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Abstract  
 
 

The Adaptation of Lower Leg Muscles During Gait to Galvanic Vestibular Stimulation 
 

Meaghan Hindle 
 
 

Fall prevention is a growing concern as our elderly population reflects a greater 

proportion of our population. Some muscles have been shown to exhibit a decrease in response 

as they become accustomed to certain types of stimulation and perturbations, dependant on the 

task and the muscle observed. This is possible by analyzing the relationship between muscle 

activity and stimulation in human participants.  

 

We measured the response to galvanic vestibular stimulation in the medial gastrocnemius 

and soleus muscles. Galvanic vestibular stimulation is when electric current is sent through pads 

placed over the mastoid processes on each side, which are found behind the ears. This induces a 

nerve impulse to be generated and sent from the vestibular nerve to the appropriate processing 

centers in the brain. This results in the brain thinking the body is losing its balance, since they 

head is being stimulated to change its orientation, causing a sway in the posture. 

 

15 healthy participants were recruited from the local university, and screened for any 

neurological disease. The goal was to determine if the medial gastrocnemius and soleus muscles 

also experience a decrease in response, over one hour of walking with the stimulation on a 

treadmill. Through the analysis of the relationship between muscle activity and stimulation, we 

did not find any significant decrease in muscle activity over time. The results cannot however be 

widespread to other muscles or other tasks, and so more research is needed to better understand 

how muscle response to dynamic tasks is organized.  
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The Adaptation of Lower Leg Muscles during Gait to Galvanic Vestibular Stimulation 

 

 

Introduction 

 

Gait is important for human survival and well-being, and it is a strong predictor of our 

independence. Because of the important role gait plays in our independence, it is essential to 

understand the mechanisms that contribute to its effectiveness, to train them or rehabilitate them, 

in the event gait becomes impaired. Gait is complex, however. It relies upon many interacting 

systems for its successful performance. Sensory systems such as the visual, somatosensory and 

vestibular systems, all provide information to the brain describing where the body is in space and 

in relation to its environment. At a finer level, each of these sensory systems provides an 

important contribution to the different phases of the gait cycle.1,2 For example, when we lose 

balance, sensory systems throughout our body, such as in the vestibular system, sense the 

inappropriate motions associated with the loss of balance and send that information to the central 

nervous system. The central nervous system then sends efferent signals to contract the 

appropriate muscles to counter the disturbance.  

 

The body is very quick to react and compensate for sensory signals resulting from the 

disturbances it encounters daily. However, when these sensory signals do not need to be 

compensated for, such as when they can be predicted or are the result of an internal error, the 

body can ‘tune out’ or reduce its response to these signals.3 This allows normal functioning to 

continue, despite erred information from one or more sensory systems. This ‘tuning out’ 

phenomenon is a form of adaptation called habituation, where the body’s systems will adapt and 

disregard an erred or unhelpful sensory signal.3 Understanding such adaptation becomes 

particularly important in the event of disease or sensory disorders, and therefore unveiling the 

mechanisms underlying this adaptation is a topic of interest.  

 

As we age, our senses deteriorate, which affects our ability to respond and adapt to ongoing 

stimuli.4,5,6,7,8,9,10,11,12,13 A study done by Miwa et al8 using aging rats to evaluate the activity of 

muscle spindles showed a decrease in their sensitivity with age.8 This was found to be due to the 
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increase in collagen around the spindles, causing them to be less receptive to stimuli.8 These 

changes negatively affected muscle spindle function and central nervous system processing, 

which was concluded to result in deficits in balance.8 Another study done by Burke et al9 

analyzed the patellar tendon reflex in aging adults, and found a deterioration in muscle spindle 

presynaptic inhibition pathways, which was correlated with a deficit in movement preparation 

and execution.9 They explained that this could contribute to movement problems in the elderly 

population.9 Adaptation, as mentioned above, is one mechanism by which the nervous system can 

change how it uses and processes sensory information in overcoming problems associated with 

aging. If the pathways or centers involved in adaptation have lost their sensitivity to stimuli, this 

might hinder the adaptation that needs to take place to maintain proper functioning. Therefore, it 

can be hypothesized that the adaptation that should take place to allow normal functioning might 

also be affected by aging.  

