. 

2005). While visuo-vestibular recalibration has been shown during navigation, the effect may 

differ during a postural control task.  

 

In the work by Sturnieks and colleagues (2005), the visual recalibration of vestibular 

feedback was achieved specifically during walking with the head bent forward. When the head is 

oriented this way, GVS does not perturb the body’s postural equilibrium (Cathers et al. 2005), 

but rather influences the use of vestibular information for steering during navigation. When the 
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head is upright, GVS has been shown to alter one’s ability to achieve postural equilibrium 

following a balance response triggered by a platform perturbation (Inglis et al. 1995). The 

different use of vestibular information between navigation and this postural recovery task led us 

to question whether vision can also be used to recalibrate the body’s vestibular interpretation of 

vertical to influence the establishment of postural equilibrium following a perturbation. 

 

The purpose of the current study was to determine whether the vestibular interpretation of 

vertical could be recalibrated to a visual interpretation of vertical, during a postural recovery 

task. Postural responses to platform perturbations preceded by GVS were compared between 

conditions in which an intermittent period of visual feedback was or was not provided. We 

hypothesized that introducing orientation-rich visual feedback during GVS prior to the platform 

perturbation would alter the influence of vestibular reafference on final equilibrium positions 

following the platform perturbation. Any such alteration would indicate that visual feedback can 

indeed be used to recalibrate the body’s interpretation of vestibular ‘vertical’. 

 

4.3 Materials and methods   

4.3.1 Participant Characteristics  

Seven male and two female participants (age 23 ± 0.9 years; height 1.77 ± 0.02 m; mass 

73.0 ± 2.5 kg; mean ± SE) with no history of neuromuscular disorders participated in the study. 

Individuals provided written informed consent prior to participating in the study. The 

experimental protocol was approved by the University of Guelph Research Ethic’s board and 

conforms to the standards set by the Declaration of Helsinki. 
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4.3.2 Equipment and Setup  

Participants stood (inter-metatarsal distance 4 cm) on a force plate (model 9281B, Kistler 

Instrumente AG, Winterthur, Switzerland), which lay flush with the surface of a hexapod motion 

platform (Mikrolar Inc, NH, USA). Forces and moments were recorded (100Hz) using a custom 

LabVIEW program. Participants wore a safety harness with enough slack to allow movement 

about the platform while preventing falls (no falls were recorded). Participants wore fitted 

clothing and six passive makers were placed on anatomical locations; the left and right temporal-

mandibular joints (TMJs), left and right acromia, and left and right anterior-superior iliac spines 

(ASISs). One additional marker was placed on the motion platform. Kinematic data were 

collected at 100Hz using a 12-camera Optitrak motion capture system (Natural Point Inc, 

Oregon, USA). To control the timing of visual availability throughout the protocol, participants 

wore PLATOTM LCD spectacles (Translucent Technologies, Toronto, Canada) that contained 

lenses that could be made opaque during data collection. 

 

 To alter vestibular feedback, bipolar binaural GVS (Linear Isolated Stimulator A395, 

World Precision Instruments Inc, FL, USA) was applied via two Ag/AgCl electrodes placed 

bilaterally on the skin overlying each mastoid process. The GVS was delivered as a square pulse 

at a current 2x each participant’s individual threshold (determined as the smallest amount of 

current required to elicit a noticeable postural response; range 0.30 – 0.75mA; (Bent et al. 

2000)). The duration of the GVS was 11s, the timing of which is indicated in Figure 1.  

 

To evoke postural perturbations, support-surface perturbations were applied, which 

consisted of a 9cm backward platform translation (thus perturbing the participant forward) with a 
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trapezoidal velocity profile (peak 14cm/s) and peak acceleration of 1.8m/s2. Catch trials with left, 

right, forward and no platform perturbations (not included in the analyses) were also performed 

in an attempt to keep testing conditions unpredictable. 

 

4.3.3 Protocol  

Participants were instructed to stand relaxed and to maintain their balance as best they 

could without altering their foot placement. They were also instructed to “use vision, when 

available, to realign any deviations in your vertical posture.” When vision was made available, 

participants reported using many vertical and horizontal cues along the wall in front of them, 

including the door into the lab, the concrete blocks that make up the wall and the camera pole in 

front of them. 

 

Each trial began with two seconds of quiet standing prior to visual occlusion. Three 

seconds after the removal of vision, participants received 11s of GVS. Four seconds after GVS 

onset, participants either had vision restored for 4s (VISION condition) (referred to as the 

‘RECALIBRATION’ period in Figure 1) or remained standing in the absence of vision 

(NoVISION condition). 500ms following the removal of GVS, a platform perturbation was 

applied in the posterior direction and data collection continued (in the absence of vision) for 6s 

(referred to as the ‘TEST’ period in Figure 1), after which, vision was restored in both 

conditions. Figure 1 illustrates the timings of GVS, platform motion and visual availability in 

both NoVISION and VISION conditions. A control condition in the absence of GVS was also 

collected. During this condition, a platform perturbation occurred in the absence of vision 5.5s 
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after the start of the trial. Each participant was exposed to trials in five blocks. Each block 

contained two trials each of the VISION and NoVISION conditions (anode-left and anode-right) 

with a forward perturbation, a control trial, and three catch trials (left, right and backwards 

perturbations) in a randomized order.  

 

4.3.4 Data Analysis  

 All data processing was performed using Visual 3D software (c-motion Inc, MD, USA). 

Kinematic data were interpolated over a maximum gap of 3 frames (30ms) using a 2nd order 

polynomial. Both kinetic and kinematic data were filtered using a second order dual low pass 

Butterworth filter with a cutoff of 5 Hz. In order to remove platform motion artifacts from 

anatomical marker trajectories in each trial, the platform marker data were subtracted from the 

marker data at each anatomical location. After validation against a 21 marker whole body centre 

of mass (CoM) model (Winter et al. 1998), Visual 3D head (TMJ and acromion markers) and 

trunk (acromion and ASIS markers) segments were created and used to develop a reduced 

whole-body CoM model. Centre of pressure (CoP) displacements were calculated from the force 

and moment data collected from the force platform. CoM and CoP traces for each trial were 

zeroed to the average displacement within a 500ms window of quiet stance immediately prior to 

GVS onset. Both CoM and CoP traces for each condition were then averaged across trials to 

create anode-left and anode-right traces for each participant in both anteropostierior (AP) and 

mediolateral (ML) planes.  
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To quantify postural behaviour during each condition, four dependent variables were 

calculated from each of the ML and AP CoM and CoP traces; ON response, RECAL position, 

OFF response and EQ position (see Figure 4.1). For ML traces, the postural response to GVS 

initiation (ON response) was quantified as the average displacement within a 50ms window two 

seconds after GVS onset. The ON response for AP traces was determined by measuring the 

average displacement within a one second window, two seconds after GVS onset. The RECAL 

position, which describes the ML and AP position of each participant’s CoM and CoP 

immediately prior to removing the GVS, was determined by calculating the average 

displacement over a 500ms window immediately prior to GVS termination. The OFF response 

for both ML and AP CoM and CoP traces was calculated as the peak displacement relative to 

vertical in the three second window following the GVS offset and platform perturbation. The 

magnitude of the OFF response relative to the RECAL position (OFF-RECAL) was also 

calculated to capture the full movement of the body in response to the paired vestibular and 

mechanical perturbations. The final equilibrium position adopted by participants after their initial 

perturbation response (EQ) was calculated as the average displacement over a one second 

window at the time point five seconds after GVS termination for both AP and ML data.  

 

4.3.5 Statistics 

Statistical analysis was carried out using SAS (version 9.3) statistical software. A 

Shapiro-Wilk analysis was used to test the normality of data residuals and a compound symmetry 

covariance structure was used within a mixed model to avoid violations of sphericity. A mixed 

model two-way (Anode x Vision) repeated measures ANOVA was performed on each variable 
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(ON, RECAL, OFF, OFF-RECAL and EQ for AP and ML CoM and AP and ML CoP). Upon 

demonstrating no effects due to the side of stimulation (Anode), left and right data were pooled 

and differences between VISION and NoVISION conditions were analyzed using paired t-tests. 

In order to test for differences between an ON and RECAL response within a single condition, a 

priori t-tests were conducted to compare ML ON responses against ML RECAL positions within 

each of the VISION and NoVISION conditions. A one way repeated measures ANOVA was 

performed to specifically compare EQ positions between VISION, NoVISION and Control 

conditions to further confirm whether vision influenced the re-establishment of postural 

equilibrium following a platform perturbation. All data are presented as means ± standard error 

and significance was set at p < 0.05. 

 

4.4 Results  

4.4.1 Anteroposterior Centre of Mass and Centre of Pressure Responses 

CoM (Figure 4.1A) and CoP (data not shown) positions were not observed to deviate in 

response to GVS over the entirety of each visual condition. AP displacements did not differ 

between VISION and NoVISION conditions for ON responses (CoM: p = 0.87 (Figure 4.2A); 

CoP: p = 0.90) or RECAL positions (CoM p = 0.13 (Figure 2A); CoP p = 0.31). In response to 

the paired GVS offset and forward perturbation (OFF response), participants exhibited large 

anterior CoM (Figure 4.1A) and CoP postural responses. However, there were no significant 

differences in AP OFF response magnitudes between VISION and NoVISION conditions (CoM: 

p = 0.22 (Figure 4.2B); CoP: p = 0.43). After exhibiting large initial postural responses, 

participants adopted quiet standing EQ positions that also did not differ between VISION and 
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NoVISION conditions (CoM: p = 0.87 (Figure 2C); CoP: p = 0.86). Overall, no significant 

differences were found between NoVISION and VISION conditions for any of the AP variables. 
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Figure 4.1: A: Ensemble average of the AP CoM displacement versus time for NoVISION (black 
trace) and VISION (grey trace) conditions. B: Ensemble average of the ML CoM displacement 
versus time for NoVISION (black trace) and VISION (grey trace) conditions. EO and EC denote 
periods of visual availability and visual occlusion respectively. The waveform (including timing 
and magnitude) of the GVS used for both conditions is shown by the dashed trace. The dotted 
vertical line indicates the onset of the forward perturbation for both conditions. Training and test 
phases of the protocol are indicated by the regions of light shading and areas from which ON, 
RECAL, OFF and EQ variables were calculated are indicated in both A and B. 
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Figure 4.2: A: AP ON and RECAL CoM positions (mean ± 1 SE) calculated for NoVISION 
(black bars) and VISION (grey bars) conditions. B: AP OFF CoM responses (mean ± 1 SE) 
calculated for NoVISION (black bars) and VISION (grey bars) conditions. C: AP EQ CoM 
positions (mean ± 1 SE) calculated for NoVISION (black bars) and VISION (white bars) 
conditions. 
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4.4.2 Mediolateral Centre of Mass and Centre of Pressure Responses  

Following GVS onset participants demonstrated CoM (Figure 4.1B) and CoP (data not 

shown) postural deviations towards the anode electrode (CoM: 1.0 ± 0.1cm (Figure 4.1B); CoP: 

1.5 ± 0.1cm). No significant differences were found in the ON response (2s after GVS onset and 

2s before vision might become available) between the VISION and NoVISION conditions (ML 

CoM: p = 0.22 (Figure 4.3A); ML CoP: p = 0.21).  

 

During the RECAL period (just prior to GVS offset, labeled RECAL in Figure 4.1B) in 

the NoVISION condition, participants remained affected by the GVS; demonstrated by no 

significant difference in their deviation from their ON response (CoM: p = 0.58 (Figure 4.3A); 

CoP: p = 0.24). In contrast, there was a significant difference between the RECAL and ON 

positions in the VISION condition (CoM: p < 0.01 Figure 4.3A); CoP: p < 0.01), indicating that 

participants were able to successfully realign their vertical posture during the VISION condition. 

RECAL positions were also found to significantly differ between VISION and NoVISION 

conditions (CoM p < 0.01 (Figure 4.3A); CoP p < 0.01). 

 

In response to GVS offset and the forward perturbation in both visual conditions 

(NoVISION, VISION), participants demonstrated ML OFF responses which were larger in 

absolute magnitude (p < 0.01; not shown) and opposite in direction (i.e. toward the cathode) 

relative to their ON responses (Figure 4.1B). A trend was exhibited with larger OFF responses 

relative to vertical in the VISION compared to the NoVISION condition (CoM p = 0.09 (Figure 

4.3B); CoP p = 0.17), although the magnitudes of the OFF responses relative to the RECAL 
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positions (OFF-RECAL) for the two conditions (CoM; NoVISION -3.2 ± 0.3cm and VISION -

2.8 ± 0.2cm) were not significantly different (CoM p = 0.24; CoP p = 0.58). Overall, the initial 

postural response following the paired removal of GVS and platform perturbation did not 

significantly differ based on prior visual availability. 

 

The final equilibrium position (labeled EQ in Figure 4.1B), adopted by participants after 

the perturbation, was significantly deviated toward the cathode in the VISION compared to the 

NoVISION condition (CoM: p < 0.01 (Figure 4.3C); CoP: p < 0.01). A one way repeated 

measures ANOVA revealed a main effect between NoVISION, VISION and Control (NoGVS) 

conditions (CoM: F(2, 16) = 4.48, p = 0.03; CoP: F(2, 16) = 8.07, p < 0.01). Post hoc comparisons 

revealed that EQ positions differed between VISION and Control (CoM: p = 0.04; CoP: p < 

0.01) but not between NoVISION and Control conditions (CoM p = 0.55 (Figure 4.3C); CoP p = 

0.61). Specifically, EQ positions were deviated in the direction of the cathode in the VISION 

condition whereas no deviation of EQ positions was observed in the NoVISION and Control 

conditions. Values for RECAL, OFF and EQ CoM and CoP variables in both VISION and 

NoVISION conditions can be found in Table 4.1. 
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Table 4.1: ML CoM and CoP RECAL positions, OFF responses and EQ positions during 
VISION and NoVISION conditions. Values are expressed as means ± SE and units are in cm.   

ML Mean ± SE 
CoM RECAL OFF EQ 

NoVISION 1.1 ± 0.3 -2.1 ± 0.2 0.1 ± 0.2 
VISION 0.2 ± 0.1 -2.6 ± 0.3 -0.5 ± 0.2 

CoP RECAL OFF EQ 
NoVISION 1.5 ± 0.4 -4.4 ± 0.3 0.2 ± 0.2 

VISION 0.4 ± 0.1 -5.1 ± 0.4 -0.6 ± 0.2 
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Figure 4.3: A: ML ON and RECAL CoM positions (mean ± 1 SE) calculated for NoVISION 
(black bars) and VISION (grey bars) conditions. * denotes a significant difference between 
NoVISION and VISION RECAL positions and γ denotes a significant difference between ON 
and RECAL positions. B: ML OFF CoM responses (mean ± 1 SE) calculated for NoVISION 
(black bars) and VISION (grey bars) conditions. C: ML EQ CoM positions (mean ± 1 SE) 
calculated for NoVISION (black bars) and VISION (white bars) conditions. * denotes a 
significant difference between NoVISION and VISION conditions. 
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4.5 Discussion  

The current work examined whether visual feedback during GVS could alter the 

interpretation of perceived vestibular vertical during perturbation recovery. Our results support 

our hypothesis that participants were able to use visual feedback during GVS to realign their 

posture and overcome the effect of GVS. Additionally, the resultant new interpretation of 

vestibular vertical (recalibration) altered the final equilibrium position (EQ) when GVS was 

removed; evidenced by responses that were significantly shifted from those in trials with no 

visual feedback provided during GVS.  

