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Abstract 
 

The vestibular system conveys information regarding head motion to the central nervous 

system (CNS). Independently, this vestibular signal of head motion does not provide an absolute 

reference of head motion as the frequency coding of the afferent nerves is influenced by 

adaptation properties and nonlinearities. The optic flow signal of head rotation from the visual 

system however, is spatially encoded and can function as an absolute reference. The aim of this 

study was to determine if a visual signal of head rotation can recalibrate an altered vestibular 

signal of head motion during standing balance and to investigate the underlying mechanisms of 

this recalibration at the muscular level. 

Eight healthy subjects were exposed to an electrical vestibular stimulus correlated to head 

movement (±0.125 mA/°/s) while standing on foam with eyes closed. This velocity-coupled 

vestibular stimulation (VcVS) was applied in a bipolar, bilateral orientation and depending on its 

polarity, resulted in the vestibular nerves coding for slower or faster head movements. Initially, 

this alteration of natural vestibular information destabilized subjects. During the conditioning 

phase, subjects opened their eyes and used visual information in combination with the new 

vestibular information to update their representation of self-orientation. Following this, subjects 

showed a significant decrease (~35%) in body sway while still receiving VcVS.  

The mechanisms underlying vestibular recalibration were examined by observing how 

visuo-vestibular recalibration affected the vestibular-evoked muscular responses. Muscle activity 

was recorded in five subjects using surface electromyography (EMG) bilaterally on the medial 

gastrocnemius and tensor fascia latae muscles. Stochastic vestibular stimulation (SVS) in 

combination with VcVS was delivered to evoke biphasic muscular responses. Prior to the 

conditioning period, the peak amplitude of the response was significantly attenuated and then 

returned to control levels following conditioning.  

Overall, these observations indicate that the vestibular system can be recalibrated by a 

visual signal of head rotation. This process is associated with an initial decrease in vestibular-

evoked muscular responses which return to control levels once recalibration occurs. These 

results suggest that the CNS can modulate vestibular processes by down regulation or selective 

gating of vestibular signals in order to achieve vestibular recalibration. 
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The study protocol was approved by the Clinical Research Ethics Board of the University 
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Introduction 

As a contributor to standing balance in humans, the vestibular system1 provides the 

central nervous system (CNS) with information regarding linear and angular head motion. 

Distinct from other senses, the vestibular system does not produce an overt conscious sensation. 

Rather, vestibular information sent to the CNS becomes integrated with other sensory 

information and thus contributes to a wide range of functions (Angelaki & Cullen, 2008). 

Recently, vestibular sensory feedback has been shown to play a role in the representation of head 

motion in space. In a study by Day and Reynolds (2005), subjects were exposed to electrical 

stimulation of the vestibular system coupled to angular head velocity. This velocity-coupled 

signal was compatible with natural vestibular stimulation but with a higher or lower frequency 

gain. Thus, for a given head movement, the afferent firing frequency coded for a signal of faster 

or slower head rotations. In the absence of visual information, subjects adjusted their movements 

accordingly to the altered vestibular input. These results demonstrate that the altered vestibular 

information was interpreted as arising from real head movements and utilized this information 

when generating motor commands. Similarly, St George and Fitzpatrick (2010) showed that 

subjects interpret electrical vestibular stimulation as real rotations by making compensatory 

responses during rotational stepping tasks. They have proposed that in general, when a sensation 

of self-motion arises from an externally applied signal, the feedback of other sensory systems are 

recalibrated by the process of sensory fusion2 to maintain a single representation of self-motion 

with respect to the external world.  

                                         
1 Refer to Appendix A - Anatomy of the Vestibular System and Physiology and Biomechanics of the Vestibular 
System for more information 
2 Refer to Appendix A - Theoretical frameworks for more information 
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The signal of head rotation from the vestibular system is frequency encoded by the 

semicircular canals and otolith organs and transmitted in the vestibular nerves (Baloh & 

Honrubia, 2001). As the relationship between afferent discharge rate and head movement is not 

constant due to adaptation properties and small nonlinearities (Fernandez & Goldberg, 1971), 

this encoding cannot provide the CNS with a fixed reference of head rotation. Conversely, the 

visual signal on the retina is spatially encoded (Bear et al., 2007), allowing the optic flow signal 

associated with head rotation to provide a more stable reference. Here, our objectives are to first, 

determine whether the gain of the vestibular system can be recalibrated by a visual signal of head 

rotation, and second, to investigate the physiological mechanisms of this recalibration at the 

muscular level. 

In Experiment 1, we measured the body sway of subjects who were exposed to electrical 

vestibular stimulation coupled to head velocity (velocity-coupled vestibular stimulation, VcVS). 

Electrical stimulation of the vestibular nerves, a technique commonly known as galvanic 

vestibular stimulation (GVS)3 (for a review, see Fitzpatrick & Day, 2004) evokes an artificial 

signal of head roll about the GVS-vector axis4 (Day & Fitzpatrick, 2005). Since the effects of 

real rotations and electrical stimulation on the vestibular nerves are thought to summate linearly 

(Lowenstein, 1955), coupling head motion to current intensity enabled us to increase or decrease 

the vestibular afferent response, imitating a firing frequency corresponding to a faster (additive 

signal) or slower (subtractive signal) head movement. We hypothesized that the amount of body 

sway caused by VcVS would decrease after a period of visual conditioning and that when the 

stimulus was turned off, body sway would increase indicating after-effects of the recalibration.  

                                         
3 Refer to Appendix A - Galvanic Vestibular Stimulation for more information 
4 Refer to Appendix A - GVS-Vector Sum Model for more information 
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To elucidate possible underlying physiological processes associated with vestibular 

recalibration, we examined vestibular-evoked muscular responses5 bilaterally in the medial 

gastrocnemius and tensor fascia latae muscles before and after conditioning in Experiment 2. 

Responses were evoked by combining low amplitude stochastic vestibular stimulation (SVS) to 

VcVS. We hypothesized that when a vestibular signal of faster head motion is recalibrated, the 

corresponding muscular responses would be decreased to represent a down regulation of the 

original vestibular signal. Similarly, when a vestibular signal of slower head motion is 

recalibrated, the corresponding muscular responses would be increased to represent an up 

regulation of the original vestibular signal. 

                                         
5 Refer to Appendix A - GVS-evoked Muscle Responses for more information 
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Methodology 

Subjects 

Eight healthy volunteers (27.3 ± 4.7 years, 6M 2F) participated in Experiment 1 and of 

those eight, five (28.4 ± 5.8 years, 3M 2F) participated in Experiment 2. All subjects had no 

known history of neurological disease or injury. All subjects were able to balance for at least 60 s 

standing with feet together on a foam pad with eyes closed. Written consent was obtained from 

every subject after the general procedures of the study were explained. The study protocol was 

approved by the Clinical Research Ethics Board of the University of British Columbia and all 

procedures were conducted in accordance to the Declaration of Helsinki. 