 

The mechanisms underlying the deterioration of our senses and how they affect our ability to 

respond to postural disturbances are not well understood. In addition, the mechanisms that adapt 

to overcome unhelpful or erred stimuli are also not well understood. However, identifying the 

mechanisms of sensory adaptation affecting postural control may be key to understanding the 

changes that occur with aging, which are essential in understanding how to reduce fall risk in the 

elderly. 

 

Literary Review 

 

The importance of fall prevention 

 

Fall prevention is a critical concern in the elderly because falls can have severe long-term or fatal 

consequences. This concern is being exacerbated by the increasing elderly population, in which 

people aged 60 years and over are expected to account for 20% of the world’s population by 

2050.14 Fall-related hospitalization of people aged 60 years and over occurs at a rate of 1.6 to 8.9 

per 10,000 people, and fall-related fatalities in this group account for up to 40% of all injury-

related deaths.15 In addition to injury, fall-related disruption of gait can also severely impair 

independence thus decreasing quality of life if autonomy cannot be maintained.16 Given the 
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frequency of falls and their consequences, understanding the mechanisms of falling, to better 

prevent them, and ensure a positive quality of life is important.  

 

Falls often occur as a result of a suddenly imposed disturbance, whether it be from an 

unanticipated obstacle, movement of the supporting surface, or surrounding events.17 To prevent 

a fall, a person’s muscles must contract rapidly to counter the disturbance and keep the body in 

an upright position. The act of retaining an upright posture can be described as balancing and the 

coordination of muscle activity in response to a disturbance to balance, or lack thereof, will often 

determine if someone will fall. A better understanding of the mechanisms underlying balance, 

and how they change with age, could lead to increased efficacy of interventions aimed at 

improving balance and a reduced likelihood of falls. Currently, researchers use several different 

‘model’ disturbances to investigate the mechanisms that contribute to balance control.   

 

Models to evaluate balance 

 

Having an appropriate model to investigate the mechanisms underlying the compensatory 

response to a balance disturbance is key to understanding balance control. One such model is a 

slip-initiated disturbance from which we can analyze compensation strategies.18 By analyzing the 

muscle response, or muscle activation latency, resulting from an induced slip, it becomes possible 

to learn about the recovery strategy through observation of the muscular response.18 The 

challenge with a slip-initiated postural disturbance, however, is concealing when the stimulus 

will occur, as most falls are unpredictable and could be easily compensated for if advanced 

knowledge is available. A fall recovery is normally engaged once the body has begun to lose 

balance and the recovery itself can be considered a dynamic task. To better understand the 

mechanisms underlying a dynamic response to a fall, the setting should be similar to the real 

event, and thus take place in a dynamic environment. The results from a static test can be difficult 

to relate to a response in a dynamic environment. 

 

Another model for studying balance recovery is a lean and release. During a lean and release, a 

research participant in a harness is tethered to the wall behind them. The tether allows the patient 

to lean forward so that their center of mass is past their toes. When the cable is released, the 
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patient is forced to take a step to recover, otherwise they will fall.19,20 To understand the 

mechanisms contributing to the balance recovery following a lean and release, the kinematics of 

the compensatory step and the muscle activity are often recorded.19,20 The benefit of this type of 

balance disturbance is that it can resemble the circumstances that precede a real-life fall, but it 

does so in a safe environment. A limitation of this type of balance disturbance model is that it 

does little to reveal the mechanisms underlying real-time balance control during a dynamic 

movement, such as walking. A dynamic environment would provide more accurate information 

in the body’s response to a fall, which can be translated to a real-life setting. 

 

Falls often occur during walking21,22 and therefore balance disturbance models that incorporate 

gait are particularly important to understanding these types of falls. Specifically, treadmill 

walking has been used successfully to analyze walking biomechanics.1,2,3 The addition of some 

form of sensory-derived disturbance to treadmill walking has allowed further investigation into 

the sensory mechanisms that contribute to balance control during walking.1,2 One specific way to 

probe these sensory mechanisms is by inducing a small sensory error and examining how the 

body responds to it throughout the gait cycle. The vestibular system can be easily probed in this 

manner by applying a small electric current behind the ears to stimulate the vestibular nerve and 

then the behavioral impact on the body can be measured. Below, I review vestibular anatomy and 

physiology to lead into a discussion of recent improvements in vestibular stimulation methods 

and how they have allowed investigation into the vestibular systems' role in balance control 

during walking. 