 

4.5.1 Vestibular Response  

Bipolar binaural GVS is known to create an illusion of head movement toward the 

cathode electrode which, when the head is facing forward in the absence of vision, is corrected 

for by a whole body mediolateral (ML) postural deviation toward the anode (Fitzpatrick and Day 

2004). The final tilted posture adopted in the presence of GVS is suggested to result from an 

attempt to realign the body with an altered internal representation of vertical (Inglis et al. 1995; 

Hlavacka et al. 1999). In the current study, all participants demonstrated ML postural sway in 

response to GVS, and ON responses were consistent between the NoVISION and VISION 

conditions. Previous studies using similar GVS current magnitudes have reported ML head 

deviations of approximately 1.5cm (Osler et al. 2013) and CoP displacements of approximately 

2cm (Day and Guerraz 2007). Sway magnitudes in our study were found to be similar to those 

previously reported (mean 1.3cm of head deviation and 1.6cm of CoP displacement). 
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4.5.2 Visual Recalibration?  

Previous work has demonstrated that during perturbation recovery, vestibular reafferent 

information is utilized to establish the body’s final equilibrium position (Inglis et al. 1995). 

During the NoVISION condition, GVS resulted in participants adopting a shifted equilibrium 

posture toward the anode that was successfully restored following the initial OFF response (EQ 

data). These data show that participants were successful at using their baseline vestibular 

feedback (no longer influenced by GVS) to re-establish their vertical equilibrium. However, 

when vision was provided during GVS in the VISION condition, participants used visual 

feedback to vertically realign their posture in the continued presence of the galvanic vestibular 

stimulus. When GVS was then removed in the VISION condition, participants adopted a new 

equilibrium position that was deviated away from vertical in the other direction, towards the 

cathode. Together, these data suggest that during the visually aided realignment of posture in the 

presence of GVS, participants are likely recalibrating their perturbed vestibular afferent feedback 

to signal a vertical orientation. Therefore, upon the termination of the vestibular stimulus, 

baseline vestibular afferent feedback no longer represented a vertical equilibrium position, but 

instead indicated a deviation such that participants adopted an equilibrium posture deviated 

toward the cathode. 

 

Although participants were able to realign their posture using the available visual 

feedback, we cannot be certain that vision was the only sensory modality aiding this postural 

realignment. Previous work has shown that the presence of either visual (Smetanin and Popov 

1990; Day and Guerraz 2007) or somatosensory feedback (Maaswinkel et al. 2013) can be used 

to reduce GVS postural responses. Therefore, it is possible that participants may be using the 
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availability of visual feedback as a cue to enhance somatosensory feedback for the realignment 

of their posture (Press et al. 2004; Longo et al. 2008). We are confident, however, that vision is 

significantly contributing to the postural realignment observed in the current study for two 

reasons. First, participants were specifically instructed to use vision and reported using specific 

vertical or horizontal visual cues to aid their postural corrections. Additionally, when a period of 

visual feedback was not provided, participants remained affected by the GVS since the RECAL 

position of CoM and CoP did not differ from the GVS ON position for the NoVISION trials 

(Figure 4.3A).  

 

4.5.3 Recalibration of Initial Perturbation Responses  

Although equilibrium positions were altered by visual recalibration, no significant 

difference was found in the ML component of initial recovery responses to the platform 

perturbation; there was no difference between the VISION and NoVISION conditions when 

examining the ML OFF and OFF-RECAL responses. Previous work has suggested that 

vestibular information has minimal influence on the initial component of perturbation recovery 

(Inglis et al. 1995; Hlavacka et al. 1999). Inglis and colleagues (1995) showed no vestibular 

influence on the initial CoP trajectories in response to an AP perturbation, but found a significant 

vestibular contribution, based on GVS polarity, to the final equilibrium position adopted by 

participants. Additionally, Peterka and Benolken (1995) demonstrated that vestibular signals 

contribute to CoM stabilization at lower velocities even when competing somatosensory 

information was reliable. This supports the lesser role of vestibular feedback during initial high-

velocity perturbation responses and the greater role during the slower re-establishment of 



 

71  

equilibrium. Therefore, it may be that the current study design cannot exploit the potential for 

vision to alter the vertical interpretation of vestibular feedback during a perturbation recovery 

response simply because vestibular feedback is only preferentially used to re-establish 

equilibrium following the initial recovery responses. 

 

Importantly, previous work that has highlighted a minimal influence of vestibular 

feedback on initial perturbation responses have defined these ‘initial vestibular contributions’ as 

occurring within the first 500ms following perturbation onset (Hlavacka et al. 1999). However, 

initial perturbation responses in the current study were calculated over a timeframe of 2-3 

seconds following GVS offset. Therefore, it may not be reasonable to directly compare the initial 

responses from these different studies. Instead, we believe the latency (3 second window) of the 

‘initial’ response in the current study allowed for a greater vestibular contribution (as evidenced 

by a ML OFF response whose absolute magnitude was larger than the ON response). Despite the 

potential for a greater vestibular effect, vision showed no ability to recalibrate the influence of 

vestibular feedback on the ‘initial’ response, as no difference for either the OFF or OFF-RECAL 

responses was observed between NoVISION and VISION conditions. 

 

Sturnieks and colleagues (2005) demonstrated that, during gait, vision could be used to 

recalibrate the interpretation of GVS-biased vestibular feedback to signal straight ahead. 

However, the visuo-vestibular recalibration was only successful when participants actively 

walked and not when they were passively moved along the path in a wheelchair. Moreover, 

previous work on sensory recalibration has indicated that in order to adapt how sensory input is 

used during a task, sensory recalibration must occur via the accumulation of sensory feedback 
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during the completion of that same task (Wilke et al. 2013; Wright et al. 2014). The visual 

feedback made available to participants in the current study provides a static orientation 

reference about body tilt, and postural realignment only occurred during the task of quiet 

standing. Therefore, it is possible that the feedback provided by vision during a quiet standing 

task is not sufficient to recalibrate the vestibular signal used during the initial response to a 

platform perturbation. If vision were provided in the presence of GVS during, rather than before, 

the mechanical perturbation, a recalibration effect on initial recovery responses may be revealed. 

 

4.5.4 Conclusion  

This study has demonstrated for the first time that visual information can be used to 

recalibrate the vertical interpretation of vestibular feedback used during the re-establishment of 

equilibrium following a platform perturbation. Specifically, we showed that prior visual 

feedback is used to re-interpret the vestibular signal for ‘vertical’ during a later recovery of 

equilibrium. This rapid adaptability has implications for situations where the quality of visual 

feedback may be altered or reduced, as these changes may affect visuo-vestibular sensory 

integration, leading to altered vestibular postural responses.  

 

4.6 Bridge Summary  

In experiment 1, we aimed to examine whether vision could be used to alter the 

interpretation of vestibular feedback during the re-establishment of equilibrium following a 

perturbation. We found that participants could use visual vertical references to realign their 
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posture during ongoing GVS. After using vision to reinterpret their altered vestibular signal 

during exposure to GVS, participants adopted final centre of mass and pressure equilibrium 

positions that were deviated away from vertical in the direction of the cathode. These findings 

suggest that during the visually aided realignment of posture in the presence of GVS, participants 

were likely reinterpreting their vestibular afferent feedback to signal a vertical orientation. 

Therefore, upon the termination of the vestibular stimulus, baseline vestibular afferent feedback 

no longer represented a vertical equilibrium position and participants adopted an equilibrium 

posture that was deviated toward the cathode.  

 

Although final equilibrium positions were altered by visual recalibration, initial 

perturbation recovery responses were not altered by the visual feedback. The visual feedback in 

experiment 1 provided a static orientation reference and postural realignment only occurred 

during the task of quiet standing. As a result, the visual feedback provided during a quiet 

standing task may not have been able to recalibrate the vestibular reafference used during the 

initial dynamic response to a platform perturbation. Had vision been provided in the presence of 

GVS during, rather than before, the mechanical perturbation, a recalibration effect on initial 

recovery responses might have been revealed. In Experiment 2, we build upon the findings of 

experiment 1 by identifying whether the dynamic visual feedback provided during exposure to a 

platform perturbation could be used to recalibrate the vestibular reafference used during this 

initial phase of the postural recovery response.
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Chapter 5 Experiment II: Visual feedback is not used to 
recalibrate how vestibular information is used during an initial 

perturbation response  
(In preparation for submission to Experimental Brain Research)  

5.1 Abstract 

We recently demonstrated that vision could recalibrate the vestibular signal used to re-

establish equilibrium following a platform perturbation. Here we investigate whether visual 

information provided during a platform perturbation could recalibrate the vestibular reafference 

signal used during the initial phase of the response to a perturbation response. The postural 

responses of twelve participants were examined during forward perturbations of the body while 

galvanic vestibular stimulation (GVS) selectively altered vestibular feedback. LCD occlusion 

spectacles occluded vision during all the platform perturbations in the NoVISION condition. In 

the VISION condition, participants were instructed to use vision (provided during the first three 

platform perturbations) to aid the maintenance and realignment of their vertical posture. In both 

visual conditions, GVS-biased vestibular influence on mediolateral (ML) body motion was 

counteracted during the initial phase of the perturbation response, as measured by a significant 

decrease in peak centre of mass and pressure deviations from perturbation 1 to 3 (p < 0.05). This 

suggested that vision was not necessary to alter the vestibular influence on the perturbation 

response. Moreover, when vision was then occluded prior to the 4th perturbation in the VISION 

condition (P4), the initial ML response increased such that it was no longer significantly 

different from the first perturbation response (p = 0.42). This provided evidence against visual 

recalibration of the vestibular feedback during the initial perturbation recovery response. 

Following the removal of GVS in both conditions, an oppositely directed ML motion during the 
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5th perturbation provided evidence of a response after effect following the recalibration of the 

GVS-biased vestibular signal. The presence of this after effect independent of visual feedback 

suggests that somatosensory, rather than visual, feedback may be preferentially used to 

recalibrate the vestibular signal during the initial phase of a perturbation recovery response. 

 

5.2 Introduction  

The ability to maintain balance during standing and moving about can be largely 

attributed to sensory feedback we receive from our visual, vestibular and somatosensory systems 

(Nashner 1972; Lacour et al. 1997; Berencsi et al. 2005). While each sensory system on its own 

provides useful information for maintaining balance, it is only when the brain integrates 

feedback from multiple sensory sources that we achieve a highly resolved percept of our 

environment and where we are within it (Peterka 2002). When the sensory feedback from one 

modality is reduced or altered in a given situation, the brain cannot simply continue to integrate 

this feedback in the same fashion, as a bias would permanently develop in the percept (Ernst and 

Di Luca 2011). One method by which the brain can detect and resolve a reduction in the quality 

or quantity of the information that a sensory modality provides is by recalibration. Recalibration 

is the modification or adaptation of a specific movement or percept that occurs with error 

feedback. Once adapted, restoring the initial sensory conditions can lead to an after effect in 

behaviour. Individuals must then de-adapt their new behaviour in order to retrieve the prior one 

(Bastian 2008).  

 

There are two predominant descriptions for sensory recalibration. First, the brain can 

recalibrate the motor program required to perform an action in the presence of altered sensory 
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feedback. This occurs when the information from multiple sensory modalities is altered, resulting 

in sensory estimates that agree with each other, but not with the desired motor action (Sarlegna 

and Bernier 2010). This type of recalibration is commonly referred to as sensorimotor 

recalibration. A common method to test this type of sensory recalibration is to use a force-field 

adaptation paradigm (Ostry et al. 2010). In this paradigm, a robot applies a force to alter the 

trajectory of arm movement. As the participant adapts to the force applied, their perception of 

their arm position becomes shifted in the direction of the applied force.  

 

Alternatively, the brain can recalibrate its interpretation of the feedback provided by one 

sensory source so that it aligns with alternate sources. For example, previous work has shown 

that visual information can be used to recalibrate the interpretation of a GVS-altered vestibular 

signal for a navigation task (Sturnieks et al. 2005). This type of recalibration is commonly 

referred to as sensori-sensory recalibration and involves the adaptation of a percept or behaviour 

by realigning the estimates of one sensory source with another. In order to examine the potential 

for vestibular recalibration, GVS can be used to selectively alter and restore baseline vestibular 

feedback. 

 

Recently, we have shown that visual feedback can recalibrate the vestibular reafference 

used to re-establish equilibrium during a perturbation recovery task (Toth et al., 2016, 

submitted). Interestingly, the vestibular contribution to the initial recovery phase (defined by the 

first 3-second window following a platform perturbation) could not be altered through the use of 

available visual feedback prior to the perturbation. We believe a reason for this is that vision was 

only provided during the static phase of the condition and not during the perturbation itself. 
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Work by Sturnieks and colleagues (2005) supports this notion as they found that the visual 

recalibration of vestibular feedback for navigation only manifested when participants actively 

participated in the dynamic walking task compared to when they were passively transported in a 

wheelchair. Therefore, providing visual feedback during a dynamic action might be necessary to 

enable vision to recalibrate the interpretation of an altered vestibular signal during the dynamic 

phase of the perturbation recovery response. 

 

The purpose of the current study was to examine whether dynamic visual input provided 

during a balance recovery response to a platform perturbation could recalibrate how vestibular 

feedback was used during the initial dynamic phase of the perturbation recovery response. First, 

we hypothesized that vision, only when provided during platform perturbations in the presence 

of an altered vestibular signal (caused by GVS), would attenuate the vestibular influence on the 

ML recovery response components. Second, we hypothesized that after removing vision, the 

vestibular influence on these recovery response components would remain attenuated; evidence 

that visual feedback enables a recalibration of the GVS-altered vestibular feedback during the 

initial phase of the perturbation recovery response. Finally, we hypothesized that if vision is used 

to recalibrate the GVS-altered vestibular signal, an after effect in the perturbation response, well 

after the removal of GVS, would be observed as a reversal (cathode directed) of the ML response 

component. 

 

5.3 Methods  

Nine male and three female participants (age 24.50 ± 1.27 years; height 1.77 ± 0.02m; 

mass 71.10 ± 3.68kg; Mean ± SE) with no history of neuromuscular disorders provided written 
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informed consent prior to participating in the study. The experimental protocol was approved by 

the University of Guelph Research Ethic’s board, which conforms to the standards set by the 

Declaration of Helsinki. 

 

5.3.1 Equipment and Setup  

Participants stood (inter-metatarsal distance 4cm) on a force plate (model 9281B, Kistler 

Instrumente AG, Winterthur, Switzerland) made level with the surface of a hexapod motion 

platform (Mikrolar Inc., NH, USA). A safety harness, with enough slack to allow movement 

about the platform (platform diameter: 2.1m), yet prevent a fall (no falls were recorded), was 

worn by each participant. In order to control visual availability, participants wore PLATOTM 

LCD spectacles (Translucent Technologies, Toronto, Canada) that contained lenses controlled to 

become opaque during data collection. Participants also wore fitted clothing to minimize the 

movement of passive kinematic markers, placed on specific anatomical locations; left and right 

temporal-mandibular joints (TMJs), left and right acromia, left and right anterior-superior iliac 

spines (ASISs) and left and right 1st metatarsals. One additional marker was placed on the motion 

platform. A 12-camera Optitrak system was used to collect 3D kinematic data (100Hz). 