 

Vestibular Stimuli 

Electrical vestibular stimulation was delivered through carbon-rubber electrodes (9 cm2) 

coated with conductive gel (Spectra 360, Parker Laboratories, Fairfield, USA) and securely fixed 

over the mastoid processes bilaterally. The main stimulus in this study was coupled to head 

angular velocity and was delivered to the subjects via a constant current stimulus isolator 

(Stimsol, BIOPAC Systems Inc, Goleta, CA, USA) with limits set to ± 9.5 mA. Figure 1shows the 

experimental set-up and generation of VcVS signal.  
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Figure 1  Experimental set up 

 

Subjects stood on a foam pad placed on a force plate. The signal from the three angular rate 
sensors on the head frame was measured relative to the GVS-vector axis and then put through a 
transfer function to approximate afferent firing rate. The output signal was sent to a current 
stimulator connected to electrodes on the mastoid processes of the subject. RP: Reid's plane. 
 

Velocity-coupled Vestibular Stimulation (VcVS): Electrical vestibular stimulation evokes a signal 

of head rotation about the GVS-vector axis, which is directed posteriorly and 18° above Reid's 

plane (Day & Fitzpatrick, 2005) [top right of Figure 1]. In order to emulate natural vestibular 

stimulation, the waveform was created to be proportional to instantaneous angular head velocity 

about the GVS-vector axis. Subjects wore a custom-made head gear with a rigid aluminum frame 
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aligned in three perpendicular axes, each which supported an angular rate sensor (SDG500, 

Systron Donner Inertial, Concord, CA, USA) [Figure 2]. Prior to testing, landmarks on the head 

gear were digitized relative to various anatomic landmarks (nasion, glabella, vertex, occiput, 

bilateral external auditory meati, mastoid processes, and lower rims of the orbits) with an 

optoelectronic measurement system (Polaris Vicra, NDI, Waterloo, ON, Canada) [Figure 3]. This 

procedure determined the position and orientation of the angular rate sensors relative to the GVS 

vector plane. The instantaneous velocity measured by the angular rate sensors relative to this 

plane was then passed through the mechanotransduction transfer function described by 

Fernandez and Goldberg (1971) in order to obtain a signal that was proportional to canal afferent 

firing rates6. This value was then scaled to a factor of ±0.125 mA/°/s to approximate the current 

intensity used by Day and Reynolds (2005). Using LabVIEW Real-Time (National Instruments, 

TX, USA), these conversions were computed point-by-point with hierarchal multicore timed 

structures to ensure conversion rates of 1 ms. Data recorded by the angular rate sensors were 

lowpass filtered at 100 Hz with an analog filter and sampled at 1000 Hz. The VcVS was 

computed and generated via a digital-to-analog channel at a rate of 1000 Hz (PXI-8108 with a 

18-bit resolution DAQ card (PXI-6289) running LabVIEW 10 and LabVIEW Real-Time, 

National Instruments, TX, USA).  

 

                                         
6 Refer to Appendix A - Vestibular Transfer Function for more information 
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Figure 2 Angular rate sensors on head gear 

 

Head gear with rigid head frame supporting angular rate sensors arranged orthogonally.  
 
Figure 3 Digitization of head and headgear landmarks 

 

 
 When the electrical stimulus evoked a signal of head rotation in the same direction as real 

head movement, resulting in a summation of firing frequencies and a signal corresponding to the 

head moving faster, this was referred to as additive VcVS. For instance, for a head roll the right, 

there is an increase in the afferent discharge on the right side with a corresponding decrease on 

the left side. With a current of negative polarity (anode left), there would be a further increase in 

the afferent discharge on the right side and a further decrease on the left side. Conversely, when 
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the stimulus evoked a signal of head rotation in the opposite direction as real head movement, 

resulting in a summation of firing frequencies and a signal corresponding to the head moving 

slower, this was referred to as subtractive VcVS. Since the current delivered to the vestibular 

system was proportional to angular head velocity, the vestibular signal was modulated only 

during movement. When the head was stationary, minimal current was delivered (root mean 

square (RMS) amplitude of 0.015 mA).  

In Experiment 2, stochastic vestibular stimulation (SVS) was added to VcVS in order to 

assess modulations in vestibular-induced muscular responses before and after recalibration. SVS 

has been shown to produce muscular responses with a similar temporal and spatial profile as 

those evoked by traditional square-wave GVS (Dakin et al., 2007). 

Stochastic Vestibular Stimulation (SVS): To elicit vestibular-evoked muscular responses, a SVS 

signal with a frequency bandwidth of 0-25 Hz and a peak-to-peak amplitude of 2 mA (RMS: 

0.54 mA) was added to the VcVS signal (with the limits of ± 9.5 mA maintained) during the pre- 

and post-test phases. A pilot study was used to identify a peak-to-peak amplitude of 2 mA as the 

lowest SVS amplitude able to elicit muscular responses in the medial gastrocnemius and tensor 

fascia latae in all subjects (n=7). 

 

Procedure 

For Experiment 1 and 2, subjects stood with their feet together on a 4-inch thick foam 

pad (Medium density SunMate foam, Columbia Foam Inc, BC, Canada) placed on a force plate 

(AMTI OR6-7-1000-3985, Advanced Mechanical Technology, Inc., MA, USA). The 

experimental protocol consisted of three phases for each trial: pre-test, conditioning period and 

post-test [Figure 4]. The conditioning period involved 240 s (4 min) of VcVS with vision, during 

which the subjects were asked to make movements with the head in the roll plane, catch and 
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throw a ball, and perform other simple body movements in the roll plane in order to experience 

the new vestibular input with visual information. During the pre-test and post-test phases, 

subjects were instructed to stand, with their eyes closed, facing forward with their head pitched 

18° up while they received VcVS for 60 s. For 40 s before and after each trial, subjects stood 

balanced on the foam with eyes closed and without VcVS.  

Figure 4 Experimental protocol 
 

 

Three phases of each trial were pre-test, conditioning and post-test. During the conditioning 
phase, subjects had their eyes open and actively moved their head and body in the roll plane. 
During the pre- and post-test phases, subjects had their eyes closed and were instructed to 
maintain standing balance. Before the pre-test and after the post-test subjects stood with their 
eyes closed without stimulation for 40 s. Position sensors were placed at the level of C7 and L3 
spinous processes at the midline of the back. 

 

Motion of the body during each trial was measured at the level of the C7 and L3 spinous 

processes using a three-dimensional motion-tracking system (TrakSTAR, Ascension Technology 

Corporation, VT, USA) and was sampled at 240 Hz. From these data, the variability of sway 

amplitude was obtained. Vestibular stimulation, angular rate sensors and force plate data were 

sampled at 2048 Hz with 18-bit precision (PXI-8108, DAQ card (PXI-6289), National 

Instruments, TX, USA).  
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 The experimental procedure consisted of four trials. In two of the trials, subjects received 

either an additive or subtractive VcVS signal. The other two trials served as controls, one with no 

stimulus (no stimulation control trial) and the other with a pre-recorded signal providing current 

fluctuations independent of head movement during the conditioning period (non correlated 

control trial). The pre-recorded signal was the VcVS signal from the conditioning period of 

either the additive or subtractive VcVS trials; this ensured that the amplitude and frequency 

composition of the control signal was matched to that experienced during the VcVS trials. 

Between each trial, subjects rested seated for a minimum of five minutes to ensure there 

were no persisting effects of the stimulation from the previous trial. During each trial, an 

experimenter stood in front of the subject to provide physical support in case balance could not 

be maintained.  