 

Vestibular System 

 

The vestibular system is responsible for relaying information about the head and body’s position 

in space to the brain, and it is often thought of as our balance system.23 Information from the 

vestibular system is combined with sensory information from senses, such as sight and 

touch24,25,26 , which, in the event of a disturbance, the brain uses to generate an appropriate 

compensatory response to a postural disturbance.23 The vestibular end organs are found in the 

inner ear and are comprised of the otolith organs, which detect head tilt relative to gravity and 

acceleration27,28, and the semicircular canals, which detect head angular motion.28 Each of these 
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end organs is lined with hair cells and nerves that receive and transmit ongoing sensory 

information about our motion and orientation relative to gravity.24,25 During natural head motion, 

the end organs' hair cells are bent, and depending on the direction of the head and consequently 

the direction of the hair cells’ bend, can depolarize or hyperpolarize the associated vestibular 

afferents which informs the brain of the direction of the head motion.27,28 Importantly, such 

motion can also be partially simulated by electric stimulation of the vestibular nerves. This 

process, called galvanic vestibular stimulation, involves electric current being sent to the 

vestibular nerve through pads placed bilaterally over the mastoid processes.24 By changing the 

polarity of the current flow stimulating the vestibular nerves, it is possible to induce a sensory 

error that results in postural sway and this sway can be used to better understand the body’s 

response to a vestibular derived balance disturbance.24  

 

Galvanic vestibular stimulation (GVS)  

 

Galvanic vestibular stimulation is often used as a means to probe and analyze the vestibular 

influence on gait and balance. GVS is the process of delivering a small electric current bilaterally 

to the mastoid processes behind each ear that alters the firing rate of the nearby vestibular nerves. 

A cathodal current increases the vestibular nerve’s firing rate whereas an anodal current 

decreases the vestibular nerve firing rate.29 Importantly, these changes in firing rate are not 

consistent across vestibular afferents, as it seems irregularly firing vestibular afferents are 

affected to a greater degree than regularly firing vestibular afferents by the electrical current.18 

The overall response to changing vestibular afferent firing rate in this way is to cause a 

compensatory sway response toward the anode electrode side.29 The sway response is caused by a 

whole-body muscle response thought to correct for the perceived body motion caused by the 

stimulus.29 A major benefit of GVS is that it is thought to be a relatively isolated probe of the 

vestibular system, without other inputs being disturbed.30 It is therefore believed that the isolated 

vestibular error signal, caused by the stimulus, is at least partially interpreted as a disturbance to 

posture that must be corrected for, resulting in the observed postural response. Such postural 

responses can then be interpreted as a direct consequence of the vestibular stimulation. 

Importantly, this stimulation can also be applied during a dynamic task, thus permitting 

inspection of balance correction during movement. While GVS is an isolated probe of the 
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vestibular system, interpreting the signals arising from the vestibular system depends on 

knowledge of the orientation of the head in space and on the body, and therefore controlling head 

orientation is an important component of using this stimulus. 

 

GVS and Head Orientation 

 

The vestibular end organs are fixed in the skull, and therefore the information they encode is in 

relation to the skull’s orientation to the body and gravity. The head’s orientation relative to the 

body is therefore an important consideration when responding to a balance disturbance, as it will 

influence how the vestibular system encodes and responds to a disturbance. 30,31 In fact, the 

position of the head with respect to the body determines the direction of the vestibular derived 

postural responses.32 For example, if a disturbance causes a head motion directed towards the left, 

it will result in an efferent muscle response aimed at directing the body to the right.33 If the head 

is turned 90 to the right however, the same disturbance would result in a backward correction.33 