 

In order to perturb the vestibular system, bipolar binaural GVS (Linear Stimulus Isolator 

A395, World Precision Instruments Inc., FL, USA) was applied via two Ag/AgCl electrodes 

placed bilaterally on the skin overlying each participant’s mastoid process. Electrode gel was 

applied to the skin behind the ears to minimize impedance and lower the voltage necessary to 

maintain a constant current. In an attempt to make the vestibular stimulus itself less perceptually 

noticeable, we applied a 4x threshold stimulus (for thresholds below 0.25mA, a minimum 1mA 
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testing current was applied) across a stimulus rise time of 4 seconds (threshold: smallest amount 

of current required to elicit a noticeable postural response; range 0.20 – 0.80mA; (Bent et al. 

2000)). A rise time of 4 seconds was chosen based on pilot work and the recognition that an 

immediate transition from zero to maximal stimulation is potentially un-physiological and poorly 

tolerated by some individuals (Rosengren 2002).  

 

To evoke postural perturbations, mechanical platform perturbations were applied and 

consisted of 9cm backward translations with a trapezoidal velocity profile (peak velocity 

14.0cm/s) and peak acceleration of approximately 1.8m/s2. After each perturbation within a 

given trial, the platform was slowly moved back to its starting position at a peak velocity and 

acceleration of approximately 4.0cm/s and 0.5m/s2 respectively. Conditions with left, right, and 

backward perturbations (catch trials) were included in an attempt to keep testing conditions 

unpredictable. 

 

5.3.2  Protocol  

Prior to the commencement of the experimental protocol, participants were exposed to 

the testing level of GVS as well as each platform perturbation direction in order to avoid any 

differences in responses that have previously been shown to exist between the first and 

subsequent perturbation trials (Keshner et al. 1987; Allum et al. 2002). The experimental trials 

were conducted in two separate blocks. Participants were first exposed to all trials in the first 

block. After a short break, trials of the second block were conducted. In the first block of trials 

(NoVISION condition), participants were instructed to maintain a relaxed upright standing 

posture and to do their best to recover their posture in response to the platform perturbations 
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without waving their arms and while keeping their feet in place. In the second block of trials 

(VISION condition), participants were additionally instructed to use vision, when available to aid 

the maintenance and realignment of their vertical posture. 

 

5.3.3  VISION Block  

During all trials in the VISION block, participants began standing quietly on the force 

plate for 3 seconds prior to visual occlusion. Three seconds after visual occlusion, participants 

either received anode left GVS or anode right GVS (averaged later to comprise the VISION 

condition), or no GVS (NoGVS condition). Eight seconds after GVS was turned on (4 seconds 

ramp and 4 seconds at constant current), visual feedback was restored. Three seconds later, 

participants experienced the first of a series of 4 posterior platform perturbations (P1-P4; See 

Figures 1 and 3 for perturbation onsets). P1, P2 and P3 were administered while vision was 

available, whereas vision was occluded 3 seconds prior to P4.  

 

Each forward perturbation consisted of a rapid platform movement that was then held in 

place over 6 seconds. In the following 6 seconds, the platform was moved back to its start 

position (3 seconds) and then held (3 seconds) before the next perturbation. Three seconds 

following the recovery of the platform from the 4th perturbation (P4), the GVS current was 

ramped off over 4 seconds (or in the case of the NoGVS condition, participants continued to 

stand quietly). Four seconds following the complete removal of the GVS, vision was restored for 

4 seconds. Three seconds after vision was re-occluded, participants were exposed to a 5th and 

final platform perturbation (P5). 
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5.3.4 NoVISION Block 

As was the case in the VISION block, participants were exposed to trials involving anode 

left GVS or anode right GVS and no GVS. GVS and platform perturbation magnitudes and 

timings were identical to those in the VISION block. However, unlike the VISION block, vision 

was occluded over the time period that included perturbations 1, 2 and 3 (see Figures 5.1 and 

5.3). 

 

In total, 35 trials were collected per participant; 20 GVS trials (5 anode right and 5 anode 

left trials were each conducted for NoVISION and VISION blocks), 10 NoGVS trials (5 

NoVISION and 5 VISION) and 5 catch trials that included at least 1 trial with a forward, 

leftward and rightward platform perturbation. 

 

5.3.5 Data Processing 

Data processing was performed using Visual 3D software (c-motion Inc. MD, USA). 

Kinematic data from each marker were interpolated using a second order polynomial across a 

maximum gap of 3 frames (30ms) and then filtered using a second order dual lowpass 

Butterworth filter with a cutoff frequency of 5Hz. Right and left metatarsal marker data were 

each subtracted from the platform marker motion, and if the calculated difference was greater 

than 1cm for any perturbation, it was interpreted that a step had occurred and the trial was 

removed from further analyses (this process resulted in the removal of less than 15% of all 

trials). A visual 3D reduced whole-body CoM model, composed of head (TMJ and acromia 

markers) and trunk (acromia and ASIS markers) segments was constructed and used to estimate 

whole body postural sway. Platform marker data were subtracted from the CoM data to reference 
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body motion relative to the support surface (platform). Force and moment data collected from 

the force plate were filtered in the same manner as kinematic data. The filtered force and 

moment data were then used to calculate AP and ML CoP displacements for each trial.  

 

AP and ML displacements of both the CoM and CoP were zeroed relative to the average 

quiet stance position over a period of 500ms immediately prior to the onset of GVS. Averaging 

anode left and anode right data together created AP CoM and CoP traces for NoVISION and 

VISION conditions. ML CoM and CoP traces for NoVISION and VISION conditions were 

created for each participant by averaging the inverse of anode left data with anode right data 

according to the equation [(-anode L+anode R)/2]. Averaging the ML data in this way removed 

any effects due solely to the platform perturbation and better allowed for the examination of 

visual and vestibular influences. This technique has been previously implemented for the same 

purpose (Inglis et al. 1995). 

 

In order to quantify responses to the onset and offset of GVS in the NoVISION and 

VISION conditions, the average position over a 50ms window 4 seconds after GVS onset (ON) 

and offset (OFF) (end of the ramp phase) was calculated relative to the position immediately 

prior to GVS onset and offset respectively (Figures 5.1 and 5.3). The initial postural response to 

each platform perturbation (labeled P1, P2, P3, P4 and P5 in Figures 5.1, 5.2, 5.3 and 5.4) was 

calculated as the peak displacement within a 3 second window after perturbation onset relative to 

the average position prior to perturbation (over a 500ms window immediately prior to 

perturbation onset).  
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The hypothesis for vestibular recalibration in the fifth perturbation would manifest as a 

response that was oriented in the opposite direction compared to perturbations 1 through 4, and 

had magnitude similar to the change in response between perturbations 1 and 4. To compare this, 

the P4-P1 change (labeled in Figure 4) in ML CoM and CoP was calculated by subtracting the 

P1 from the P4 response magnitude; this was then compared to P5 within both the NoVISION 

and VISION conditions.  

 

In the NoVISION condition, P1, P4 and P5 all occurred when vision was occluded and as 

a result, P1 was subtracted from P4 to create the P4-P1 variable in this condition. In the VISION 

condition however, the P1 response may have already been reduced by the available visual 

feedback. As a result, the change from P1 to P4 may not reflect the ability for vision to reduce 

the magnitude of the ML response relative to a perturbation response recorded in the absence of 

vision. Therefore the P4-P1 variable in the VISION condition was calculated using the P1 

response from the NoVISION condition and the P4 response from the VISION condition, which 

were both collected when participants had vision occluded. This allowed us to better describe 

whether vision could recalibrate the vestibular reafference used during perturbation responses in 

the absence of vision. 

 

In addition to the initial perturbation responses (P1-P5), we quantified the early phase of 

the perturbation response (EP) within the first 500ms after the perturbation onset in the ML CoP 

data, which was directed in the opposite direction of the perturbation responses. We calculated 

the peak of the early ML CoP responses within a 500ms window following perturbation onset 

and termed these responses EP1, EP2, EP3, EP4 and EP5. EP4-EP1 was calculated in the same 
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way as P4-P1 for both NoVISION and VISION conditions and was compared to EP5 to 

determine whether the magnitude of the response after effect following the removal of GVS 

could be explained by a recalibration of the GVS-altered vestibular signal between perturbations 

1 through 4. 

 

5.3.6 Statistics  

Statistical analyses were conducted using Prism GraphPad software (version 5.0, 

GraphPad Software, Inc. CA, USA) and statistical tests were performed on AP and ML CoM and 

CoP data unless otherwise stated. All data are expressed as means ± SE and significance was set 

at p ≤ 0.05. Where data were not normally distributed following a Shapiro-Wilk analysis, a 

Friedman test was used in place of a repeated measures ANOVA and a Wilcoxon matched pairs 

signed rank test was used in place of a paired t-test.  

 

Paired t-tests were used to determine whether ON and OFF responses were different 

between NoVISION and VISION conditions for AP CoP as well as ML CoM and CoP data. The 

absolute magnitude of the ML CoM and CoP OFF responses were compared to ON responses 

within each of the NoVISION and VISION conditions using paired t-tests. AP CoM ON 

responses in NoVISION and VISION conditions were compared using a Wilcoxon matched 

pairs signed rank test.  

 

To determine whether visual availability affected perturbation responses, paired t-tests 

were used to test for differences between NoVISION and VISION conditions for all normal data; 

AP CoM (P1, P2 and P4), AP CoP (all P), ML CoM (all P), ML CoP (P1, P2 and P5) and ML 
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CoP (all EP). A Wilcoxon matched pairs signed rank test was used to compare between 

NoVISION and VISION conditions for non-normal data; ML CoP (P3 and P4) and AP CoM (P3 

and P5). Sidak multiple comparison corrections were made for AP CoM and CoP data. 

 

To examine whether P and EP response magnitudes were reduced across the multiple 

platform perturbations within either the NoVISION or VISION condition, one way repeated 

measures ANOVAs were performed on AP CoP, ML CoM and ML CoP data with a priori 

comparisons between responses to perturbations 1 and 2, 1 and 3, and 1 and 4. AP CoM P 

responses were compared using a Friedman test with Dunn’s multiple comparison post hoc test. 

 

To evaluate whether an after effect in the response to the fifth perturbation following the 

removal of GVS was similar to the change in response from perturbations 1 to 4, paired t-tests 

were used to test for differences between P4-P1 and P5 as well as between EP4-EP1 and EP5 

within both NoVISION and VISION conditions. 

 

5.4 Results  

5.4.1 Anteroposterior Centre of Mass and Centre of Pressure Data  

Anterior-Posterior CoM and CoP positions did not deviate with GVS onset (ON) or 

termination (OFF) and were equivalent between NoVISION and VISION conditions (ON: CoM 

p = 0.15; CoP p = 0.19) (OFF: CoM p = 0.3; CoP p = 0.32) (Figure 5.1A and B; CoP not shown). 
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Figure 5.1: A: AP CoM displacement for NoVISION (black) and VISION (grey) conditions. The 
dashed horizontal line shows the timing and magnitude of GVS for both conditions. EO and EC 
denote periods of visual availability and visual occlusion respectively for each condition (black 
shading for the NoVISION and grey shading for the VISION condition). Each vertical dotted 
line, P1 through P5, represent the onset of the 9cm backward platform translations. The areas 
where ON and OFF variables were calculated have been labeled on the figure. B: AP COM ON 
and OFF responses for NoVISION (black) and VISION (white) conditions. 
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The availability of visual feedback did not modulate the pattern of postural responses in 

the sagittal plane. In the NoVISION condition, there was a decrease in the CoP excursion with 

progressive trials: the P1 response was larger than all other perturbations. Despite these changes 

in CoP, CoM responses did not differ between NoVISION trials. The VISION condition in 

comparison had no differences in CoP responses between perturbations. However, CoM 

responses did differ: P1 was found to be significantly smaller than the responses to P2 and P3. 

Comparisons between the AP perturbation responses in both NoVISION and VISION conditions 

can be found in Table 5.1. 

 

Table 5.1: CoP and CoM AP perturbation response magnitudes (mean ± SE) for NoVISION and 
VISION conditions. * and NS represent significant and non-significant differences relative to P1 
for the NoVISION and VISION conditions. 

 

CoP	 NoVISION	 VISION	 CoM	 NoVISION	 VISION	
P1	 5.38	±	0.16	 		 4.52	±	0.17	 		 P1	 5.93	±	0.24	 		 6.42	±	0.19	 		
P2	 4.82	±	0.13	 *	 4.31	±	0.11	 NS	 P2	 6.38	±	0.27	 *	 7.17	±	0.18	 NS	
P3	 4.58	±	0.13	 *	 4.28	±	0.10	 NS	 P3	 6.29	±	0.22	 *	 7.19	±	0.15	 NS	
P4	 4.53	±	0.13	 *	 4.44	±	0.11	 NS	 P4	 6.36	±	0.17	 NS	 6.87	±	0.23	 NS	
P5	 4.96	±	0.18	 *	 4.48	±	0.13	 NS	 P5	 6.12	±	0.23	 NS	 6.51	±	0.24	 NS	
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Figure 5.2: A: Ensemble AP CoP displacements in response to platform perturbations P1 through 
P5 for both NoVISION (left) and VISION (right) conditions. Trials have been aligned to the 
vertical dotted line, which indicates the onset of the platform perturbation. B: Peak AP CoP 
displacements in response to platform perturbations (P1 through P5) for both NoVISION (black 
bars) and VISION (white bars) conditions. C: Peak AP CoM displacements in response to 
platform perturbations (P1 through P5) for both NoVISION (black bars) and VISION (white 
bars) conditions. * denotes a significant difference between NoVISION and VISION conditions 
for a given perturbation. 
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Overall, CoP peak displacements were significantly larger in the NoVISION condition 

compared to the VISION condition for perturbations P1 (p < 0.01), P2 (p < 0.01) and P5 (p < 

0.01) (Figure 5.2B). In contrast, CoM peak displacements were significantly larger in the 

VISION condition compared to NoVISION condition for each perturbation (P1 p = 0.02; P2 p < 

0.01; P3 p < 0.01; P4 p = 0.01; P5 p < 0.01) (Figure 5.2C). 

 

5.4.2  Mediolateral Centre of Mass and Centre of Pressure Data 

Participants demonstrated a consistent postural response to GVS onset: ML CoM (Figure 

5.3A) and CoP (data not shown) shifted toward the anode electrode (1.2cm and 1.5cm 

respectively) these ON responses did not differ between the visual conditions (CoM p = 0.18; 

CoP p = 0.33) (Figure 3B). When GVS was turned off, large CoM (Figure 5.3A) and CoP (data 

not shown) postural deviations of 1.6cm and 2.1cm respectively were observed in the direction 

of the cathode. OFF responses were not significantly different between NoVISION and VISION 

conditions (Figure 5.3B). Of interest, the absolute magnitude of the NoVISION OFF response 

was significantly larger than the NoVISION ON response for both CoM and CoP (p < 0.01). 
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Figure 5.3: A: ML CoM Displacement for NoVISION (black) and VISION (grey) conditions. 
The dashed horizontal line shows the timing and magnitude of GVS for both conditions. EO and 
EC denote periods of visual availability and visual occlusion respectively for each condition 
(black shading for the NoVISION and grey shading for the VISION condition). P1 through P5 at 
each vertical dotted line represent the onset of the 9cm backward platform translations. The 
areas, from which ON and OFF variables were calculated, have been labeled on the figure. B: 
ML COM ON and OFF responses for NoVISION (black) and VISION (white) conditions. 
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 The CoM (Figure 5.4A) and CoP initial perturbation responses were shifted towards the 

anode for perturbations P1 through P4 for both NoVISION and VISION conditions. In contrast, 

the initial response to the final perturbation (P5), 9 seconds after GVS had been turned off, 

deviated in the direction of the cathode (Figure 5.4A). There was a general trend for the CoP and 

CoM excursions to decrease in magnitude across perturbations 1 through 4. Within the 

NoVISION condition, P1 responses were significantly larger than P2 (CoM p = 0.04; CoP p = 

0.02), P3 (CoM p < 0.01; CoP p < 0.01) and P4 (CoM p = 0.03; CoP p < 0.01) responses. 