 In Experiment 1, five subjects completed an additional trial to assess the ability of the 

vestibular system to be recalibrated to somatosensory information. During the conditioning 

period, subjects stepped off the foam and onto a hard surface. The subjects made similar body 

movements to other conditioning trials but without vision. Subjects stepped up back onto the 

foam for the post-test phase. All subjects were exposed to the subtractive VcVS for this trial.  

In Experiment 2, the SVS signal was added during pre- and post-test periods and each 

trial was performed twice. Pairs of electrodes (interelectrode distance 2 cm; Ambu Blue Sensors: 

M type, Ballerup, Denmark) were placed bilaterally over the medial gastrocnemius (r-MG and l-

MG) and tensor fascia latae (r-TFL and l-TFL) muscles in order to obtain surface 

electromyography (EMG) recordings. The skin was thoroughly cleaned with skin preparation gel 

(NuPrep, D.O. Weaver & Co., Aurora, CO, USA) prior to electrode placement. The EMG signals 
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were amplified (x1000-10 000), band-pass filtered (10-1000 Hz) (NeuroLog, Digitimer, 

Hertfordshire, UK) and sampled at 2048 Hz. 

 

Data Reduction 

In Experiment 1 and 2, all position data were resolved to the 

reference frame of the force plate [Figure 5]. The x-axis of the 

reference frame was defined parallel to a line from the center of the 

force plate to the midpoint of the edge of the force plate and positive 

left. The y-axis was defined parallel to the surface of the force plate 

perpendicular to the x-axis and positive forward. The z-axis was 

positive downward. Medio-lateral (ML) sway occurred about the y-

axis. Position data were lowpass filtered at 10 Hz with a second 

order dual-pass Butterworth filter and the standard deviation of the 

ML sway measured at the levels of C7 and L3 were calculated 

(Matlab 7.7, Mathworks Inc., MA, USA).  

In Experiment 2, the EMG recordings were band-pass filtered at 10-500 Hz with a fourth 

order dual-pass Butterworth filter and full wave rectified. The EMG data during the pre- and 

post-test periods were extracted along with the corresponding SVS data. Cumulant density 

estimates were determined using a modified Matlab code based on the methods of Rosenberg et 

al. (1989). Data from alike trials were concatenated to produce 30 windows generating a 

frequency resolution of 0.25 Hz (4 s/segment). 

Cumulant density estimates, which are described as inverse Fourier transform of the cross 

spectrum estimate (Brillinger, 1974; Rosenberg et al., 1989), were used to represent the time-

domain relationship between SVS and muscle activity. The cumulant density estimate provides a 

Figure 5 Reference frame 
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temporally and spatially similar response to those shown by trigger averaged GVS (Dakin et al., 

2007). Cumulant density estimates were normalized by the product of the vector norms of the 

input (SVS) and output signals (EMG) (Dakin et al., 2010) to account for modulations of muscle 

responses by background EMG levels (Welgampola & Colebatch, 2001; Lee Son et al., 2008). 

Because the medium-latency response in the biphasic muscle response is thought to be more 

functionally relevant for sway (Britton et al., 1993), the peak amplitude of the medium-latency 

response (beginning approximately at the latency of 100 ms) was extracted for statistical analysis.  

 

Statistical Analysis 

In Experiment 1 and 2, to determine whether stimulus type had an impact on sway 

amplitude during the various phases of the protocol, a two-way repeated measures ANOVA was 

performed (Statistica, StatSoft, OK, USA). The factors were Time (4 levels) and Stimulus type 

(4 levels). Fisher's lowest significant difference (LSD) post-hoc tests were used to decompose 

main effects for stimulus type based on our a priori hypothesis - that the applied vestibular 

current would increase sway at first and return back to baseline levels after conditioning if the 

stimulus type was coupled to head movement (additive or subtractive VcVS) and that sway 

would increase again when the stimulation was turned off to demonstrate the presence of after-

effects. To compensate for the eight specific comparisons (comparing sway before and after 

conditioning as well as the presence of after-effects within each of the four trials), the statistical 

significance level was reduced to P < 0.00625. A simple one-way ANOVA was used to compare 

sway variability during the pre-test phase with no stimulation of every trial to ensure subjects 

had returned to baseline values between trials. Statistical significance was set at P < 0.05. 

For the somatosensory conditioning trial in Experiment 1, a one-way repeated measures 

ANOVA was performed to determine whether somatosensory information with the absence of 
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vision during the conditioning period had an impact on sway amplitude during various phases of 

the protocol. Decomposition of main effects were determined by Fisher's LSD post-hoc tests and 

to compensate for the two specific comparisons (comparing sway before and after conditioning 

as well as the presence of after-effects within the trial), statistical significance was reduced to P < 

0.025. 

In Experiment 2, a two way repeated measures ANOVA was used to determine the effect 

of stimulus type on the peak amplitude of the medium latency response evoked by the SVS 

(Time (2 levels) × Stimulus type (4 levels)). Decomposition of the main effects for stimulus type 

was performed using Fisher's LSD post-hoc tests. To compensate for the ten specific 

comparisons (comparing amplitude before and after conditioning within each of the four trials 

and comparing all other trials to the control trial between pre and post-test periods), statistical 

significance was reduced to P < 0.005.  
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Results  

 All subjects exhibited similar variability in their body sway at both the level of C7 and L3 

(P > 0.05) prior to the application of the vestibular stimulation7. 

 

Experiment 1: Body Sway 

 Body sway was measured before and after conditioning for each of the four trials. When 

the VcVS was first turned on, all subjects swayed more, often lost balance and 7 of the 8 subjects 

required external support. Following the conditioning phase, there was a significant reduction in 

the variability of ML sway in the VcVS trials [Figure 6]. Overall, ML sway variability was 

reduced by 40 and 34% (at the level of C7 and L3, respectively, Fischer LSD post-hoc, P < 

0.00625) in the subtractive VcVS trial and reduced by 33 and 32% (at the level of C7 and L3, 

Fischer LSD post-hoc, P < 0.00625) in the additive VcVS trial. In both control trials, differences 

in the variability of ML sway from pre-test to post-test were not significantly different (Fischer 

LSD post-hoc, P > 0.05).  

 

 

 

                                         
7 Refer to Appendix A – Experiment 1 Data and Appendix B – Experiment 2 Data for more information 
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Figure 6 Pooled subject data  - Exp 1 Sway (recalibration) 

 

Standard deviation of ML sway from all subjects (n=8) at the level of C7. Statistical analysis 
showed significant decreases (denoted by *) following the conditioning phase in the subtractive 
and additive VcVS trials. 
 
 Significant after-effects were observed when the stimulus was turned off in the additive 

VcVS trial [Figure 7]. ML sway variability increased 233 and 111% (at the level of C7 and L3, 

Fischer LSD post-hoc, P < 0.00625) once the VcVS was turned off and subjects still had their 

eyes closed. The recalibration effects and after-effects on body sway were similar in Experiment 

2.  