When delivering GVS in a binaural bipolar electrode configuration with the head facing forward 

and the nose tilted upward 18 from the horizontal, the postural response to the stimulus is 

largely restricted to the frontal plane.25,34 Because the stimulus activates afferents from all 

vestibular end organs, when their activity is summed, and asymmetries in the semicircular canals 

and the otolith organs are considered, a bipolar binaural electric stimulus will result in a 

vestibular signal largely comprised of roll around a posteriorly directed vector angled 18 up 

from Reid’s plane.30 Therefore, by tilting the head and nose up by 18 from the horizontal, the 

postural response is largely restricted to the frontal plane. To aid in constraining motion to this 

plane, researchers also often monitor head orientation by attaching a laser to the head, fastened by 

an elastic band, and asking participants to point the laser beam at a point on the wall in front of 

them during testing.35 Deviation from this position will change the direction of the postural 

response due to its craniocentric nature and introduce variability within and between research 

participants. In addition, vestibular responses also vary depending on the task at hand and the 

muscles involved in balance control. Consistency between tasks and muscles evaluated must be 

achieved in order to properly compare results and state conclusions. 

 

 



 7 

Variability in GVS Responses 

 

The size of the response to GVS also appears to relate to the degree of instability of 

posture.35,36,37 More specifically, when the body is stable, GVS has little effect on posture. 

However, when the body is unstable, like standing on a soft surface, the size of the response to 

GVS is much larger.36,37 This behavior can also be observed at the muscular level, where muscles 

seemingly engaged in the act of balance control will respond to GVS whereas muscles not 

involved in balance control tend not to. For example, if the hand is used to maintain balance, 

responses will be observed in the muscles of the arm.37,38,39 Specifically, responses in the 

supporting triceps brachii muscle can be observed when subjects hold a handle for stability 

during the vestibular stimulation.37 The size of this response depends on the orientation of the 

head relative to the body, with the largest responses visible when the disturbance caused by the 

stimulus aligns with the plane of action of the muscle.37 A response is also observed when only 

one arm is active in maintaining balance by light touch or grip.38 The muscle response is 

therefore dependent on head orientation and the type of grip (no grip, slight touch, full grip).38 

The observation that arm movements can be part of the whole-body response to vestibular 

stimulation demonstrate that responses to the vestibular stimulus are task-dependant.37,38,39 In 

addition, variation in responses is not restricted to interlimb differences, responses can also differ 

within a limb between muscles with similar function.40  

 

Although muscles with similar functions might be expected to respond to GVS the same way, 

variation still exists. Recently, the response to GVS was examined in two muscles in the lower 

leg with seemingly similar function: plantar flexion.40 Even though these muscles superficially 

appear to have similar functions during standing, the medial gastrocnemius is more responsive to 

the vestibular stimulus than the soleus.40 The reason for this may lie in their anatomical and 

physiological differences.40 The soleus has a very large cross-sectional area and is said to be 

more continuously active during standing.40 In contrast, the gastrocnemius has a much smaller 

cross-sectional area, and is more phasically active during standing, providing only small 

corrections on demand.40 In addition to these behavioral differences, the soleus also has much 

higher spindle density, which could mean muscle spindle feedback provides a higher proportion 

of sensory input to this muscle, potentially making it less receptive to other sensory inputs 
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compared to the medial gastrocnemius.40 Functionally, the larger response in the medial 

gastrocnemius may reflect greater inclination to contribute to dynamic balance control compared 

to the soleus.40 Even though these differences were observed during standing, similar differences 

might also be present during more dynamic tasks such as walking. 

 

Dynamic balance control 

 

The size of vestibular induced muscle responses observed during walking depends on the muscle, 

phase of the gait cycle, and the cadence.1 For example, muscle responses observed at the ankle 

are only correlated to the stimulus before and during stance whereas muscle responses at the knee 

and hip are present periodically throughout the gait cycle.1 In general, the vestibular signals’ 

influence on posture during gait is present over the duration of the gait cycle, but its local 

influence depends on the muscle examined.1 The largest response is seen early in the stance 

phase, which corresponds to the highest postural deviation from the stimulus, seen at heel strike.1 

Stabilization of the body during a dynamic task involves many factors, such as muscles analyzed, 

type of stimulation and task at hand.41 The amount of stabilization is dependent on the need of the 

body to correct for changes in balance, which depends on the specific situation and the need for 

compensations.41 In order to compare results to a real fall-recovery, the stimulation and task at 

hand must be as closely related as possible.  