Likewise, VISION CoM (Figure 5.4B) and CoP (data not shown) P1 responses were larger than 

P2 (CoM p = 0.03; CoP p = 0.03) and P3 (CoM p = 0.09; CoP p = 0.04) responses. However, P4 

responses were not smaller than P1 (CoM p = 0.46; CoP p = 0.42). 

 

There were some postural response differences observed between visual conditions. 

Postural responses to P1 and P2 were larger for NoVISION compared to VISION conditions (P1: 

CoM p = 0.02; CoP p < 0.01; P2: CoM p = 0.04; CoP p = 0.02) (Figure 5.4B, CoP data not 

shown). Responses to P5 did not differ between NoVISION and VISION conditions (CoM p = 

0.62; CoP p = 0.42). The magnitude of the reduction in response from P1 to P4 (measured using 

the P4-P1 variable) was also not significantly different from P5 within both the NoVISION 

(CoM p = 0.98; CoP p = 0.99) and VISION (CoM p = 0.91; CoP p = 0.91) conditions. 
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Figure 5.4: A: Ensemble ML CoM displacements in response to platform perturbations (P1 
through P5) for both NoVISION (left) and VISION (right) conditions. Trials are aligned to the 
vertical dotted line, which indicates the onset of platform perturbation. B: Peak ML CoP 
displacements in the direction of the anode in response to P1 through P5 for both NoVISION 
(black bars) and VISION (white bars) conditions. * denotes a significant difference between 
NoVISION and VISION conditions for a given perturbation. ϕ denotes a significant difference 
from NoVISION P1 and γ denotes a significant difference from VISION P1. C: ML CoM 
displacement for NoVISION and VISION P5 response (black) and the calculated adaptive 
response from P1 to P4 (P4-P1) (grey). 
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The early phase of the CoP perturbation responses (200-500ms) was in the direction of 

the cathode for perturbations 1 through 4, and reversed in direction during the fifth perturbation 

for both NoVISION and VISION conditions (Figure 5.5A). There was no difference between 

visual conditions in the early ML CoP response for any perturbation (EP1 p = 0.11; EP2 p = 

0.12; EP3 p = 0.49; EP4 p = 0.22; EP5 p = 0.76).  

 

In the NoVISION condition, E1 was significantly larger than EP3 (p = 0.03) and EP4 (p 

= 0.05) (Figure 5.5B). Across trials, in the VISION condition, EP1 was larger than EP2 (p = 

0.07), EP3 (p = 0.09) and EP4 (p = 0.07), but the differences were not significant (Figure 5.5B). 

The predicted EP5 response, as measured by EP4-EP1, was not different from the observed EP5 

response for either the NoVISION (p = 0.15) or VISION (p = 0.74) conditions (Figure 5.5C). 

CoM and CoP P1-P5 and EP1-EP5 response magnitudes during NoVISION and VISION 

conditions can be found in Table 5.2. 

 

Table 5.2: ML CoM and CoP P1-P5 responses (cm) for NoVISION and VISION conditions as 
well as ML CoP E1-E5 responses (cm) for NoVISION and VISION conditions. 

 

 

 

	
 

CoM	 CoP	

Response	 NoVISION	 VISION	 NoVISION	 VISION	 Response	 NoVISION	 VISION	

P1	 0.81	±	0.12	 0.50	±	0.11	 1.78	±	0.19	 1.12	±	0.20	 E1	 -0.55	±	0.10	 -0.42	±	0.09	

P2	 0.49	±	0.10	 0.28	±	0.06	 1.10	±	0.13	 0.65	±	0.11	 E2	 -0.36	±	0.10	 -0.22	±	0.06	

P3	 0.27	±	0.08	 0.32	±	0.11	 0.73	±	0.14	 0.71	±	0.20	 E3	 -0.21	±	0.08	 -0.21	±	0.08	

P4	 0.33	±	0.11	 0.51	±	0.12	 0.83	±	0.17	 1.05	±	0.20	 E4	 -0.34	±	0.10	 -0.22	±	0.08	

P5	 -0.40	±	0.12	 -0.48	±	0.1	 -0.95	±	0.19	 -0.91	±	0.26	 E5	 0.43	±	0.16	 0.39	±	0.09	

P4-P1	 -0.30	±	0.17	 -0.48	±	0.17	 -0.94	±	0.25	 -0.72	±	0.28	 E4-E1	 0.21	±	0.10	 0.33	±	0.13	
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Figure 5.5: A: Early Ensemble ML CoP responses to platform perturbations (labeled E1 through 
E5) for both NoVISION (left) and VISION (right) conditions. Trials are aligned to the vertical 
dotted line, which indicates the onset of each platform perturbation. B: Peak ML CoP 
displacements in response to each perturbation (E1 through E5) for both NoVISION (black bars) 
and VISION (white bars) conditions. ϕ denotes a significant difference from NoVISION E1 and 
p-values show a trending difference from VISION E1. C: ML CoP displacement for NoVISION 
and VISION recorded E5 responses (black) as well as the hypothetical E5 displacement 
predicted by the reduction in response between E1 and E4 (E4-E1) (grey). 
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5.5 Discussion  

The current study aimed to determine whether dynamic visual feedback provided during 

a platform perturbation could recalibrate how vestibular reafference was interpreted during the 

initial stages of a perturbation response. Contrary to our hypothesis, we found that vision was not 

necessary for recalibrating the vestibular feedback used during initial perturbation recovery 

responses. Participants were able to attenuate the magnitude of the ML component of their initial 

perturbation responses over the course of multiple perturbations regardless of visual availability. 

After the removal of GVS in both the NoVISION and VISION conditions, the early and initial 

responses to the final perturbation appeared in the opposite direction to those observed during the 

first four perturbations and the magnitude of this aftereffect was no different from the reduction 

in response that occurred between perturbations 1 and 4. We attribute the oppositely directed 

response to the fifth perturbation to the prior recalibration of the GVS-altered vestibular signal 

during the first 4 perturbations. As a result, the restoration of the baseline vestibular signal, 

following the removal of GVS, no longer provided appropriate feedback during the initial phase 

of the perturbation response. Overall, the data suggest that visual feedback is not necessary to 

recalibrate the vestibular reafference used during the initial response to a platform perturbation. 

 

5.5.1 Visual Recalibration of Vestibular Input  

A reduction in the size of ML CoM and CoP responses was observed from P1 through P4 

in the NoVISION condition (Figure 5.4B). When vision was provided during the first three 

perturbations in the VISION condition, participants were able to use the available visual 

feedback to significantly attenuate the magnitude of ML P1 and P2 but not P3 responses 

compared to the same variables in the NoVISION condition. Previous work examining visuo-
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vestibular recalibration during a navigation task demonstrated that when vision was used to 

recalibrate the vestibular reafference indicating ‘straight ahead’, removing vision resulted in the 

maintenance of the newly adapted behaviour (Sturnieks et al. 2005). Therefore, we hypothesized 

that evidence of visual recalibration would be shown in the ML component of P4 responses, with 

movement remaining suppressed in the VISION condition. Contrary to our hypothesis, the 

magnitude of the mediolateral P4 response in the VISION condition was no longer attenuated 

following the re-occlusion of vision and was similar in magnitude to the P1 response in the 

VISION condition. This suggests that vision was not used to recalibrate the influence of 

vestibular feedback on initial postural responses but may have been weighted to assist the 

attenuation of ML body motion during initial perturbation responses. Previous work has 

demonstrated that when prism goggles and GVS were used to create opposing visual and 

vestibular estimates of navigation trajectory respectively, actual navigation trajectories were 

significantly deviated toward the more heavily weighted visual feedback (Carlsen et al. 2005). 

Moreover, visual feedback is required to reduce the magnitude of vestibular postural responses 

during GVS (Day and Cole 2002; Day and Guerraz 2007) and it is thought that the body weights 

visual feedback more heavily for postural control during GVS. As a result, we believe that the 

significant reduction of P1 and P2 responses during the VISION compared to the NoVISION 

conditions in the current study may result from the additional reliance on visual feedback for 

postural control and not from the visual recalibration of vestibular feedback during these 

perturbation responses. 
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5.5.2 Is the Vestibular Recalibration Mediated by Somatosensory Feedback?  

It was anticipated that if vision were responsible for recalibrating the vestibular 

reafference used during initial recovery responses, then occluding vision during all of the 

perturbations in the NoVISION condition would hinder participants’ ability to attenuate the ML 

component of their recovery response across the multiple perturbations. In contrast to our 

hypothesis, we observed a significant attenuation of the ML response across P1 through P4 in the 

NoVISION condition. One possible explanation is that participants could be habituating to the 

vestibular stimulus leading to a reduction in their postural deviations. Previous work using long 

duration GVS (approximately 76 seconds duration) has demonstrated that the perception of 

rotation created by the vestibular stimulus when the head is facing downward subsides over time 

(St George et al. 2011). As a result, the reduction in response observed across P1 through P3 in 

both the NoVISION and VISION conditions could be due to a habituation to GVS. However, in 

the VISION condition, we observed an increase in ML body motion during the P4 response after 

vision was re-occluded. This provided evidence against GVS habituation and suggesting that 

GVS-altered vestibular feedback was still exerting influence on postural control well after the 

onset of the stimulus. 

 

Alternatively, previous work has shown that somatosensory feedback is relied upon to 

reduce vestibular postural responses (Maurer et al. 2000; Creath et al. 2002; Maaswinkel et al. 

2013). Moreover, when vision is not available, somatosensory feedback is necessary to detect 

and halt the GVS postural response (Day and Cole 2002). Therefore, the continual attenuation of 

the ML response component across perturbations 1 through 4 in the NoVISION condition may 

be explained by an increased weighting placed on somatosensory feedback for modifying 
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perturbation recovery responses that had been influenced by the GVS-altered vestibular 

feedback. However, it is expected that an increased reliance on somatosensory feedback would 

be maintained for the entire duration of the condition. This would be supported by a ML postural 

response component to the fifth perturbation (P5), following the removal of GVS, which 

remained attenuated well after restoration of baseline vestibular feedback. Instead, participants 

exhibited an after effect in the initial (P5) ML response to the fifth perturbation. This response 

was observed as ML body motion in the opposite direction (toward the cathode) when compared 

to the responses observed in perturbations 1 through 4 for both visual conditions. It has been 

described in sensory recalibration research that once a motor pattern or sensory estimate had 

been adapted, an after effect was often shown upon restoring the initial sensory conditions 

(Wright et al. 2014). This suggests that the adapted behaviour must be de-adapted in order to 

retrieve the prior behaviour (Bastian 2008). Here, the P5 response was observed in the opposite 

direction and its magnitude was also well predicted by the reduction in response observed 

between P1 and P4 (Figure 5.4C). This suggests that the P5 response may be an after effect of 

the vestibular recalibration that occurred across perturbations 1 through 4. Similar after effects 

following the removal of GVS have been observed following the recalibration of vestibular 

feedback during walking (Sturnieks et al. 2005), quiet standing (Héroux et al. 2015) and the 

reestablishment of equilibrium following a platform perturbation (Toth et al., 2016). 

 

5.5.3  Recalibration of Vestibular Reafference used During Early Perturbation 

Responses  

In addition to the P1 through P5 responses, we also observed a vestibular influence on an 

early component of ML CoP displacements in response to the platform perturbations (EP1 
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through EP5). These responses appear to be similar to the K1 response described by Smetanin 

and Popov (1990) in that they are at a similar latency, initiated approximately 200ms after the 

onset of the perturbation, are oriented in the direction of the cathode during GVS, and are used to 

eventually move the CoM in the direction of the anode. 

 

The early responses observed in the current study, however, are unique in that they do 

not result from the onset of GVS. Rather, these responses occurred in response to the platform 

perturbations while GVS was ongoing. Horak and Hlavacka (2002) identified vestibular 

contributions to early EMG responses in postural muscles in response to platform perturbations 

paired with GVS onset. However they mention that CoP variables may not have the resolution to 

differentiate a vestibular contribution on early postural responses. In the current study, the 

platform and vestibular perturbations occur in orthogonal planes, making it possible to observe 

vestibular contributions to early response components. While these early responses are likely not 

reflexive in nature nor involved in triggering the onset of the perturbation recovery response 

(Inglis et al. 1995) we are suggesting that their presence does confirm a vestibular contribution to 

the early dynamic phase of the perturbation recovery responses. Research examining vestibular 

contributions during the execution of a forward step corroborates this interpretation as Bent and 

colleagues found vestibular contributions during the more dynamic phases of the task, and not 

during the initiation of a forward step (Bent et al. 2002a). 

 

A similar reduction across E1 to E5 responses was observed in both the NoVISION and 

VISION conditions and the change in these early responses from EP1 to EP5 inversely mimicked 

the observed responses from P1 to P5. The attenuation of ML body motion during EP responses 
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across the first 4 perturbations regardless of visual availability further supports the notion that 

visual feedback was not necessary for the recalibration of the vestibular reafference used during 

this early component of the perturbation recovery response. Work by Smetanin and Popov 

(1990) supports the lack of visual influence observed on the early response component. These 

authors demonstrated that vision did not exert a great influence toward modifying the early K1 

response to GVS. Additionally, an after effect was observed in response to the 5th perturbation 

(EP5), observed as an oppositely directed ML body motion that was also well predicted by the 

change in response magnitudes between EP1 and EP4. The after effect observed in the early 

response component in both visual conditions supports the somatosensory recalibration of the 

vestibular input used during this early phase of the perturbation recovery response. 

 

5.5.4 Responses to GVS Onset and Offset: Evidence of Increased Vestibular 

Weighting Following Exposure to Platform Perturbations 

GVS produced ML CoM and CoP displacements in the direction of the anode electrode, 

corroborating previous work (Day et al. 1997; Séverac Cauquil et al. 2000). These ON responses 

were similar in both NoVISION and VISION conditions demonstrating the consistency of the 

vestibular stimulus and repeatability of the response between our conditions.  

 

Removing GVS resulted in CoM and CoP postural responses in the direction of the 

cathode electrode that were larger in magnitude when compared to the ON response (Figure 

5.3B). Work examining the response to the termination of GVS has shown that OFF responses 

are generally equal and opposite to the ON response (Coats and Stoltz 1969; Séverac Cauquil et 

al. 1998; Watson et al. 2003). Previously, it has been shown that the GVS postural response can 
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be magnified when the task is dynamic, as during perturbation recovery (Inglis et al. 1995; 

Hlavacka et al. 1999), or even perceived to be dynamic (Smetanin et al. 1988). This 

demonstrates the increased reliance on vestibular feedback in these situations. Overall, these data 

demonstrate the consistency of the vestibular response across our conditions, the predominant 

vestibular contribution to ML responses, and the increased reliance on vestibular feedback 

during the presentation of the multiple platform perturbations. 