Figure 7 Pooled subject data  - Exp 1 Sway (after-effects) 

 

Standard deviation of ML sway from all subjects (n=8) at the level of C7. Statistical analysis 
showed a significant increase (denoted by *) in ML sway when stimulus was turned off in the 
additive VcVS trial. 
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Experiment 1: Somatosensory Conditioning trial 

 Similar to visual conditioning, ML sway initially increased when the VcVS was turned 

on and then returned back to baseline levels following somatosensory conditioning. On average, 

ML sway variability was reduced by 66 and 55% (at the level of C7 and L3, Fischer LSD post-

hoc, P < 0.025) .  

 

Experiment 2: Electromyographic Responses 

 Cumulant density estimates were calculated for each muscle in all trials. Figure 8 shows 

typical EMG responses in the r-TFL of one subject. Prior to conditioning, muscular responses in 

the VcVS and non correlated control trials were attenuated compared to control levels. Following 

conditioning, the size of the muscular response during the VcVS trials increased to control levels. 

The size of the response in the non correlated control trial, however, remained considerably 

smaller. These effects were common across all muscles in all subjects.  

Figure 8 Single subject muscular response 

 

Cumulant density estimates during the pre and post-test for the right tensor fascia latae (r-TFL) 
for a typical subject. Prior to conditioning, responses in the VcVS and non correlated control 
trials were smaller than control levels. Following conditioning, the size of the response in the 
VcVS trials increased to the size of the no stimulation control trial while the non correlated 
control trial response remained smaller. Dotted line represents 0 ms latency. 
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 In terms of group results [Figure 9] prior to conditioning, the peak amplitudes of both 

VcVS trials and the non correlated control trial were significantly lower (Fischer LSD, P < 0.005) 

than the no stimulation control trial. After conditioning, the peak amplitude of MG and TFL 

significantly increased 88 and 77%, respectively, in the subtractive VcVC trial, and 91 and 90%, 

respectively, in the additive VcVC trial (Fischer LSD post-hoc, P < 0.005) and were statistically 

similar (Fischer LSD post-hoc, P > 0.05) to control levels; however, the non correlated control 

trial remained significantly smaller (Fischer LSD post-hoc, P < 0.005). 

Figure 9 Pooled subject data - Exp 2 Muscular response - peak amplitude of medium latency 
response in TFL 

 

Peak amplitude of the medium latency responses of MG and TFL  recordings from all subjects 
(n=5), Prior to conditioning, the no stimulation control trial was significantly (denoted by *) 
greater than all other trials. Following conditioning, the peak amplitude in the VcVS trials 
significantly increased to the same magnitude as the no stimulation control trial. Amplitude of 
the non correlated control trial did not change. 
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Discussion 

 In the present experiments, an initial increase in body sway corresponding to the 

application of a vestibular stimulus returned to baseline levels after recalibration indicates that a 

visual signal of head and body motion could recalibrate a vestibular signal indicative of a new 

head motion. Such recalibration of a new vestibular signal of head motion was associated with an 

initial decrease followed by an increase in the vestibular-evoked muscular responses, irrespective 

of the polarity of the VcVS. This finding was contrary to our initial hypothesis but is consistent 

with findings from literature examining visual and somatosensory recalibration (Lajoie et al., 

1992; Jones et al., 2001; Balslev et al., 2004; Bernier et al., 2009). 

   

Recalibration of Vestibular Signal  

 The effects of visual conditioning on balance during VcVS indicate the gain of the 

vestibular system can be recalibrated by a reliable visual signal of head rotation. A random 

vestibular signal, however, cannot be recalibrated. In the control trial where subjects received 

current fluctuations distinct from head movement, body sway increased at the onset of the 

stimulus and remained high following the conditioning phase.  

With minimal information from other sensory systems, subjects exposed to VcVS 

misrepresented motion of their head in space and thus, initially had difficulty maintaining 

balance. During the conditioning phase, subjects used visual information as a reliable reference 

of head motion to recalibrate the altered vestibular signal. Following this phase, the subject's 

ability to balance greatly improved, indicating they were interpreting the altered vestibular signal 

in a different manner. Interestingly, there was an increase in sway variability when the stimulus 

was turned off. This is akin to the after-effects observed in experiments involving pointing with 
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prism goggles or moving an arm through a force field (Welch, 1978; Lackner & Dizio, 1994; 

Shadmehr & Mussa-Ivaldi, 1994) and is considered an indicator of a fundamental change in the 

interpretation of the stimulus (Shadmehr & Mussa-Ivaldi, 1994). The presence of after-effects 

also verified that the sensory-motor processes pertaining to maintaining balance were at least 

partially dependent on incoming vestibular information. However, significant after-effects were 

seen only in the additive VcVS trial suggesting that vestibular signals of faster head rotation may 

have been more robustly recalibrated.  

When the vestibular system was exposed to a stimulus that was unrelated to head 

movement, the amount of body sway did not decrease after visual conditioning. Based on these 

results and contrary to those reported in previous sensory reweighting studies (Day & Cole, 2002; 

Peterka, 2002; Cenciarini & Peterka, 2006), it can be concluded that the CNS did not decrease 

the contribution of the vestibular system when it was clearly providing unreliable information. 

Overall, our results of decreased body sway and after-effects seem to be more in accordance with 

the sensory fusion hypothesis in that there was a recalibration of the vestibular system by visual 

signals of head rotation resulting in a unified representation of self-motion with respect to the 

world (St George & Fitzpatrick, 2010; Ursino et al., 2011).  

  

Somatosensory-vestibular Recalibration 

 It is well documented that both visual and somatosensory information have large 

influences on maintaining upright posture (Berthoz et al., 1979; Soechting & Berthoz, 1979; Bles 

et al., 1984; Straube et al., 1990; Peterka & Benolken, 1995; Redfern et al., 2001). To investigate 

the idea of somatosensory-vestibular recalibration, five subjects completed a trial in which the 

conditioning phase consisted of subjects, with eyes closed, making movements in the roll plane 

while standing on a stable surface to increase proprioceptive information from the feet and 
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ankles. Similar to the results from visual conditioning trials, subjects experienced a large 

reduction in sway amplitude variability following somatosensory conditioning indicating that the 

vestibular system can be recalibrated by various reliable sensory modalities.  

 

Vestibular-evoked Muscular Responses 

 To examine underlying physiological processes involved in vestibular recalibration, 

vestibular-evoked muscular responses were investigated in Experiment 2. We compared the 

magnitude of the muscular response before and after conditioning. The results did not agree with 

our original hypothesis – that the responses would have divergent changes in magnitude 

depending on the polarity of the stimulus. Rather, irrespective of whether an additive or 

subtractive VcVS signal was delivered, the magnitude of the responses were initially reduced 

and then increased to control levels after recalibration. Conversely, in the non correlated control 

trial, the muscular responses remained attenuated following conditioning. 

 From our results, it is apparent that the recalibration process does not occur in the 

peripheral vestibular system since a random vestibular stimulus evoked a similar muscular 

response even after the vestibular system was recalibrated. This indicates that the frequency 

encoding of the vestibular nerves is not recalibrated with respect to head movement. 

Consequently, a more likely site of the recalibration process would be in the CNS. Specifically, 

the vestibular nuclei, and the fastigial nucleus and nodulus/uvula of the cerebellum have been 

associated with processing of vestibular signals arising from self and externally generated head 

movements (Angelaki & Hess, 1995; Siebold et al., 1997; Roy & Cullen, 2004).  