 

Stochastic Vestibular Stimulation 

 

Typically, GVS is delivered using a step or square wave stimulus. Extracting the behavior seen 

through the vestibular responses is difficult with these transient stimuli due to the need to average 

over many precisely timed instances of stimulation. Recently however, the use of a random 

waveform stimulus has become popular. Stochastic vestibular stimulation (SVS) is a branch of 

GVS in which the stimulus has a random amplitude and is continuously sent to avoid anticipatory 

behavior by the participant.1,33,34,42,43 Because the responses from GVS are rather small, many 

trials are averaged to get a clear and precise response.2 SVS has been shown to produce similar 

responses as GVS, but in less time and with potentially less postural disturbance.2 One important 

use of SVS is to extract vestibular influence during cyclic tasks, such as walking, because this 
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method allows efficient data collection with resolution sufficient to visualize how vestibular 

influence changes over the gait cycle.2 This method was used to examine the aforementioned 

muscles’ responses in the leg during walking that found that much of the influence of the 

vestibular stimulus occurred during the extension phase of gait.2 Because of this stimulus’ ability 

to show time varying behaviors, it can be a useful tool for investigating repeatable muscular 

responses correlated to vestibular influence. These responses vary between muscles, between 

limbs and under certain contexts. 

 

 

Variation in Muscle Response Throughout the Body 

 

Muscles exhibit different responses based on their placement in the body and their line of action. 

Some muscles are responsible for generating the force and torque behind movement and muscle 

patterns, while others are responsible for correcting slight postural disturbances during tasks.44 

The muscular responses are always dependant on the task and the muscle analyzed, as mentioned 

earlier.1,35,36,37,38,39,40,41 Muscles can therefore be sensitive to receiving ongoing stimulus from the 

environment and their respective proprioceptors to generate movements accordingly, while 

different muscles can be more sensitive to feedback in maintaining a homeostatic and stable 

environment. A muscle’s response is dependent upon many factors, such as the task at hand, the 

type of stimulation and the disturbance setting.45,46 A study done by Carpenter et al45 analyzed 

muscular responses when participants where subject to balance disturbances and concluded that 

different trunk, hip and lower leg muscles respond at different times throughout the task 

depending on the specific disturbance, and at different angles from the original feedback sent to 

the muscle.45 This suggests the muscular response is varied based on the direction of the 

disturbance.45  

 

Some muscles may be more sensitive to respond to vestibular disturbance, while others may be 

more sensitive to respond to visual or somatosensory disturbances.46,47  A study done by Porras et 

al46 evaluated muscular responses to visual stimuli sent to induce a balance disturbance.46 They 

concluded that vision plays an important role in balance, shown by a longer response when 

various visual stimulation settings were applied.46 The role vision plays however is dependent on 
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each person, as some may rely on it more than others, depending on how much weight their 

higher brain orders place on the incoming stimulus.46,48 A fall recovery situation where the visual 

system is heavily relied upon might prioritize the hip and trunk musculature to get in proper 

positioning.46 These muscles are also involved in other situations, but their involvement in visual 

stimulus-driven falls helps in gaining knowledge on how the fall recovery is processed and 

prepared. This shows that along with variations throughout the body’s muscular response, there 

can be variations in response depending on the type of stimulation received by the brain’s 

processing centers. A different setting can induce a different response, and each one analyzed can 

bring its own set of conclusions and further questioning.  

 

The complexity to which the body must respond when correcting for a postural disturbance has 

been documented.45,46,49,50,51 For example, the postural trunk muscles are numerous and must 

work syngerstically with many other muscles to respond as efficiently to a balance disturbance as 

possible, to attempt to keep the body in an upright position during stance and various dynamic 

tasks. The muscles that have been analyzed during balance recovery tasks in studies looking at 

co-activation are the erector spinae bilaterally, the internal oblique and external oblique 

bilaterally, the rectus abdominus, the gluteus medius, the soleus, the paraspinal muscles, the 

tibialis anterior, the medial deltoid, the lateral gastrocnemius, the medial gastrocnemius, the 

rectus femoris and the biceps femoris.41,45,46,49,50 Balance is a task that requires the entire body to 

be engaged through the collective work of many muscles, and this is why many muscles have 

been investigated. 45,46,49,50 Some muscles will be more inclined to respond to certain stimuli or 

tasks. Each muscle has its role and needs to be activated correctly to allow the task or fall 

recovery to be successful. It has been documented that spinal muscles, specifically, are directly 

related to the muscular responses needed to maintain balance in response to vestibular 

stimulation.41 The implication of lower leg muscles in balance has been documented as task 

specific, and therefore is highly variable.41 There are many aspects of fall recovery that still need 

to be evaluated to understand how all these variations occur. 