 

5.5.5  Anteroposterior CoM and CoP Perturbation Responses  

GVS had little effect in the sagittal plane evidenced by a lack of AP CoM and CoP 

displacements in response to GVS onset and offset. This corroborates conventional work, 

demonstrating that the orientation of the GVS postural response is orthogonal to head position 

(Lund and Broberg 1983).  

 

The posterior platform perturbations induced large AP CoM and CoP responses. Vision 

was able to modify the magnitude of the AP CoM and CoP responses compared to the same 

responses in the NoVISION condition (Figure 5.2B, 5.2C). Previous work has demonstrated that 

the availability of vision can modify platform perturbation responses (Soechting and Berthoz 

1979; Jilk et al. 2013). Specifically, Jilk and colleagues (2013) demonstrated an increase in CoM 

displacement in response to platform translations when vision was available. They attributed this 

increase in CoM displacement to participants riding the motion of the platform perturbation to a 

greater degree. McIlroy and Maki (McIlroy and Maki 1994) additionally show that a difference 

between perturbation responses can occur as a perturbation becomes more predictable. They 

describe that the CoP tends to remain displaced for a longer period of time, prior to the response 
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to the deceleration of the platform. The platform perturbation used in the current experiment had 

both an acceleration phase and deceleration phase. The peak acceleration during the acceleration 

phase occurred approximately 100ms (0.1s) after perturbation onset. The peak acceleration 

during the deceleration phase occurred approximately 700ms (0.7s) after perturbation onset. In 

Figure 5.2A (right), it appears that participants are ‘riding the platform’ to a greater extent in the 

VISION compared to the NoVISION condition between 0.5s and 0.7s after perturbation onset. 

These observations support the notion that participants are likely learning how to alter their 

response to the perturbation over the course of a trial, despite our attempts to mitigate the 

predictability of the perturbations through the use of catch trials. 

 

The differences in the AP CoM and CoP perturbation responses between the NoVISION 

and VISION conditions as well as between perturbation responses within the NoVISION or 

VISION condition might have an important effect on the interpretation of the ML response 

components. While it is possible that the difference in peak AP response magnitudes may 

influence the differences observed in ML responses, we are confident that the changes observed 

in ML components of the postural response result from a recalibration of the vestibular input 

used during initial perturbation and not from differences observed in the AP plane. First, the 

reduction of ML CoM and CoP responses across P1 through P5 (Figure 5.4) and EP1 through 

EP5 (Figure 5.5) is consistent across both NoVISION and VISION conditions whereas AP CoP 

responses in the VISION condition, as well as AP CoM responses in the NoVISION condition, 

were not different from each other (Figure 5.2B, 5.2C). If the differences in the ML component 

of the response were explained by or even correlated with the AP response differences, a 

reduction in the peak magnitudes of AP CoP perturbation responses across P1 through P4 in the 
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VISION condition would be expected as well.  

 

ML CoM and CoP P1 and P2 responses were also always smaller in the VISION when 

compared to the NoVISION condition. However, AP CoM (Figure 5.2B) and CoP (Figure 5.2C) 

P1 and P2 responses were not consistently smaller in the VISION compared to the NoVISION 

condition. Again, if the consistently smaller ML responses at P1 and P2 observed in the VISION 

compared to the NoVISION conditions resulted from changes occurring in the AP plane, it 

would be expected that P1 and P2 AP CoP responses in the VISION condition would be smaller 

than those in the NoVISION condition, which was not the case. 

 

Secondly, Winter and colleagues (1996) show evidence of separate mechanisms for the 

control of AP and ML balance. They model AP balance using an inverted pendulum model that 

pivots about the ankle joint and model ML balance using a hip load/unload model. Furthermore, 

Mian and Day (2014) show that when lightly touching a stable reference during GVS while head 

is turned 45 degrees relative to the feet only stabilizes the ML component of the sway response. 

This work further supports dissociation between AP and ML postural control mechanisms. 

Finally, NoVISION and VISION traces for each participant are an average of both anode left and 

anode right GVS, calculated as [(AnodeR+(-AnodeL))/2]. Thus, any effects due to the platform 

perturbation, which was common to both the anode right and anode left conditions, would be 

removed when averaging anode right with the inverse of the anode left data. This technique has 

been used previously by Inglis and colleagues (1995) to isolate the vestibular contribution to 

postural responses. The lack of consistency between AP and ML response patterns, the evidence 

suggesting separate control of AP and ML balance, and the method of averaging anode left and 



 

104  

right data together provide evidence that the observed ML CoM and CoP postural responses 

result from altering vestibular input and that the modification of the ML EP and P responses 

across perturbations 1 through 5 is due to a somatosensory recalibration of how vestibular 

feedback is during these early and initial perturbation recovery responses. 

 

5.5.6 Conclusion 

In conclusion, the data presented suggest that vision was not used to recalibrate the 

vestibular reafference used during initial perturbation responses. Instead, it appears that 

somatosensory feedback was used to mediate the observed vestibular recalibration. Furthermore, 

we have identified for the first time a vestibular contribution to early components of platform 

perturbation whole body responses. The vestibular contribution to these responses was also 

shown to be recalibrated using somatosensory feedback.  

 

5.6 Bridge summary  

The results of experiment 2 show that the visual feedback provided during a platform 

perturbation was not used to recalibrate the vestibular reafference used during early or initial 

perturbation recovery responses. Participants were able to attenuate the vestibular influence on 

their perturbation responses over the course of multiple perturbations regardless of visual 

availability. In the VISION condition, visual feedback was used to further attenuate initial 

perturbation responses during the first two perturbations suggesting the added reliance on vision 

aided the attenuation of ML body motion. However, following the removal of vision, the ML 

body motion increased during the response to the 4th perturbation. This suggests that when visual 
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feedback was available, it was weighted more heavily to attenuate ML body motion such that, 

when re-occluded, the vestibular influence on initial postural recovery responses increased. 

 

During trials in which visual feedback was not provided, participants were also able to 

reduce the vestibular influence on their initial recovery responses across multiple platform 

perturbations. Well after the removal of GVS (9 seconds), rather than disappearing due to the 

removal of the GVS, the early and initial ML body motion during the final perturbation response 

was biased in the opposite direction compared to the responses observed during the first four 

perturbations. Additionally, the magnitude of the fifth response was well predicted by the 

reduction in response that occurred between perturbations 1 and 4. The after effect observed in 

the response to the fifth perturbation in both visual condition, following the removal of GVS 

suggest that somatosensory, rather than visual, feedback may have been used to facilitate the 

recalibration of the vestibular reafference used during the early and initial response during a 

platform perturbation.  

 

Despite evidence that participants may be using somatosensory information to recalibrate 

vestibular feedback during this experiment, specific instructions to attend to somatosensory 

feedback to alter perturbation recovery responses were never provided. Previous work has also 

demonstrated that in order for available sensory feedback to influence performance on a given 

task, that feedback must be specifically attended to (Teasdale and Simoneau 2001). As a result, 

experiment 3 builds upon the findings of experiment two by investigating whether specific 

instructions to attend to somatosensory feedback during perturbation recovery could improve the 

recalibration of the vestibular reafference used during initial perturbation recovery responses.
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Chapter 6 Experiment III: Instructions to attend to 
somatosensory feedback for postural control does not improve 

the recalibration of vestibular reafference during initial 
perturbation recovery responses in young healthy adults 

(In preparation for submission to Experimental Brain Research) 

6.1 Abstract 

Previous work has identified that somatosensory feedback is used to recalibrate the gain 

of the vestibular reafference signal during quiet standing. It has also been demonstrated that 

attending to somatosensory feedback can improve the integration of that feedback for controlling 

posture. However, it remains to be established whether instructions to specifically attend to 

somatosensory feedback can recalibrate the vestibular signal used during the postural response to 

a mechanical perturbation. Here, we investigated whether somatosensory feedback can be used 

to recalibrate the vestibular reafference signal used during initial perturbation responses and 

more importantly assessed whether instructions to specifically attend to somatosensory feedback 

could enhance the somatosensory mediated recalibration. Responses to forward perturbations 

during ongoing GVS in the absence of vision were recorded during conditions in which 

participants were or were not instructed to attend to their somatosensory feedback to aid the 

maintenance and realignment of their vertical posture. Results show that in both our conditions, 

participants were able to use somatosensory feedback to recalibrate how their GVS-altered 

vestibular feedback was used during the recovery to a platform perturbation. This was evidenced 

firstly by the attenuation of early and initial ML recovery response components across 

perturbations P1 through P4 (p < 0.04) and secondly, by the presence of an after effect in the 

perturbation response well after the removal of GVS (P5). While an effect of attention was 

observed during the response to the offset of GVS, the instruction to attend to somatosensory 
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feedback to correct posture, contrary to our hypothesis, did not further improve the observed 

somatosensory mediated recalibration compared to when this instruction was not provided. 

 

6.2 Introduction  

Somatosensory, visual and vestibular sensory channels provide information that is both 

unique and redundant regarding the body’s orientation and movement within the environment 

(Peterka 2002). However, when the information from one or more sensory channels becomes 

degraded or altered, the brain must decipher how to compensate for this change in input. One 

model used to describe how the brain adapts to an alteration or reduction in sensory feedback is 

sensory recalibration. 

 

Recalibration, in sensorimotor research, is described as the adaptation of a movement or 

percept, in the presence of altered sensory information, that often occurs through the 

accumulation of error feedback. Once a new behaviour is adapted and the original sensory 

conditions restored, an after effect exists that requires the same (reverse) recalibration process to 

order to retrieve the prior behaviour (Bastian 2008). One type of recalibration, termed sensori-

sensory recalibration, involves the recalibration of the altered feedback provided by one sensory 

channel to align with the information provided by an alternate sensory source. Examples include 

both visual-haptic (Morton 2004; Burge et al. 2010) and visuo-vestibular recalibration (Gonshor 

and Jones 1976; Sturnieks et al. 2005; Héroux et al. 2015; Toth et al 2016, submitted). In these 

examples, Burge and colleagues (Burge et al. 2010) show haptic estimates can be recalibrated to 

vision during the estimation of slant while Sturnieks and colleagues (2005) show that GVS-

altered vestibular feedback can be recalibrated to vision during a navigation task. 
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 Much of the work examining sensori-sensory recalibration has involved visual-vestibular 

interactions (Gonshor and Jones 1976; Sturnieks et al. 2005). However, less work has examined 

interactions between somatosensory and vestibular channels. Recent work by Heroux and 

colleagues (2015) demonstrated that somatosensory feedback could be used to recalibrate the 

gain of the vestibular movement signal for a quiet standing postural task. These authors found 

that after standing on solid ground for a period of time while vestibular feedback was perturbed 

with GVS, participants could improve their postural control when standing on a foam surface in 

the presence of GVS. More recently work by Toth and colleagues (2016, Chapter 5) found 

evidence that somatosensory feedback could be used to recalibrate how a GVS-altered vestibular 

signal was used during a perturbation recovery response. They demonstrated that somatosensory 

feedback could be used to adapt postural responses during GVS-altered vestibular feedback and 

that baseline vestibular feedback was used inappropriately during the perturbation response well 

after the removal of GVS. 

 

Although previous work by Toth and colleagues (2016, Chapter 5) has provided evidence 

that somatosensory feedback is capable of recalibrating the vestibular feedback used during 

recovery from a platform perturbation, it remains uncertain whether specific instructions to 

attend to somatosensory feedback might improve the observed vestibular recalibration. Work by 

Teasdale and Simoneau (2001) has shown that while task related feedback may be available, 

attending to this feedback can further improve sensory integration and motor behaviour. These 

authors demonstrated that centre of pressure speeds in older adults remained elevated when 

comparing between two conditions having different amounts of somatosensory information 

suggesting that although sensory feedback may be available, it must be attended to in order to 
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influence postural control. As a result, the purpose of the current study was to examine whether 

instructions to specifically attend to somatosensory feedback could enhance the ability for 

somatosensory feedback to recalibrate how an altered vestibular signal was used during a 

dynamic postural perturbation.  

 

GVS was used to reversibly alter vestibular feedback in isolation of other sensory sources 

to examine the potential for somatosensory feedback to recalibrate an altered vestibular signal. 

We first hypothesized that participants would be able to use somatosensory feedback to 

recalibrate how their GVS-altered vestibular feedback was used during initial perturbation 

recovery responses. This would be evidenced by the attenuation of ML body motion during the 

initial phase of the perturbation recovery response across multiple perturbations as well as by the 

presence of an after effect, observed as an oppositely directed ML recovery response, during the 

final perturbation, well after the removal of GVS. Secondly, we hypothesized that specific 

instructions to attend to somatosensory feedback would enhance the extent to which individuals 

could attenuate the vestibular influence on their perturbation recovery responses, and as a result, 

would improve the recalibration of their GVS-altered vestibular feedback. This would be 

evidenced by a significantly smaller ML CoM and CoP response following exposure to a 4th 

perturbation during GVS and also by a larger after effect in the perturbation response, well after 

the removal of GVS, when compared to trials where additional instructions were not provided. 

  

6.3 Materials and Methods  

Nine male and three female participants (age 23.0 ± 0.56 years; height 1.80 ± 0.03m; 

mass 67.0 ± 2.30kg; mean ± SE), free from neuromuscular disorder, provided informed written 
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consent prior to participation in the study. The experimental protocol was approved by the 

University of Guelph Research Ethic’s board, which operates according to the standards set by 

the Declaration of Helsinki. 

 

6.3.1 Equipment and Setup  

Participants stood on a Kistler forceplate (model 9281B, Kistler Instrumente AG, 

Winterthur, Switzerland) that was made level with the surface of a hexapod motion platform 

(Mikrolar Inc., NH, USA). The forceplate recorded the ground reaction forces and moments 

(100Hz) from which centre of pressure (CoP) displacements were calculated. Each participant’s 

stance was narrowed to a distance of 4cm, measured between the left and right first metatarsals. 

Participants wore a safety harness that provided enough slack to allow movement about the 

motion platform, yet prevented the occurrence of a fall (no falls were recorded). Each participant 

wore fitted clothing, over which motion capture markers were placed to represent specific 

anatomical locations; including the bilateral temporo-mandibular joints (TMJs), acromia, 

anterior-superior iliac spines (ASISs), and 1st metatarsals. An additional marker was placed on 

the platform in order to record and subtract the motion of the platform from the anatomical 

marker data. Kinematic data were recorded at 100Hz using a 12-camera Optitrak passive motion 

capture system. To control visual availability, participants wore PLATOTM visual occlusion 

spectacles (Translucent Technologies, Toronto, Canada) that contained lenses capable of 

transitioning between transparent and opaque states. 
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6.3.2 Galvanic Vestibular Stimulation and Platform Perturbation  

To perturb vestibular feedback, bipolar binaural GVS (Linear Stimulus Isolator A395, 

World Precision Instruments Inc., FL, USA) was delivered via Ag/AgCl electrodes placed 

bilaterally on the skin overlying the mastoid processes. A trapezoidal stimulus profile was used 

that increased over a period of 4 seconds to a constant level that was 4x each participant’s 

vestibular threshold (minimum 1mA). Vestibular thresholds for each participant were determined 

by observing the lowest amount of current (delivered as a square pulse) required to elicit the 

beginning of a noticeable postural response (range 0.20 – 0.45mA) (Bent et al. 2000). The 

trapezoidal waveform was chosen over a square wave pulse stimulus based on pilot work and the 

recognition that an immediate transition from zero to maximal stimulation is potentially un-

physiological and poorly tolerated by some individuals (Rosengren 2002).  