 Roy and Cullen (2004) have suggested that vestibular signals arising from self-generated 

head movements are inhibited by a mechanism that compares expected sensory consequences 

(efference copy) to actual sensory feedback (re-afference) to dissociate between voluntarily 
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initiated head movements and unexpected head perturbations. In the present case, because the 

expected vestibular feedback did not match the actual vestibular feedback prior to conditioning, 

afferent information arising from the VcVS signal and the SVS signal might have been treated as 

an externally generated event (ex-afference). As a result, the CNS responded either by: a) down 

regulating the  vestibular signals [Figure 10Ai] or b) by passing the whole stimulus through to be 

further processed similarly to an unexpected perturbation [Figure 10Bi], the SVS component of 

which becoming a smaller proportion of the whole signal thereby producing what appears to be 

an attenuated response. Following conditioning, subjects are able to predict the sensory 

consequences allowing the efference copy to coincide with sensory re-afference permitting 

cancelation of the vestibular signals correlated with head movement. Thus, allowing either: a) a 

return to normal output of vestibular exafferent signals to the muscles [Figure 10Aii] or b) nearly 

exclusive transmission of the SVS signal [Figure 10Bii] resulting in the magnitude of the muscular 

responses returning to control levels.  

 Consistent with the first explanation, an attenuation or absence of proprioceptive 

feedback has been suggested to be beneficial to tasks that involve sensory conflict as shown in a 

deafferented patient as well as subjects with temporal proprioceptive deafferentation induced by 

repetitive transcranial magnetic stimulation (Lajoie et al., 1992; Balslev et al., 2004). Similarly, 

proprioceptive feedback at the cortical and muscle spindle level have been observed to be 

decreased during initial stages of visuomotor adaptation (Jones et al., 2001; Bernier et al., 2009). 

The authors proposed that the reduction in afferent feedback was a strategy for resolving visual 

and proprioceptive conflict. In the present case, the initial reduction in the magnitude of the 

muscular responses prior to conditioning could be attributed to a similar neural strategy for 

resolving sensory conflict.  
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Figure 10 Discussion models 

 

Two different models explaining the results. Ai) Showing the attenuation of the response due to a 
down regulation (denoted by dotted arrow) of vestibular exafference. Aii) A return of the 
response to control levels after exafference is no longer suppressed after recalibration. Bi) 
Attenuation of response due to smaller proportion of SVS in the total exafferent signal. Bii) A 
return of the response to control levels once velocity-coupled vestibular signals are cancelled 
resulting in exafferent signal being exclusively SVS. 
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Conclusions 

 This study demonstrates that a modified signal of head rotation from the vestibular 

system is able to be recalibrated by a consistent visual signal. During the initial stages of 

recalibration, vestibular-evoked muscular responses were reduced, possibly as a neural strategy 

for resolving sensory discord or as a consequence of the proportion of SVS signal in the 

uninhibited vestibular signal. Following recalibration, sensory error no longer existed and the 

transmission of the SVS signal resulted in an increase of the magnitude of the muscular 

responses to normal levels. Results from the present study suggest that the CNS can control 

vestibular processes through down regulation or selective gating of vestibular signals to achieve 

recalibration.  
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Anatomy of the Vestibular System 

 The human vestibular system provides information to the CNS about static and dynamic 

movements of the head. There are two main equilibrium-sensing components of the vestibular 

system: the otolith organs and the semicircular canals (Tortora & Derrickson, 2006). Located in 

the inner ear and mirror images of each other bilaterally in the head, the vestibular labyrinths are 

enclosed by a petrous portion of the temporal bones (Baloh & Honrubia, 2001). The entire 

vestibular structure consists of five receptor organs for equilibrium. The two otolith organs, the 

saccule and the utricle, detect both static head tilt and linear motion while the three semicircular 

canals sense head rotation (Bear et al., 2007).  

The saccule is located on the medial side of the vestibule and is inferior to the utricle. The 

utricle is oval-shaped and connected to the semicircular canals through five openings (Baloh & 

Honrubia, 2001). The sensory epithelium of the otoliths is known as the macula which has a 

surface area of less than 1 mm2. The two maculae are located perpendicular to each other, 

vertically-oriented in the saccule and horizontally-oriented in the utricle. The hair cells face 

opposite directions on either side of a curved portion of the macula, known as the striola (Baloh 

& Honrubia, 2001). Above the hair cells is a glycoprotein otolithic membrane secreted by long 

columnar cells interspersed among the hair cells (Tortora & Derrickson, 2006). Over the surface 

of the membrane are heavy calcium carbonate crystals known as otoconia. Because of their high 

density, these crystals give a constant downward force of acceleration on the underlying sensory 

epithelium providing the CNS with a continuous signal of gravity when the head is at rest. 

Each of the three semicircular canals has a cross sectional diameter of 0.4 mm and are 

positioned roughly orthogonal to each other (Baloh & Honrubia, 2001). The horizontal 

semicircular canal is tilted approximately 30° anteriorly to the transverse plane. The other two 
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canals are vertically oriented. The anterior semicircular canal is positioned in the medial-lateral 

plane with the lateral side tilted anteriorly about 45°. Similarly, the posterior semicircular canal 

is positioned in the medial-lateral plane with the lateral side tilted posteriorly about 45° (Baloh & 

Honrubia, 2001). There is a bulbous portion known as the ampulla in each semicircular canal 

which is filled with a fluid known as endolymph. Sensory transduction is caused by mechanical 

activation of the hair cells by the movement of this fluid (Tortora & Derrickson, 2006). Within 

the ampulla is an elevated sensory epithelium portion known as the crista. The hair cells are 

enclosed in a gelatinous material known as the cupula. The fluid in the cupula has the same 

specific gravity as the endolymph and thus, unlike the otolith organs, there is no constant force 

applied on the underlying sensory epithelium (Baloh & Honrubia, 2001). In humans, it has been 

shown that due to evolutionary processes, the anterior and posterior semicircular canals have 

grown larger and thus, more sensitive compared to the horizontal canal (Oman et al., 1987; 

Muller & Verhagen, 1988; Spoor et al., 1994). This alteration increases the responsiveness to 

rotations in the vertical plane.  

 The hair cells of both the otolith organs and the semicircular canals are connected to first 

order sensory neurons whose cell bodies lie in Scarpa`s ganglion and make up the vestibular 

portion of the 8th (vestibulocochlear) cranial nerve which eventually projects onto the vestibular 

nuclei located in the medulla and pons (Bear et al., 2007). 

 

Physiology and Biomechanics of the Vestibular System 

 Both the otolith organs and semicircular canals use hair cells as sensory receptors and 

thus the transduction processes are quite similar. On the apical surface of each hair cell are 

approximately 70 stereocilia that are arranged from ascending height, the tallest known as a 

kinocilium (Tortora & Derrickson, 2006). Shear forces applied on the hair cells stretch the 
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tiplinks that connect the stereocilia and causes mechanically-gated transduction channels to open. 