 

Understanding the relationship and respective responses of the muscles and how they work 

together could help in the overall understanding of the mechanisms involved in fall prevention. 

Muscles respond to external disturbances based on their anatomical and physiological 
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properties.40 For example, the angle at which the muscle is oriented, the number of fibers per 

muscle, and the type of receptors in the muscle, all render the muscle a unique function, and this 

varies for each muscle across the body.40 As fall prevention becomes more common with the 

growing elderly population, it would be beneficial to understand how specific muscles respond to 

different types of disturbances, in order to train muscles accordingly. It could also be beneficial to 

understand how these muscles’ responses change throughout a particular task and if they can 

adapt to compensate for errors in signalling or information processing.  

 

 

Adaptation to galvanic stimulation 

 

Often during periods of erred signals, the central nervous system can tune out or lower the weight 

it places on the erred signal when planning movement or making decisions. Such a 'tuning out' 

can be a particularly important mechanism for overcoming problems or deterioration of our 

senses, particularly in certain situations. A loss of precision of the information provided by the 

senses can accompany aging, which may play a role in the increased risk of falls seen with 

advanced age.7,8,9,10,11,17,14,15 The vestibular system is no exception to this behavior. During 

periods of prolonged vestibular stimulation, the body can adapt and reduce the size of its 

response to it 3  

 

Vestibular adaptation or attenuation during prolonged stimulation appears to be task-

dependent.52,53 When participants are subject to random waveform GVS over a period of time, 

there is an initial period of rapid attenuation followed by further attenuation that appears to be 

associated with walking.53,54 Of the studies that have examined this attenuation over time52,53,54, 

the most recent inferred this behavior by observing the forces at the feet.3 Generally, the forces at 

the feet are thought to represent the sum of all of the muscle responses throughout the body. One 

might infer that a muscles' behavior should be similar to the force response, however, as I have 

discussed, this is not necessarily true. Here, my aim is to determine whether muscles in the lower 

leg exhibit response attenuation over time similarly to the whole-body force response.  
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Significance of research question 

 

Understanding how our body adapts to prolonged stimulation is essential to determining the 

clinical effectiveness of such stimulation. When it comes to the growing concern of the impact of 

falls on our population, having more precise information on the mechanisms and pathways 

involved in balance control could be very beneficial. Previous research has demonstrated that the 

full body response to GVS indeed adapts overtime. It is possible that specific muscle responses to 

the GVS also adapt over time, but this is not certain. Because the full body response is the sum of 

all muscle activities, not all muscles need to follow the same trend. 

 

Hypothesis: 

 

Here, I investigate whether lower limb muscle responses to GVS decrease overtime, as is 

observed in the whole-body force responses. I hypothesize that vestibular responses measured in 

the medial gastrocnemius and soleus muscles will decrease over an hour of walking with 

stimulation.  

 

 

Methods 

 

Participants: Fifteen healthy participants were recruited from the local university. The 

institutional review board of the university approved this study protocol.1,2 All participants were 

screened for any known neurological disease or past injury.1,2 Participants were provided 

informed written consent prior to their participation in this study.  

 

Protocol: Participants were screened for physical capability using a Physical Activity Readiness 

Questionnaire (PAR-Q) and a GVS Pre-Screening Questionnaire prior to participation. During 

the experiment, participants were asked to walk for six 10-minute periods on a treadmill with 

stimulation to determine whether vestibular responses in the muscles decrease over time. 
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Set-up: Once screening is completed, a wireless force transducer (Delsys Trigno, Natick, MA, 