 

Forward perturbations consisted of 9cm posterior platform displacements with a 

trapezoidal velocity component with peak of 14.0cm/s. The peak platform acceleration was 

1.8m/s2. After each perturbation, the platform was slowly moved back to its starting position 

with a peak velocity and acceleration of approximately 4.0cm/s and 0.5m/s2 respectively. 

Conditions with left, right, and backward perturbations (catch trials) were included in an attempt 

to keep testing conditions unpredictable. A custom built LabVIEW program controlled the 

timing of stimuli and data recording throughout the experimental protocol. 

 

6.3.3 Experimental Protocol 

Participants were first exposed separately to the GVS and platform perturbation motions 

to be used throughout the protocol so as to mitigate first-trial effects (Keshner et al. 1987; Allum 
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et al. 2002). The testing protocol consisted of two blocks of identical trials. In the first block 

(NoSOMAT condition), participants were instructed to maintain a relaxed upright posture 

throughout each trial and to try and avoid taking a step in response to the perturbation. The 

instruction to avoid using a stepping strategy was provided as an attempt to maintain the size of 

the base of support so that CoM and CoP excursions between trials and conditions could be 

compared. In the second block (SOMAT condition), participants were given an additional 

instruction to focus on using somatosensory feedback to help them maintain and realign any 

deviations they detected in their upright posture. An example of somatosensory feedback 

relevant to the task was provided and included attention to shifts in pressure from underneath the 

foot sole. 

 

Both NoSOMAT and SOMAT GVS trials began with participants’ vision occluded 3 

seconds prior to the onset of GVS. Four seconds after GVS reached the desired level, vision was 

made available for 4 seconds. Three seconds after vision was re-occluded, a posterior platform 

motion was delivered and held for 6 seconds. The platform was then slowly repositioned (3 

seconds) and held in place (3 seconds) prior to the second perturbation. The second, third and 

fourth perturbations occurred in an identical manner to the first. Three seconds following the 

repositioning of the platform from the fourth perturbation, GVS was ramped down over a period 

of 4 seconds until off. Four seconds after the offset of GVS, vision was restored for four seconds. 

Three seconds after vision was re-occluded, a fifth and final platform perturbation was delivered. 

The timings of GVS, visual availability and platform perturbation onsets are illustrated in 

Figures 6.1 and 6.3. The timings of all platform perturbations and visual availability were 
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identical in NoGVS trials. However, participants were not exposed to GVS over the entirety of 

the NoGVS trials. 

 

In total, 35 trials were collected; 20 GVS trials (5 anode right and 5 anode left trials were 

randomly conducted for each of the NoSOMAT and SOMAT conditions), 10 NoGVS trials (5 

NoSOMAT and 5 SOMAT) and 5 random catch trials that included at least 1 trial with a 

backward, leftward and rightward perturbation. 

 

6.3.4 Data Processing  

Data processing was performed using visual 3D software (c-motion Inc. MD, USA). The 

kinematic data recorded from each marker were interpolated over a maximum gap of 3 frames 

(30ms) using a second order polynomial. Both kinematic and kinetic data were filtered using a 

second order dual low-pass Butterworth filter with a cut-off frequency of 5Hz. Data from the 

right and left 1st metatarsal markers were each subtracted from the platform marker data and the 

calculated differences were examined to identify a difference of greater than 1cm for any 

perturbation. When a difference greater than 1cm was observed, a step was deemed to have 

occurred and the trial was removed from further analyses (this process resulted in the removal of 

less than 17% of all trials). We used a reduced visual 3D CoM model, comprising head (TMJ 

and acromia markers) and trunk (acromia and ASIS markers) segments. This was constructed 

and used to estimate whole body postural sway. Data from the platform marker were subtracted 

from the CoM data to remove the influence of the platform motion and isolate AP and ML 

whole-body CoM displacements in response to the platform motion. 
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AP and ML displacements of both the CoM and CoP were zeroed relative to the average 

quiet stance position over a period of 500ms immediately prior to the onset of GVS. Anode left 

and anode right AP data for the same condition were averaged together to create AP CoM and 

CoP traces for NoSOMAT and SOMAT conditions. ML CoM and CoP data were separately 

averaged according to the equation [(-anode L + anode R)/2] to create NoSOMAT and SOMAT 

traces for each participant. Averaging the data this way removed the effect of the platform 

perturbation (common to both anode left and right trials) from the ML CoM and CoP data, 

allowing for the examination of the influence of vestibular feedback and the provided 

instructions on the observed responses. This technique has been successfully implemented for 

the same purpose in previous work (Inglis et al. 1995). 

 

To quantify the postural responses to the onset and offset of GVS, the average position 

over a 50ms window 4 seconds after GVS onset (ON) and offset (OFF) (end of the ramp phase) 

was calculated relative to the position immediately prior to GVS onset and offset respectively 

(Figures 6.1 and 6.3). The initial platform perturbation response components (labeled P1, P2, P3, 

P4 and P5) were calculated as the difference between the peak displacement within a 3 second 

window after perturbation onset and the average position (over a 500ms window) immediately 

prior to perturbation onset. To determine if the ML CoM and CoP P5 after effect response 

matched the change in response from P1 to P4, the difference between the P1 and P4 responses 

(P4-P1; labeled in Figure 4) was calculated for both the NoSOMAT and SOMAT conditions.  

 

An early response component was additionally observed in the ML CoP data, directed in 

the opposite direction of the P1-P5 responses and within the first 500ms after the perturbation 
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onset. The peak of the early ML CoP responses relative to the CoP position (500ms average) 

prior to each perturbation was calculated for each perturbation (EP1, EP2, EP3, EP4 and EP5). 

To determine whether the change in the EP responses between perturbations 1 and 4 matched the 

after effect response observed during the fifth perturbation (EP5), EP4-EP1 was calculated by 

subtracting the EP1 from the EP4 response for both the NoSOMAT and SOMAT conditions. 

 

6.3.5 Statistics  

Prism GraphPad software (version 5.0, GraphPad Software, Inc. CA, USA) was used for 

statistical analyses and statistical tests were performed on AP and ML CoM and CoP data unless 

otherwise stated. All data are expressed as means ± SE and significance was set at p ≤ 0.05. 

Where data were not normally distributed following a Shapiro-Wilk analysis, a Wilcoxon 

matched pairs signed rank test was used instead of a paired t-test and a Friedman test was used 

instead of an ANOVA to test for differences between variables. 

 

Differences between No SOMAT and SOMAT conditions were tested for ON and OFF 

as well as for each of the five perturbation (P1, P2, P3 P4 and P5) and five early perturbation 

(EP1, EP2, EP3, EP4 and EP5) responses using either paired t-tests or Wilcoxon matched pairs 

signed rank tests (Table 6.1). Multiple comparisons between NoSOMAT and SOMAT 

conditions for AP CoM and CoM P responses were corrected using the Sidak method (Abdi 

2007). The absolute magnitude of the ML CoM and CoP OFF responses were also compared to 

ON responses within the NoSOMAT and SOMAT conditions using paired t-tests. 
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Differences between both the P responses and EP responses within the NoSOMAT and 

SOMAT conditions were tested using one way repeated measures ANOVAs or Friedman tests. 

Specifically, ANOVAs were used on ML CoM, ML CoP and AP CoM P response data in the 

SOMAT condition as well as on AP CoM and CoP data in the NoSOMAT condition. Sidak and 

Dunn’s post hoc multiple comparisons tests were respectively implemented when ANOVAs and 

Friedman tests were used to test for differences between AP responses. A priori comparisons 

were made between ML P1 and each of P2, P3 and P4 responses as well as between ML EP1 and 

each of EP2, EP3 and EP4 responses due to the expectation that as participants were exposed to 

multiple perturbations, they would be able to reduce the influence that their altered vestibular 

feedback would have on the ML component of their perturbation response. 

 

P4-P1 and P5 responses were compared within each of the NoSOMAT and SOMAT 

conditions using paired t-tests or Wilcoxon matched pairs signed rank tests. Specifically, t-tests 

were used for CoM and CoP P data in the SOMAT condition and for CoP EP responses in the 

NoSOMAT condition. 
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Table 6.1: Summary of statistical tests used to compare between NoSOMAT and SOMAT 
conditions for each dependent variable. 

 

 

 

6.4 Results 

6.4.1 Anteroposterior Centre of Pressure and Centre of Mass 

GVS onset and offset did not affect AP CoM (Figure 6.1B) or CoP (data not shown) 

displacements and responses did not significantly differ between NoSOMAT and SOMAT 

conditions (ON: CoM p = 0.12 (Figure 6.1B); CoP p = 0.14) (OFF: CoM p = 0.73 (Figure 6.1B); 

CoP p = 0.88). 

 

 

 

 

 

 

NoSOMAT	vs.	SOMAT	

AP	CoM	

ON	 Paired	t-test	 Paired	t-test	 ON	

ML	CoM	

OFF	 Wilcoxon	matched	pairs	signed	rank	test	 Paired	t-test	 OFF	
P1	 Paired	t-test	 Wilcoxon	matched	pairs	signed	rank	test	 P1	
P2	 Paired	t-test	 Paired	t-test	 P2	
P3	 Paired	t-test	 Paired	t-test	 P3	
P4	 Paired	t-test	 Paired	t-test	 P4	
P5	 Paired	t-test	 Wilcoxon	matched	pairs	signed	rank	test	 P5	

AP	CoP	

ON	 Paired	t-test	 Paired	t-test	 ON	

ML	CoP	

OFF	 Paired	t-test	 Paired	t-test	 OFF	
P1	 Wilcoxon	matched	pairs	signed	rank	test	 Paired	t-test	 P1	
P2	 Paired	t-test	 Wilcoxon	matched	pairs	signed	rank	test	 P2	
P3	 Wilcoxon	matched	pairs	signed	rank	test	 Paired	t-test	 P3	
P4	 Paired	t-test	 Paired	t-test	 P4	
P5	 Paired	t-test	 Wilcoxon	matched	pairs	signed	rank	test	 P5	

	 	 	 	 	
Wilcoxon	matched	pairs	signed	rank	test	 EP1	

	 	 	 	 	
Wilcoxon	matched	pairs	signed	rank	test	 EP2	

	 	 	 	 	
Wilcoxon	matched	pairs	signed	rank	test	 EP3	

	 	 	 	 	
Paired	t-test	 EP4	

	 	 	 	 	
Paired	t-test	 EP5	
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Figure 6.1: A: AP CoM displacement for NoSOMAT (black) and SOMAT (grey) conditions. 
The dashed horizontal line shows the timing and magnitude of GVS for both conditions. EO and 
EC denote periods of visual availability and visual occlusion respectively for both conditions. 
Each vertical dotted line, P1 through P5, represent the onset of the 9 cm backward platform 
translations. The areas where ON and OFF variables were calculated have been labeled on the 
figure. B: AP COM ON and OFF responses for NoSOMAT (black) and SOMAT (white) 
conditions. 
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In response to the platform perturbations, AP CoM and CoP moved forward before 

recovering within approximately 1 second following the onset of the perturbation (Figure 6.2A). 

No differences were found between the NoSOMAT and SOMAT conditions for either AP CoM 

or CoP perturbation responses (P1, P2, P3, P4 and P5) (Figure 6.2B, 6.2C), suggesting that 

participants gained no added benefit from instructions to use somatosensory feedback to correct 

and maintain their vertical posture. When comparing between perturbations within the 

NoSOMAT condition, the peak AP CoM P1 response was found to be significantly smaller than 

the responses for P3, P4, and P5 while the AP CoP P1 response was significantly larger than P2, 

P3, P4 and P5 responses. The change in CoM and CoP responses across the perturbations 

suggest participants may be predicting and riding the platform perturbation as exposure to the 

platform perturbation increased. In the SOMAT condition no significant differences were found 

between AP CoM or CoP perturbation responses, suggesting that participants, by the time the 

SOMAT trials were implemented, may have adapted their AP perturbation recovery response. 

AP CoM and CoP P1 through P5 response magnitudes can be found in Table 6.2. 

 

Table 6.2: AP P1-P5 CoM and CoP magnitudes (cm) for NoSOMAT and SOMAT conditions. 
AP Condition P1 P2 P3 P4 P5 

CoM 
NoSOMAT 5.86 ± 0.16 6.11 ± 0.20 6.44 ± 0.20 6.48 ± 0.18 6.31 ± 0.25 

SOMAT 5.84 ± 0.22 6.04 ± 0.25 6.10 ± 0.24 6.17 ± 0.24 6.01 ± 0.24 

CoP 
NoSOMAT 5.66 ± 0.21 5.13 ± 0.14 4.97 ± 0.14 4.93 ± 0.16 5.35 ± 0.15 

SOMAT 5.31 ± 0.18 5.13 ± 0.17 4.95 ± 0.19 5.02 ± 0.16 5.17 ± 0.14 
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Figure 6.2: A: Ensemble AP CoP displacements in response to platform perturbations P1 through 
P5 for both NoSOMAT (left) and SOMAT (right) conditions. Trials have been aligned to the 
vertical dotted line, which indicates the onset of each platform perturbation. B: Peak AP CoP 
displacements in response to platform perturbations (P1 through P5) for both NoSOMAT (black 
bars) and SOMAT (white bars) conditions. 
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6.4.2 Mediolateral Centre of Mass and Centre of Pressure  

In response to the GVS onset, participants exhibited CoM and CoP postural responses in 

the direction of the anode electrode with magnitudes of 0.8 and 1.0cm respectively (Figure 

6.3A). ON responses were not different between NoSOMAT and SOMAT conditions (CoM p = 

0.47 (Figure 6.3B); CoP p = 0.42). In response to GVS termination, OFF responses were directed 

toward the cathode electrode (Figure 6.3A). Interestingly, CoM and CoP OFF responses in the 

NoSOMAT condition were significantly larger than those in the SOMAT condition (CoM p = 

0.04; CoP p = 0.02). Additionally, the absolute magnitude of the OFF response was significantly 

larger than the ON response within the NoSOMAT condition (CoM p = 0.04; CoP p = 0.05). 
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Figure 6.3: A: ML CoM displacements for NoSOMAT (black) and SOMAT (grey) conditions. 
The dashed horizontal line shows the timing and magnitude of GVS for both conditions. EO and 
EC denote periods of visual availability and visual occlusion respectively for both conditions. P1 
through P5 at each vertical dotted line represent the onset of each 9cm backward platform 
translation. The areas from which ON and OFF variables were calculated are labeled on the 
figure. B: ML COM ON and OFF responses for NoSOMAT (black) and SOMAT (white) 
conditions. * denotes a significant difference between NoSOMAT and SOMAT conditions. 
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 P1 through P4 CoM (Figure 6.4A) and CoP (data not shown) perturbation responses were 

directed toward the anode electrode and were not different between NoSOMAT and SOMAT 

conditions (CoM: P1 p = 0.26; P2 p = 0.24; P3 p = 0.45; P4 p = 0.18) (CoP: P1 p = 0.22; P2 p = 