The top surface of the hair cell faces endolymph which is rich in potassium whereas the 

basolateral surface faces perilymph which is rich in sodium (Baloh & Honrubia, 2001). 

Depending on the direction of the force, the stimulus changes the permeability of various ion 

channels causing either a depolarization or hyperpolarization of the basolateral membrane which 

results in an increase or decrease of neurotransmitter released, respectively (Baloh & Honrubia, 

2001). If the stereocilia are bent towards the kinocilium, depolarization of the membrane resting 

potential occurs and excitatory action potentials are produced. Conversely, if the stereocilia are 

deflected away from the kinocilium, hyperpolarization of the membrane potential occurs and 

inhibitory potentials are produced. The sensory neurons connected to the hair cells spontaneously 

fire during rest and any changes due to head motion are merely a modulation of this resting 

frequency (Goldberg et al., 1984) [Figure 11]. 

Figure 11 Semicircular canal firing 

 

The relation between the direction of of push and the nerve firing frequency. 
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 When the head is level, there is a constant resting force of gravity applied on the hair 

cells in the maculae of the otolith organs due to the heavy load of the overlying otolithic 

membrane. When the head is in a static tilt, the otoconia embedded in the otolithic membrane 

slide the membrane in direction of the tilt and apply a shear force on the hair cells (Bear et al., 

2007). Linear head acceleration causes the same transduction signal because as the head moves 

forward, the otolithic membrane lags behind due to inertia and the hair cells are bent as a result. 

To differentiate between the two movements, the brain can use information from the semicircular 

canals to make an internal estimate about the linear acceleration signal that should arise during 

head tilt relative to gravity. The information that remains from subtracting this signal from the 

total otolith activation can be interpreted as translational motion (Merfeld, 1995; Angelaki et al., 

1999; Green & Angelaki, 2004). 

The hair cells located in the crista of the semicircular canals operate in a similar manner 

to those in the otolith organs. When there is a rotational movement in the head, the endolymph in 

the canals flow in the opposite direction and push the cupula along with it, causing the hair cells 

to bend (Baloh & Honrubia, 2001). Analogous to the hair cells in the maculae, bending of the 

stereocilia leads to opening of ion channels which causes either depolarization or 

hyperpolarization of the basolateral membrane of the hair cell. Several important differences in 

the semicircular canals compared to the otolith organs should be noted. Firstly, the fluid in the 

cupula has a similar density to the surrounding endolymph. Secondly, all the hair cells are 

oriented in the same direction in the canals compared to otolith organs (Baloh & Honrubia, 2001). 

Due to the orientation of the semicircular canals, angular motion of the head in any plane can be 

detected by one or a combination of the canals. Yaw movements are sensed mostly by the 

horizontal canals whereas the anterior and posterior canals respond to both pitch and roll 
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movements (Fitzpatrick & Day, 2004). However, prolonged constant angular velocity is not 

detected by the semicircular canals because after the initial movement of the endolymph, inertial 

properties of the liquid reinstate and no hair cell transduction occurs (Fitzpatrick & Day, 2004).  

The flow of endolymph within the canals faces a large amount of resistance due to the 

small diameter and large radius of curvature of the semicircular canal. The canal-cupula system 

resembles a leaky integrator in the physiological mid-frequency range (0.5-4 Hz). Angular 

acceleration of the head is effectively transduced into an afferent signal which is roughly 

proportional to angular velocity. Goldberg and Fernandez (1971) have modeled the 

mechanotransduction as a transfer function that transforms angular acceleration to the 

approximate afferent firing rate. The angular velocity response is attenuated in high and low 

frequency ranges because of cupular stiffness and the mass of the endolymph; thus, the canals 

have been referred to as bandpass angular velocity sensors (Rabbitt et al., 2004). A second 

integration takes place in the brainstem to provide a position signal which is thought to be used 

by occulomotor neurons to generate the vestibulo-ocular reflex (VOR), a counter rotation of the 

eyes in response to head movement to maintain a steady retinal image (Robinson, 1981). 

 

Theoretical Frameworks 

 A primary function of the human vestibular system is to detect the motion of the head and 

with help of the visual and somatosensory systems, this information allows us to produce 

appropriate ocular and muscular adjustments to maintain standing balance. The vestibular, visual 

and somatosensory systems work together to sustain correct body postures essential for everyday 

life. The integration of overlapping sensory information is thought to contribute to the reliability 

of our sensory perception of our bodies in space with respect to the world as well as to increase 

the speed of detecting perturbations and producing appropriate responses. When sensory 
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discordance arises, illusions and temporary imbalance can occur. Of particular interest are the 

strategies that the CNS utilizes to solve sensory disagreements to maintain a unified 

representation of self-orientation. 

 Traditional research on sensory systems has focused on studying single sense modalities 

which have provided detailed descriptions on how individual sensory information is coded and 

processed. Stemming from this research was the idea that discrete senses were received and 

acted upon by separate and distinct brain areas. Results from current research challenged this 

idea, clearly showing that the different sensory systems work together and are highly susceptible 

of influencing each other. Thus, the process of multisensory integration is apparently a much 

more complex co-operation of the senses, rather than purely a sum of its individual parts (Ursino 

et al., 2011). 

The intricacy of multisensory integration permits a massive range of sensory detection 

and subsequent motor responses. The primary goal of the CNS is to correctly identify sensations 

related to the body and the external world and to produce suitable behaviours and reactions. The 

integration of multisensory information aims to maximize the probability of a correct detection 

and minimize the possibility of errors. In the case of sensory conflict, the CNS must decide 

which inputs contribute to the task, and thus included in sensory integration, and which do not, 

and thus separated (Jurgens & Becker, 2006; Ursino et al., 2011).  

 Researchers have experimentally induced sensory conflicts in order to study strategies 

used to resolve sensory disagreement (van Beers et al., 1999; Ernst & Banks, 2002). Regarding 

standing balance, body sway has been evoked by techniques such as moving visual displays, 

muscle or tendon vibration, sway-referenced platforms, and electrical stimulation of the 

vestibular nerves (Watson & Colebatch, 1997; Kavounoudias et al., 1999; Peterka, 2002).  
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A predominant model that has been suggested to be a strategy of the CNS is sensory 

reweighting (van der Kooij et al., 2001; Carver et al., 2006). This model proposes that the visual, 

somatosensory and vestibular systems contribute to the representation of the self and the external 

world. When environmental changes occur, the model predicts that the contribution from 

unreliable systems are reduced while contribution from other, more relevant systems are 

concurrently increased in order maintain a relatively stable representation. 

Another model that has been recently proposed, known as sensory fusion, also suggests 

that the three sensory systems contribute to the perception of the self and external world (St 

George & Fitzpatrick, 2010). When sensory conflict arises, instead of changing the contribution 

of each system, sensory fusion suggests that the systems are recalibrated to the conscious 

perception of self-motion. There are two main principles regarding the concept of sensory fusion. 

First, the conscious perception of self-motion determines the reference of recalibration. This 

perception is constantly changing depending on the availability and agreement of the 

contributing sensory inputs. The sensory fusion model predicts that if an external error is 

introduced into one system and not the others, the reafference of all sensory inputs will trigger 

recalibration to the state that is consciously perceived. The second principle revolves around the 

idea of maintaining homeostasis. Similar to many physiological systems, a steady state is 

preferred. A stationary visual field will override podokinetic and vestibular signals whereas a 

moving visual field shows relatively less dominance.  