0.31; P3 p = 0.33; P4 p = 0.18) (Figure 6.4B). A significant reduction in the size of CoM (Figure 

6.4B) and CoP (data not shown) postural responses was observed from P1 to P4 in both the 

NoSOMAT and SOMAT conditions (P1>P4, p < 0.04) (Figure 6.4B). Eleven seconds after the 

removal of GVS, P5 responses to the final perturbation were directed toward the cathode and did 

not differ between NoSOMAT and SOMAT conditions (CoM p = 0.17 (Figure 4C); CoP p = 

0.43). Moreover, CoM (Figure 6.4C) and CoP (data not shown) P5 and P4-P1 responses were 

also not significantly different from each other within either the NoSOMAT (CoM p = 0.91; CoP 

p = 0.42) and SOMAT (CoM p = 0.19; CoP p = 0.32) conditions. 
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Figure 6.4: A: Ensemble ML CoM displacements in response to platform perturbations (P1 
through P5) for both NoSOMAT (left) and SOMAT (right) conditions. Trials are aligned to the 
vertical dotted line, which indicates the onset of each platform perturbation. B: Peak ML CoP 
displacements in the direction of the anode in response to P1 through P5 for both NoSOMAT 
(black bars) and SOMAT (white bars) conditions. * denotes a significant difference between 
NoSOMAT and SOMAT conditions for a given perturbation. ϕ denotes a significant difference 
compared to NoSOMAT P1 and γ denotes a significant difference compared to SOMAT P1. C: 
ML CoM displacement for NoSOMAT and SOMAT P5 responses (black) and the predicted P5 
responses based on the reduction in response observed between P1 and P4 (P4-P1) (grey). 
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The early CoP perturbation response (EP) was directed toward the cathode in response to 

perturbations 1 through 4 and toward the anode in response to the fifth perturbation (Figure 

6.5A). These early CoP responses in the NoSOMAT and SOMAT conditions did not differ for 

any perturbation (p > 0.10) (Figure 6.5B). However, a significant reduction in the early response 

was observed across EP1 through EP4 within both the NoSOMAT and SOMAT conditions 

(E1>E4, p = 0.04) (Figure 5B). EP5 and EP4-EP1 responses did not significantly differ from 

each other within either the NoSOMAT (p = 0.76) and SOMAT (p = 0.91) conditions (Figure 

6.5C). Platform perturbation response magnitudes can be observed in Table 6.3. 

 

Table 6.3: ML initial (P1-P5) CoM and CoP response magnitudes and ML early (E1-E5) CoP 
response magnitudes (units in cm) for both NoSOMAT and SOMAT conditions  

ML CoM CoP 

Initial NoSOMAT SOMAT NoSOMAT SOMAT Early NoSOMAT SOMAT 

P1 0.81 ± 0.08 0.74 ± 0.15 1.78 ± 0.17 1.49 ± 0.25 E1 -0.54 ± 0.12 -0.49 ± 0.16 

P2 0.51 ± 0.05 0.59 ± 0.08 1.18 ± 0.13 1.21 ± 0.18 E2 -0.39 ± 0.13 -0.30 ± 0.09 

P3 0.42 ± 0.11 0.44 ± 0.05 0.93 ± 0.21 1.05 ± 0.13 E3 -0.44 ± 0.11 -0.21 ± 0.10 

P4 0.33 ± 0.07 0.42 ± 0.06 0.76 ± 0.16 0.93 ± 0.12 E4 -0.27 ± 0.08 -0.18 ± 0.07 

P5 -0.51 ± 0.08 -0.59 ± 0.07 -1.09 ± 0.14 -1.02 ± 0.25 E5 0.29 ± 0.09 0.26 ± 0.11 

P4-P1 -0.47 ± 0.11 -0.33 ± 0.15 -1.20 ± 0.15 -0.56 ± 0.29 E4-E1 0.25 ± 0.06 0.30 ± 0.19 
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Figure 6.5: A: Early Ensemble ML CoP platform perturbation responses (labeled E1 through E5) 
during both NoSOMAT (left) and SOMAT (right) conditions. The vertical dotted line indicates 
the onset of each platform perturbation. B: Peak ML CoP perturbation responses (E1 through 
E5) for both NoSOMAT (black bars) and SOMAT (white bars) conditions. ϕ denotes a 
significant difference from NoSOMAT E1 and γ denotes a significant difference compared to 
SOMAT P1. The p-value shows a trending difference between SOMAT E1 and E3. C: 
NoSOMAT and SOMAT ML CoP recorded E5 responses (black) as well as the hypothetical E5 
displacement predicted by the reduction in response between E1 and E4 (E4-E1) (grey). 
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6.5 Discussion 

The current study examined whether somatosensory feedback could be used to recalibrate 

the vestibular signal during perturbation recovery responses and whether instructions to 

specifically attend to somatosensory feedback could enhance the recalibration. It was first 

hypothesized that participants would be able to use somatosensory feedback to counteract the 

influence of altered vestibular feedback on their ML perturbation recovery response. We found 

that participants were able to significantly attenuate the magnitude of their ML body motion 

during the initial phase of their perturbation recovery response across the first four perturbations. 

It was then expected that if the response to GVS-altered vestibular signal had been recalibrated 

using somatosensory feedback, restoring baseline vestibular feedback by removing GVS would 

lead to a reversal of the ML perturbation recovery response. That is exactly what we found in 

both conditions. Finally, providing instructions to attend to somatosensory feedback was 

expected to improve participants’ ability to counteract the influence of their GVS biased 

vestibular signal on their recovery responses. However, we found no significant difference 

between our conditions for any perturbation, indicating that added instructions to attend to 

somatosensory feedback provided no benefit for enhancing the somatosensory mediated 

vestibular recalibration. The implications of these findings are discussed in the following 

sections.  

 

6.5.1 CoM and CoP ON and OFF Responses to GVS  

GVS onset and termination did not produce consistent AP CoM and CoP responses 

(Figure 6.1). This corroborates previous work that demonstrated binaural bipolar GVS creates a 

vestibular perturbation along the interaural axis (Séverac Cauquil et al. 1997). Therefore, when 
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the head is facing forward, as was the case in the current study, GVS delivered this way elicits a 

predominantly ML postural response that attempts to restore equilibrium (Lund and Broberg 

1983; Séverac Cauquil et al. 2000). The ML CoM and CoP ON responses observed here 

corroborate previous findings, as clear responses (ML CoM, 0.8cm; ML CoP, 1.0cm) were 

directed toward the anode electrode and were similar in magnitude between the NoSOMAT and 

SOMAT conditions (Figure 6.3).  

 

Previous work has demonstrated that in response to terminating GVS, an equal and 

opposite ‘off’ response is observed in both the muscle electromyography recording (Watson et 

al. 2003) as well as in whole body movement (Day et al. 1997). However, terminating the 

vestibular stimulus resulted in a ML OFF response that was significantly larger in the 

NoSOMAT condition compared to the SOMAT condition (Figure 6.3B). Moreover, the 

magnitude of the NoSOMAT OFF response was larger than the ON response. It has been shown 

that during situations of dynamic stability, vestibular feedback is relied upon to a greater degree 

to control posture (Smetanin et al. 1988; Inglis et al. 1995; Hlavacka et al. 1999; Bent et al. 

2002b). Therefore, the dynamic environment presented to the postural control system across 

perturbations 1 through 4, may have led to an increase in vestibular weighting such that the 

vestibular perturbation caused by removing the GVS produced a larger postural response in the 

NoSOMAT condition.  

 

In the SOMAT condition ON and OFF responses did not differ. The fact that the OFF 

response was not larger than the ON in the SOMAT condition may be attributed to the 
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instructions participants were given in this conditions to attend to somatosensory feedback for 

maintaining and realigning a vertical posture during this period of quiet standing.  

 

6.5.2 Antero-Posterior Perturbation Responses  

Large anterior CoM and CoP displacements were observed in response to the posterior 

platform perturbations (Figure 6.2A). Response magnitudes were not different between the 

NoSOMAT and SOMAT conditions for any perturbation suggesting that the additional 

instructions provided in the SOMAT condition did not affect AP perturbation responses.  

 

When observing response magnitudes across the perturbations within either the 

NoSOMAT or SOMAT conditions, response magnitudes that consistently decreased across the 

subsequent perturbations would provide evidence of an adaptation to the AP perturbation. We 

found that AP CoM and CoP perturbation response magnitudes in the SOMAT condition were 

not different across the 5 perturbations. In the NoSOMAT condition, there was also no evidence 

of a consistent adaptation in the AP response across the 5 perturbations. Overall, the AP 

perturbation in the current study was successfully used to create a dynamic environment that has 

previously shown to require reliance on vestibular feedback for postural control (Inglis et al. 

1995).  

 

6.5.3 Recalibration of vestibular reafference during initial perturbation recovery 

responses 

The ML response during the initial phase of perturbation recovery was directed toward 

the anode in response to the first four platform perturbations (P1 to P4) and reversed in direction 
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(toward the cathode) in response to the final perturbation (P5), well after the removal of GVS 

(Figure 6.4). Participants were able to attenuate the influence of the GVS on both EP and P 

responses in both the NoSOMAT and SOMAT conditions, leading to a significant reduction of 

ML recovery response at EP4 and P4 compared to the response at EP1 and P1 respectively. This 

reduction may be attributed to an increased weighting of somatosensory feedback during the 

perturbation response. Previous work has demonstrated larger vestibular responses when 

somatosensory feedback is altered (Hlavacka and Horak 2006) or absent (Day and Cole 2002), 

suggesting that when reliable somatosensory feedback is available, it is used to reduce the 

influence of a vestibular perturbation on postural control.  

 

A key attribute of sensory recalibration, as opposed to sensory weighting, involves the 

presence of an after effect in the response following the restoration of sensory feedback that had 

been previously altered (Ernst and Di Luca 2011; Wright et al. 2014). As a result, it was 

hypothesized that had somatosensory feedback been used to recalibrate how vestibular feedback 

was interpreted during postural responses over the first four perturbations, a reversal of the ML 

component of the final posterior platform perturbation response (P5) would be observed. We 

found that participants did exhibit an EP and P5 response that was actually reversed in direction, 

relative to the EP and P responses observed in response to perturbations 1 through 4. 

Interestingly, the magnitudes of the early and initial final perturbation responses matched the 

change in the ML response observed from perturbation 1 to 4 when GVS was ongoing. We 

therefore believe that participants were using somatosensory information, provided during the 

perturbations to detect and reduce their ML movement influenced by the GVS-altered vestibular 

feedback. As a result they recalibrated how their GVS-altered vestibular feedback was used to 
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respond to the mechanical perturbation. Well after GVS was turned off, the previous 

recalibration of the GVS-altered vestibular feedback resulted in the original baseline vestibular 

feedback being misinterpreted, causing an after effect in the ML component of the last 

perturbation response, observed as a postural response in the opposite direction. These findings 

corroborate previous recalibration work showing an after effect in the behavioural response 

following the removal of the sensory stimulus (Block and Bastian 2012; Wright et al. 2014). 

  

6.5.4 Attending to Somatosensory Feedback Does not Improve Vestibular 

Recalibration 

In the current study it was anticipated that when instructed to attend to somatosensory 

feedback, specifically feedback providing information about pressure changes under the feet, 

participants would be able to attend to this feedback to better detect and counteract the influence 

of their GVS-altered vestibular feedback on initial postural responses. Teasdale and Simoneau 

(2001) have demonstrated the importance of attention in young and older adults when integrating 

somatosensory feedback for postural control in the absence of vision. Additionally, work 

recording from the somatosensory cortex in primates has established a role for attention to 

enhance neural responses in areas responsible for tactile perception (Meftah et al. 2002; 

Chapman and Meftah 2005). Therefore, when participants were provided specific instructions to 

attend to somatosensory input, it was believed that this information would aid the maintenance 

and recovery of their vertical posture in the SOMAT condition. We did not, however, see any 

evidence that participants could further prevent their GVS-influenced body movement, as no 

differences were found between SOMAT and NoSOMAT ML P (Figure 6.4) or EP (Figure 6.5) 

perturbation responses at any perturbation. As a result, it appears that while participants were 
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able to, perhaps subconsciously, use somatosensory information to help align their bodies during 

this task, added instructions to focus on specific somatosensory feedback to aid postural 

maintenance and realignment did not improve the recalibration. 

 

There is evidence to suggest that as the difficulty of a postural task increases, allocating 

attention to the postural task becomes more relevant (Redfern et al. 2002). Previous work has 

shown that increased attention to sensory feedback is required in older adult populations during 

quiet standing (Teasdale and Simoneau 2001) and perturbation recovery tasks (Brown et al. 

1999; Brauer et al. 2002). Moreover, older adults demonstrate significantly higher attention 

demands for postural control compared to younger adults during dual task experiments involving 

platform translation perturbations (Brown et al. 1999).  

 

In the current study, the postural task may not have required additional attention to 

somatosensory feedback in our young, healthy population to improve the recalibration of 

vestibular feedback in the SOMAT condition. Previous studies have successfully used a 

concurrent cognitive task during postural control to establish the attention required for a given 

postural task (Brauer et al. 2002; Woollacott and Shumway-Cook 2002). By adding a concurrent 

cognitive task to the postural control task in NoSOMAT condition the current study, attention 

may be divided between the two tasks enough to hinder the somatosensory mediated 

recalibration of vestibular feedback. As a result, the ability to improve the somatosensory 

mediated recalibration of vestibular feedback may become apparent when instructions are 

provided to allocate attention to somatosensory feedback for the postural control task. 
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6.5.5 Conclusion  

Overall, participants were able to subconsciously use somatosensory input to recalibrate 

how their vestibular feedback was used during a perturbation recovery response. However, 

additional instructions to attend to specific somatosensory feedback for maintaining and 

realigning posture did not improve the recalibration of vestibular feedback used during 

perturbation recovery in our young healthy adults. This may be attributed to the requirement to 

divide attention away from the postural task in the current paradigm. In doing so, a reduction in 

postural control may occur, such that instructions to attend to somatosensory feedback could lead 

to an improvement of the recalibration of vestibular input during this perturbation recovery task. 
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Chapter 7 General Discussion   

7.1 Summary of Findings  

 The research experiments of this thesis have investigated the recalibration of the 

vestibular reafference used during perturbation recovery. In experiment I, we demonstrated that 

in response to hypothesis 1 (see Chapter 2 for thesis hypotheses), visual vertical and horizontal 

references were used to aid the realignment of a GVS-shifted postural equilibrium. As a result, it 

was believed that vision had been used to recalibrate the vestibular interpretation of vertical and 

that this would influence the re-establishment of postural equilibrium following a perturbation. 

We confirmed this belief by demonstrating, in accordance with hypothesis 2, an after effect in 

final equilibrium position after terminating GVS. This after effect was observed as a shift of 

postural equilibrium away from upright and in the opposite direction (toward the cathode). In 

experiment II, participants were able to attenuate the GVS-altered vestibular influence on their 

postural responses regardless of visual availability, which led to a rejection of hypothesis 3. 

Moreover, after re-occluding vision, participants’ GVS-altered vestibular feedback was used 

again to influence body motion during the perturbation response and negated any visually aided 

attenuation in the postural response. This led us to reject hypothesis 4 and in addition to our 

rejection of hypothesis 3, led us to conclude that somatosensory, rather than visual feedback may 

be altering the vestibular influence on early and initial perturbation responses. In support of 

hypothesis 5, participants did exhibit an after effect in their initial perturbation response, 

observed as mediolateral body motion in the opposite direction, toward the cathode. This 

provided evidence of vestibular recalibration during the response to a platform perturbation. 