 

Galvanic Vestibular Stimulation 

Compared to the visual and somatosensory systems, the sense of equilibrium and balance 

from the vestibular system is more complicated to distort. Previous studies have used virtual 
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displays and rotation of subjects in space to stimulate the vestibular system (Ivanenko et al., 

1998; Viaud-Delmon et al., 1999; Kuhl et al., 2008). One caveat to this type of natural vestibular 

stimulation is that other confounding sensors are stimulated in parallel and thus, the resultant 

perceptual or motor adaptation response cannot be purely attributed to the distortion of the 

vestibular system. Natural vestibular stimulation requires movement of the head in space which 

unavoidably activates other sensory systems, making it difficult to isolate the influence of the 

vestibular system. Many researchers investigating postural and myogenic responses have 

overcome this obstacle by artificially activating the vestibular system by a technique known as 

GVS (Fitzpatrick & Day, 2004).  

Through electrodes placed percutaneously on the mastoid processes of the skull, GVS 

modulates the firing frequency of the afferent nerves of both the semicircular canals and otolith 

organs, albeit preferably irregular afferents (Fitzpatrick & Day, 2004). In a bipolar, bilateral 

configuration, GVS decreases the afferent firing rate on the anodal side and increases the afferent 

firing rate on the cathodal side in animals (Goldberg et al., 1984) [Figure 12]. From studies on the 

thornback ray, it has been shown that there is a positive linear relationship between discharge 

frequency and current stimulus amplitude (Lowenstein, 1955). The site at which GVS acts upon 

is thought to be the spike trigger zone of the primary afferents, thus bypassing the transduction 

mechanisms of the vestibular hair cells (Goldberg et al., 1984). In functional magnetic resonance 

imaging studies on humans, GVS activated regions in the temporoparietal junction, central 

sulcus and intraparietal sulcus (Lobel et al., 1998; Lobel et al., 1999). In monkeys, these areas in 

addition to area 3a in the somatosensory cortex and area 2v in the parietal cortex receive 

vestibular projections and are collectively known as the "vestibular cortex" (Fredrickson et al., 

1966; Odkvist et al., 1974).  
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The brain interprets the GVS current as a real and natural head movement in space 

produced by movement of the body when in fact, the head remained motionless. Based on the 

anatomical alignment of the canals and otolith organs (Blanks et al., 1975), a vector sum model 

of GVS has been proposed (Day & Fitzpatrick, 2005). This model predicts the dominant signal 

that arises from GVS is from the semicircular canals (Day & Cole, 2002; Fitzpatrick & Day, 

2004) and the stimulating current evokes a rotational signal around an anterior-posterior axis that 

is approximately 18° above (posteriorly) to Reid’s plane. When GVS is applied in bipolar, 

bilateral orientation, the subject’s response is an illusion of movement if braced or a continuous 

body sway and tilt towards the anodal side until the movement is stopped by other sensory 

sources overriding the vestibular signal. The sway response is very sensitive to the parameters 

such as head and body orientation and availability of information from other sensory systems 

(Fitzpatrick & Day, 2004). The response is decreased if visual or somatosensory information in 

available (Britton et al., 1993) and is increased by limited somatosensory information such as 

standing on a foam pad (Fitzpatrick et al., 1994; Wardman et al., 2003) and/or with feet together 

(Day et al., 1997). Vestibular-induced postural responses have been attributed to vestibulo-spinal 

or vestibulo-reticulo-spinal descending pathways (Baldissera et al., 1990; Iles & Pisini, 1992). 
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Figure 12  Head rotation VS galvanic vestibular stimulation 

 

A natural kinetic head rotation (left) causes a similar afferent nerve firing frequency to galvanic 
vestibular stimulation (right). 
 

GVS-Evoked Muscular Responses 

In standing subjects, electrical vestibular stimulation produces characteristic surface 

EMG responses in muscles that are engaged in the balance task, typically the trunk and limb 

muscles (Nashner & Wolfson, 1974; Britton et al., 1993; Fitzpatrick et al., 1994; Watson & 

Colebatch, 1998; Ardic et al., 2000; Ali et al., 2003). The characteristic short- (55-65ms) and 

medium- (110-120 ms) latency EMG response can be modulated by the intensity and duration of 

the GVS stimulus as well as by altering sensory inputs such as eye closure or standing on 

compliant surfaces (Britton et al., 1993; Fitzpatrick et al., 1994; Watson & Colebatch, 1997).  

Although most studies have used the traditional square-wave pulses of current to elicit 

these characteristic muscle responses, Dakin et al. (2007) showed that using a stochastic 

vestibular signal (SVS) induced muscular responses that were spatially and temporally similar to 

those obtained from trigger averaged GVS. While similar in physiologic effect to GVS, SVS has 

several advantages over GVS; being more comfortable to the subject, requiring fewer subject 
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trials as it is a continuous signal, producing a smaller postural response and therefore being less 

destabilizing than GVS (Dakin et al., 2007; Dakin et al., 2010). 

 

GVS Vector Sum Model 

Day and Fitzpatrick (2005) proposed a model to explain the behavioural effects produced 

by GVS. One assumption is that because GVS is non-directional, the stimulating current is 

applied to all vestibular afferents equally. When arranged in a bilateral, bipolar arrangement on 

the mastoid processes of the head, GVS increases the firing rate of all the afferents on the 

cathodal side and decreases the firing rate on the anodal side (Goldberg et al., 1982). Similar to a 

natural head rotation, this type of afferent firing is interpreted as a yaw movement towards the 

cathode. The stimulation of the anterior and posterior canals mimics a roll rotation towards the 

cathodal side. Pitch rotation is cancelled out because the vectors from the anterior and posterior 

canals are equal and opposite. The resultant vector from the vestibular apparatus is a single 

vector directed posteriorly and somewhat lateral. The same appears on the contralateral side, thus, 

the summation of the vectors from both vestibular apparatuses cancels out the lateral components 

and results in a single vector in the sagittal plane directed posteriorly and anteriorly about 18° 

above Reid’s line [Figure 13].  

In the otolith organs, the hair cells are not uniform in directionality. The hair bundles are 

spread out in a fan-like orientation on the macular surface. When the organs are stimulated 

electrically, all of the afferents are affected and thus, there is hyperpolarization on one side of the 

striola and depolarization on the other. This results in a small net acceleration signal because of 

the small size difference between the inner (pars medialis) and outer (pars lateralis) parts of the 

utricle but its effects are relatively small when compared to the effects of the semicircular canals 

(Fitzpatrick & Day, 2004). 
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Figure 13  GVS vector 

 

The calculated GVS vector axis is approximately 18° above Reid's plane (RP). 
 