However, in contrast to hypothesis 5, this aftereffect was observed in both visual conditions. 

Together, the evidence provided in answering hypotheses 3, 4 and 5 suggest that the recalibration 
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of the vestibular reafference used during initial perturbation recovery responses was mediated by 

somatosensory, rather than visual feedback. In experiment III, we investigated whether specific 

instructions to attend somatosensory feedback could improve the recalibration of vestibular 

reafference during a perturbation. We found that our young healthy participants gained no 

benefit from additional instructions to attend to somatosensory feedback for improving the 

recalibration of their vestibular reafference. This finding led us to reject hypothesis 6. Together, 

experiments I, II and III highlight the capability for visual and somatosensory feedback to 

recalibrate how vestibular reafference is used during different phases of a dynamic postural 

recovery task. The significance of this work relative to the current body of literature is discussed 

in the following sections. 

 

7.2 Vestibular Recalibration  

 Previous work examining visuo-vestibular recalibration has focused on oculomotor 

behaviour. Specifically, work using spectacles with prism lenses that reverse the visual motion of 

the environment, has demonstrated an observed reversal of the VOR after a period of adaptation 

in both cats (Mandl et al. 1981) and humans (Gonshor and Jones 1976; Berthoz et al. 1981; 

Harris et al.). These studies provide evidence that visual feedback can recalibrate the vestibular-

generated VOR. When specifically using GVS to alter vestibular feedback, a torsional 

oculomotor response can be observed (Watson et al. 1998; Séverac Cauquil et al. 2003). 

Previous work has shown that visual feedback can reduce the gain of the torsional VOR response 

(Leigh et al. 1989). The torsional VOR can also be adapted to altered visual feedback using 

prism spectacles during whole body rotations (Berthoz et al. 1981). However, it remains to be 

seen whether visual feedback can recalibrate the GVS-induced vestibular torsion response. 



 

136  

Vestibular information is also very important during gait. Research has demonstrated that 

vestibular information specifically influences gait trajectory (Fitzpatrick et al. 1999; Bent et al. 

2000) and that visual feedback can alter vestibular contributions during walking (Sturnieks et al. 

2005; Carlsen et al. 2005). Carlsen and colleagues (2005) used prism goggles to perturb visual 

feedback during GVS and found that when both inputs remained relevant to the task of walking, 

the brain integrated feedback from both sensory sources equally. However, Sturnieks et al. 

(2005), found that after using GVS to perturb the vestibular signal to indicate rotation during 

walking, visual feedback could be used to recalibrate the altered vestibular signal to instead 

indicate a ‘straight ahead’ trajectory. After vision was used to recalibrate vestibular feedback, 

removing the vestibular perturbation produced deviations in walking paths directed in the 

opposite direction. This final test demonstrated the after effect and ultimately, the presence of 

recalibration. Importantly, the GVS perturbation in this aforementioned study was conducted 

with the head bent forward, which isolates vestibular contributions to yaw rotation (Mian et al. 

2010; St George et al. 2011), which is more applicable to navigation. When the head is upright, 

GVS evokes shifts in whole body CoM and CoP trajectories toward the anode electrode that 

threaten postural control (Lund and Broberg 1983; Fitzpatrick and Day 2004). This difference in 

the interpretation of vestibular reafference during walking and postural control tasks necessitates 

the examination of vestibular recalibration during postural control. 

 

Recently, work by Heroux and colleagues (2015) used a GVS signal that fluctuated to 

enhance the gain of the vestibular afferent signal during head movement in the absence of vision. 

These authors demonstrated that both visual and somatosensory feedback could be used to 

recalibrate the gain of the vestibular signal during a quiet standing postural task, such that when 
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the vestibular stimulus was removed, participants had poorer postural control compared to before 

being exposed to GVS. Evidence from recalibration work suggests that when sensory estimates 

regarding a perception or behaviour do not agree, the less reliable estimate is often realigned to 

match the more reliable one (Burge et al. 2010). Work pairing GVS with platform perturbations 

(Inglis et al. 1995; Hlavacka et al. 1999) and tendon vibrations (Smetanin et al. 1988) shows that 

vestibular feedback becomes relied upon to a greater degree during dynamic tasks. This change 

in the reliability of vestibular feedback may hinder the ability for this feedback to be recalibrated 

to visual and/or somatosensory estimates. This work demonstrates that although the reliance on 

vestibular feedback for postural control is increased during a perturbation recovery task, the 

brain is still capable of using visual and/or somatosensory feedback to recalibrate how vestibular 

reafference is used for postural control. Interestingly, we found that visual and somatosensory 

feedback were optimized for recalibrating how vestibular reafference was used during different 

phases of the recovery from a platform perturbation. Where somatosensory feedback was able to 

recalibrate the vestibular influence on initial perturbation responses, vision was did not have an 

impact until later and was used to alter the re-establishment of vertical equilibrium following the 

platform perturbation. The implications of this task-dependent sensory recalibration are 

discussed in the following section. 

 

7.3 Visual and Somatosensory Feedback Recalibrate how Vestibular 

Reafference is used During Different Phases of Perturbation Recovery 

The GVS postural response in healthy individuals largely consists of a whole body 

postural sway or tilt toward the anode electrode that is maintained until the termination of the 

vestibular stimulus (Day et al. 1997; Séverac Cauquil et al. 2000; Fitzpatrick and Day 2004). 
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Interestingly, when GVS is applied to a deafferented subject, the observed lateral response is 

continuous and consists of lateral ‘step’ and ‘ramp’ response components (Day and Cole 2002). 

This continuous response was able to be recreated in healthy individuals with altered 

proprioceptive feedback from the foot and ankle (Wardman et al. 2003), suggesting that 

somatosensory feedback is preferentially used to specifically halt the movement or ramp 

component of the GVS response. The findings of this thesis support the use of somatosensory 

feedback during more dynamic body movement as this feedback was preferentially used to 

recalibrate vestibular contributions to initial perturbation recovery responses, when the body was 

moving. 

 

The platform perturbations used in experiments II and III, which first perturb the body 

literally from the ground up, can also be used to explain the observed somatosensory mediated 

recalibration of vestibular feedback during initial recovery responses. By using this type of 

mechanical perturbation, somatosensory feedback regarding the motion of the body is arguably 

provided before visual motion feedback. This is supported by work examining muscle activation 

(Nashner 1977) and body segment motion (Hughes et al. 1995) onsets during platform 

perturbations that begin at the lower limb. This early activation of somatosensory feedback may 

support rapid alteration of the vestibular contribution to the initial perturbation recovery response 

described in projects II and III. Perhaps visual feedback may have exerted a greater influence on 

vestibular contributions to earlier components of the perturbation response had an upper body 

perturbation, which would have delayed the relay of somatosensory feedback from the support 

surface, been used instead. 
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Visual feedback, in the current thesis, is shown to recalibrate the vestibular feedback that 

is used for re-establishing equilibrium following initial perturbation responses. The ability for 

vision to provide orientation-rich feedback has been well documented (Jenkin et al. 2003; Harris 

2010; Dearing and Harris 2011). Work in patients with congenital nystagmus demonstrates that 

visual orientation feedback, rather than dynamic cues are largely used to control posture 

(Guerraz et al. 2000). These authors attribute the visual control of posture to low-frequency 

sampling of the visual scene. This is corroborated by research using visual flow stimuli, 

demonstrating that vision exhibited the greatest sensitivity to motion perception when the 

frequency of stimulation was low (Lestienne et al. 1977; Karmali et al. 2014). Alternatively, 

somatosensory feedback from cutaneous receptors (Strzalkowski et al. 2015) and muscle 

spindles (Burke et al. 1976) show a coding for frequencies up to 250 and 220Hz respectively, 

supporting the preferential role for somatosensory feedback to influence or encode more rapid 

postural responses. As a whole, this line of research supports the use of visual information to 

report low frequency input, and somatosensory sources to code for higher frequency information. 

This provides evidence to explain why visual feedback in the current thesis experiments is 

preferentially used by the postural control system to recalibrate the vestibular reafference used 

during the maintenance and reestablishment of vertical equilibrium rather than during initial 

perturbation responses. 

 

7.4 Where in the Brain is Vestibular Information Recalibrated?  

Neural recordings in primate brains and fMRI scans of human brains have identified 

numerous regions that process vestibular information. Lobel and colleagues (1998; 1999) used 

GVS during fMRI recordings in humans to identify vestibular activity in the vestibular nuclei, 
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cortical areas PIVC, 3aV and 2V along the intraparietal sulcus and frontal lobe premotor areas. 

More recently, neural recordings from additional cortical areas along the temporo-parietal sulcus 

have shown vestibular mediated activation, including the ventral intraparietal (VIP) area (Chen 

et al. 2011b) and visual posterior sylvian (VPS) area (Chen et al. 2011a). The importance of the 

cerebellum for processing vestibular information has also been extensively studied, especially 

with regard to the control of the VOR (Angelaki and Hess 1994a; Ito 1998). Although, many 

cortical areas showing vestibular mediated activation do not receive input directly from primary 

or even secondary vestibular afferents. The thalamus, previously considered a relay centre for 

sensory signals travelling to the cortex, has more recently been described as a very important 

structure for the processing of vestibular information and also for the integration of multiple 

sources of sensory feedback (Wijesinghe et al. 2015). In fact, specific regions of the thalamus 

have been shown to project to cortical areas of vestibular processing, including the PIVC 

(Akbarian et al. 1992) and intraparietal sulcus (Brandt and Dieterich 1999). 

 

It is well known that the thalamus receives projections from the visual system via the 

LGN (Kandel et al. 2000). Vestibular projections from medial vestibular nuclei have also been 

mapped to the LGN (Lopez and Blanke 2011). Work examining the effect of blur on the visual 

perception of orientation demonstrated that a high degree of blur was required to significantly 

alter orientation perception, suggesting that the visual processing of orientation may occur very 

early along the visual pathway. This notion is supported by very recent work, identifying that the 

thalamus does indeed send orientation tuned signals to the primary visual cortex (Sun et al. 

2015). Moreover, patients recovering from stroke who demonstrate pusher syndrome, in which 

the body pushes or leans to the side contralateral the brain lesion, show an abnormality in being 
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able to perceive the body’s alignment with gravity (Karnath 2007). These symptoms have also 

been demonstrated in individuals with posterior thalamic lesions as well as with lesions of 

adjacent brain structures (Karnath et al. 2005), and have shown to be corrected for using GVS 

(Krewer et al. 2013).  

 

Somatosensory processing has also been shown to occur in the posterolateral thalamus 

(Barra et al. 2010), which receives vestibular input from the MVN and SVN (Wijesinghe et al. 

2015). Work comparing healthy individuals to patients with somatosensory loss has 

demonstrated that interactions between vestibular and somatosensory information are dependent 

on the function of the posterolateral thalamus (Barra et al. 2010). Furthermore, Bronstein (1999) 

demonstrated the importance of vestibular-somatosensory integration for controlling body 

posture with respect to verticality. Overall these studies implicate a role for the thalamus for 

integrating of both visual and somatosensory with vestibular orientation feedback to influence 

perception and postural control. While the thalamus is not unique in its ability to integrate 

information from multiple sensory sources for postural control, we do consider this structure a 

strong candidate for the location of the visual and somatosensory mediated vestibular 

recalibration observed in the projects comprising this thesis. 

 

Previous research has provided strong evidence that premotor areas are responsible for 

producing efference copy signals with which sensory reafference is compared (Christensen et al. 

2007). Additionally, thalamic and premotor frontal areas are shown to have a high degree of 

connectivity (Wijesinghe et al. 2015). Together, the thalamus and premotor areas may be partly 

responsible for the observed recalibration of sensory reafference used during the perturbation 
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recovery task in this thesis. Further work is required to elucidate the precise cortical areas 

responsible for sensory adaptation and recalibration.  

 

7.5  Future Directions  

This dissertation provides evidence that visual and somatosensory feedback can be used 

to recalibrate vestibular reafference during perturbation recovery. Here, the future directions of 

this work are considered. Firstly, in experiment I, the duration that participants had vision 

available was very short (4 seconds). While evidence exists in support of the observed rapid 

recalibration (Van der Burg et al. 2013), Heroux and colleagues (2015) provide visual feedback 

for minutes to demonstrate visuo-vestibular recalibration during quiet stance. Additionally, it has 

been shown that the more time or trials allowed for the accumulation of error feedback to update 

the expected sensory feedback associated with a given percept or behaviour, the stronger the 

recalibration (Ernst and Di Luca 2011). With a longer period of visual feedback in experiment I, 

perhaps larger aftereffects (measured as deviations of posture toward the cathode) would 

manifest upon the removal of GVS following the platform perturbation.  

 

In experiments II and III, somatosensory feedback was never altered to examine its 

influence on the recalibration of vestibular afference. Many different strategies have been used 

previously to alter the influence of somatosensory feedback on postural control, including having 

participants stand on a compliant surface (Wardman et al. 2003), reducing cutaneous feedback 

using anaesthetic (Meyer et al. 2004) or by ischemic block (Mauritz and Dietz 1980). By 

comparing conditions during which specific somatosensory modalities are modified or not, a 

better understanding can be had of the mechanisms by which somatosensory feedback can 
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recalibrate vestibular feedback. Also, as previously addressed, splitting attention by adding a 

concurrent cognitive component to our postural task may hinder participants’ ability to use 

somatosensory feedback to recalibrate vestibular feedback. As a result, instructions to attend to 

somatosensory feedback may improve the recalibration of vestibular input during this 

perturbation recovery task in a young healthy adult population. 

 

The postural effects observed in the experiments comprising this thesis are relatively 

small, being in the order of millimeters. However, we are confident in the significance of the 

effects, especially given the small vestibular stimulus used. Previous studies have reported using 

GVS currents upwards of 5mA (Watson et al. 1998). Additionally, it has previously been 

determined that the levels of GVS used in the current study (between 1 and 2mA) activate no 

more than approximately 2% of the dynamic range of the vestibular system (Fitzpatrick and Day 

2004). By extending the work in this thesis to examine the ability for visual and somatosensory 

feedback to recalibrate altered vestibular reafference in patients with a unilateral vestibular 

neurectomy, for example, clinical strategies may be adopted to cope with the much larger 

vestibular perturbations and the debilitating symptoms these patients exhibit. 

 

Finally, there is evidence to suggest that there are reductions in the quality of vestibular 

(Iwasaki and Yamasoba 2015) and somatosensory feedback (Sturnieks et al. 2008) that occur 

with age and that older adults increasingly rely on visual feedback for postural control (Yeh et al. 

2014). However, degradations in visual feedback are also observed with age and there is 

evidence that impaired vision leads to an increased incidence of falls in older adults (Black and 

Wood 2005). Therefore, extending the work presented in this thesis to an older population may 
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lead to a better understanding of the integration of sensory feedback that has degraded across 

multiple modalities. Specifically, sensory declines may necessitate alternate integration strategies 

as reductions in somatosensory and/or visual feedback may lead to improper recalibration of 

vestibular reafference, hindering the ability for vestibular responses to appropriately maintain or 

restore postural equilibrium.  
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