Vestibular Transfer Function 

The theory of endolymph flow in semicircular canals was originally thought to be 

through a narrow canal in which the flow would be stopped by frictional damping in 

approximately 0.5 s. However, the mechanical properties of the cupula-endolymph system could 

not explain the subjective reports of sensory after-effects of rotation lasting around 30 s. In 1933, 

Steinhausen observed that the cupula-endolymph system in the semicircular canals of a pike 

behaved similarly to a heavily damped, second-order linear system where variables are derived 

from inertial and damping terms from the mass and viscosity of the endolymph and elastic 

energy from the cupular structure. The flow of the endolymph did indeed stop after 0.5 s but 

after-effects were caused by the slow return of the deviated cupula to its original position. 

Steinhausen’s torsion-pendulum model assumes that the discharge of the afferents is proportional 

to cupular displacement. In 1949, Van Egmond and colleagues (1949), used this model to study 

human vestibular reactions. It was concluded that the cupula-endolymph system does not act as a 

pure torsion-pendulum because leaking occurs between the cupula and the ampulla and thus, the 

discharge rate is not linearly related to cupular displacement. Deviation occurs at both low and 

high frequencies. At high frequencies (above 1 Hz), there is a gain enhancement as well as a 
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phase lag. At low frequencies (below 0.0125 Hz), the phase lag is less than expected which was 

attributed to sensory adaptation (Fernandez & Goldberg, 1971). Young and Oman’s (1969) 

modification to the torsion-pendulum model takes into account the existence of adaptation. The 

adaptation operator from this equation results in a phase lead at low frequencies and phase lead 

attenuation at very low frequencies (below 0.0125 Hz). 

Fernandez and Goldberg (1971) carried out a series of experiments to investigate the 

dynamic response of the semicircular canals to angular accelerations (up to 150o/s2) and 

sinusoidal stimulation (0.006-8 Hz) in squirrel monkeys (Fernandez & Goldberg, 1971; 

Goldberg & Fernandez, 1971). Recording electrodes were placed in Scarpa’s ganglion and the 

animals were placed on a rotating platform where the axis of rotation went through the center of 

the head. These studies led to the development of the following transfer function to approximate 

the response dynamics which takes into account adaptation and the high frequency lead 

component.  

 

HTP = 1/[(1+T1s)(1+T2s)] is the transfer function of torsion-pendulum        
HA = TAs/(1+TAs) is the frequency domain representation of the Young-Oman adaptation operator                     
HL = (1+TLs) reproduces the high frequency deviations from the torsion pendulum model, including gain 
enhancement and progressive phase lead          
T1 = Π/∆ from original torsion-pendulum model            
T2 = Θ/Π from original torsion-pendulum model 
 
Fernandez and Goldberg's mechanotransduction transfer function predicted the 

physiological data more accurately compared to the torsion-pendulum model especially at low 

and high frequencies. The transfer function requires the estimation of four time constants T1, T2, 

TA, and TL. From primate data, these were found to be 5.7 s, 0.003 s, 80 s and 0.049 s, 

respectively. 
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Appendix B – Experiment 1 Data 
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Table 1 Subject data - Exp 1 Sway (recalibration) 
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Table 2 Subject data - Exp 1 Sway (after-effects) 
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Table 3 Subject data - Exp 1 Trunk-lumbar roll 
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Table 4 Subject data - Exp 1 Somatosensory conditioning (recalibration) 
 

 
 

 
Table 5 Subject data - Exp 1 Somatosensory conditioning (after-effects) 
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Appendix C – Experiment 2 Data 
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Table 6 Subject data - Exp 2 Sway (recalibration) 
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Table 7 Subject data - Exp 2 Sway (after-effects) 
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Table 8 Subject data - Exp 2 Muscular response - peak amplitude of medium latency response 
(normalized) 
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Figure 14 Pooled subject data - Exp 2 Muscular response - peak amplitude of medium latency 
response in TFL, MG and combined EMG (normalized) 

 

 
 

 
 

 
Peak amplitude of the medium latency responses (normalized for background EMG) of TFL, MG 
and combined EMG recordings from all subjects (n=5), (Fischer's LSD, P < 0.005; significance 
denoted by (*)). 



 

54 | P a g e  
 

Table 9 Subject data - Exp 2 Muscular response - magnitude of medium latency response 
(normalized) 
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Figure 15 Pooled subject data - Exp 2 Muscular response - magnitude of 120 ms of medium 
latency response in TFL, MG and combined EMG (normalized) 

 

 
 

 
 

 
Magnitude of 120 ms of the medium latency responses (normalized for background EMG) of TFL, 
MG and combined EMG recordings from all subjects (n=5), (Fischer's LSD, P < 0.005; 
significance denoted by (*)). 
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Table 10 Subject data - Exp 2 Muscular response - peak amplitude of medium latency response 
(non normalized) 
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Figure 16 Pooled subject data - Exp 2 Muscular response - peak amplitude of medium latency 
response in TFL, MG and combined EMG (non normalized) 

 
 
 

 
 
 

 
 

Peak amplitude of the medium latency responses (non normalized for background EMG) of TFL, 
MG and combined EMG recordings from all subjects (n=5), (Fischer's LSD, P < 0.005; 
significance denoted by (*)). 
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Table 11 Subject data - Exp 2 Muscular response - magnitude of medium latency response (non 
normalized) 
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Figure 17 Pooled subject data - Exp 2 Muscular response - magnitude of medium latency 
response in TFL, MG and combined EMG (non normalized) 

 

 
 
 

 
 

 
Magnitude of the medium latency responses (non normalized for background EMG) of TFL, MG 
and combined EMG recordings from all subjects (n=5), (Fischer's LSD, P < 0.005; significance 
denoted by (*)). 
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Table 12 Subject data - Exp 2 Muscular response - RMS values of EMG activity 
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Figure 18 Pooled subject data - Exp 2 Muscular response - RMS values of EMG recording in 
TFL and MG 
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Figure 19 Pooled subject data - Exp 2 Muscular response - coherence 
 

 
 
Coherence analyses for pooled subject data were completed for each subject using segments of 
211 data points in order to determine the amount of linear correlation in the frequency domain 
between the SVS and EMG signals. Data from two trials of the same stimulus type were 
concatenated to produce 120 windows generating a frequency resolution of 1 Hz (1 s/segment). 
Gain and phase analyses for pooled subject data were completed using 213 data points and 
produced 30 windows generating a frequency resolution of 0.25 Hz (4 s/segment).  
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 Figure 20 Pooled subject data - Exp 2 Muscular response - gain and phase 
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Table 13 Subject data - Comparison of normalized and non normalized data  
 

 
 

Pilot study: Subjects (n=6) stood on foam and received 2 mA peak to peak (0-25 Hz) SVS signal 
for 60 s. Muscle activity was recorded bilaterally from MG and TFL. Two trials were with eyes 
closed and two trials were with eyes open. Two alike trials were concatenated to give 120 s of 
data. Cumulant density estimates were used to represent the time-domain relationship between 
SVS and muscle activity (non normalized). For the normalized results, the cumulant density 
estimates were divided by the product of the vector norms of the SVS and EMG signals. The peak 
amplitude of the medium latency response was extracted and compared. 
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Figure 21 Pooled subject data - Peak amplitude of normalized and non normalized data from 
MG and TFL 
 

 
 

Peak amplitude of the medium latency responses of MG and TFL recordings from all subjects 
(n=6), (Dependent samples T-test, P < 0.05; significance denoted by (*)). 

 
 
 
 

 