USA) was placed on participant’s left heel to record foot contact during each stride. After placing 

the force transducer, two conductive carbon rubber electrodes (3.8 cm x 4.4 cm, Covidien Uni-

patch, Dublin, IE), coated with a conductive gel, were placed bilaterally over participants’ 

mastoid processes. The electrodes pass the electric stimulus, which was generated in Labview, 

from the stimulator (Biopac Systems, Inc, Goleta, CA, USA) to the vestibular nerves. During 

data collection participants were asked to stay looking at a dot on the wall in front of them in 

order to reduce head motion. Two stickers were also placed on the left side of participants faces; 

one at the corner of the eye and another above the ear, 18 degrees up from Reid’s plane. During 

trials, participants received feedback to keep their nose tilted up to keep the line intersecting the 

stickers horizontal to the ground. By keeping the head in this orientation, the postural response to 

GVS was restricted to the frontal plane. Electromyographic electrodes were placed on the soleus 

and medial gastrocnemius of the left leg. Prior to electrode placement, the sites were shaved and 

cleaned with rubbing alcohol. 

 

Prior to data collection, participants were provided the opportunity to experience the stimulus. 

Each participant was provided 2 seconds of stimulation with a peak amplitude of 3mA and 2 

additional seconds of stimulation with a peak amplitude of 5mA. If they were willing to continue, 

the experiment proceeded. 

 

Electromyography (EMG) readings: EMG sensors were placed on the muscle belly of the medial 

gastrocnemius and the soleus of the left leg for each participant. EMG was sampled at a 

frequency of 2000Hz and bandpass filtered offline between 25-500Hz. Filtering is used to reduce 

the noise that can enter the EMG recordings, either from nearby muscles’ activity or movement 

of the skin under the EMG pad.  

 

Stimulus: During data collection participants were provided a bandwidth limited 0-25Hz random 

noise peaking at 5mA. Stimuli was generated by low-pass filtering a white noise signal using a 

4th order Butterworth filter, with cut-off of 25Hz. The signal was then be rescaled to 5mA. 
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Data Collection: During data collection, participants walked on the back force-plate of a two 

force-plate instrumented treadmill arranged in series as there is a small space between force 

plates that might interfere with walking over time. During each of the six 10-minute walking 

periods, participants walked at a metronome synchronized cadence of 76 bpm. This cadence has 

been used before to measure vestibular response to GVS during walking.1,2,55 To determine if 

vestibular responses decrease over time, I compared the size of responses in the first 10-minute 

period to the last 10-minute period.1,2,55    

 

Data Analysis: To determine whether vestibular evoked muscle responses decrease over time, I 

measured the coherence and gain between the GVS signal and the muscles’ electromyographic 

responses. Coherence quantifies the linear relationship between two signals where a perfect linear 

relationship has a coherence of one and a coherence of zero indicates no linear relationship. Gain 

is used to assess the scaling of the output muscle activity relative to the GVS. A gain greater than 

one indicates that the amplitude of the electromyographic signal is greater than the GVS signal. 

Using these measures, I expected a decrease in vestibular influence over time to present as a 

decrease in both coherence and gain. 

 

To calculate gain and coherence, the stimulus and muscle data was first cut into strides based on 

the left heel strike as identified using the force sensitive resistor. Each stride was padded with an 

additional 25% of data from the stride preceding and following the stride to prevent distortion at 

the edges of the stride. Stride data was then converted to the frequency domain using a Morlet 

wavelet transform using a modified version of the method outlined by Zhan.56 To account for 

differences in the length of each stride, the auto and cross spectra of the stride lengths was 

interpolated to each participants’ average stride length. Coherence and gain for each step were 

then averaged within each subject to provide a single time-frequency representation of the 

muscles’ behavior over the stride cycle. 

 

Statistical Comparison: Coherence and gain were compared between the start and end of walking 

using a bootstrapping procedure. First, fifteen subjects were drawn randomly with replacement 

from the first 10-minutes of walking and the last 10-minutes of walking. I then took the mean of 

these bootstrapped samples and then subtracted the mean for the first 10-minutes from the mean 
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of the last 10-minutes. This process was repeated 10,000 times to generate a difference of means 

distribution. The difference of means distribution was then ordered and the 95% confidence 

interval determined by taking the 250th and 9750th datapoint. Regions in the coherence and gain 

in which the 95% confidence interval excludes zero were deemed statistically different from each 

other. 

 

 

Results  

 

The results from our study are shown below in Table 1. The medial gastrocnemius did not see a 

significant change in coherence or gain between the first 10 minutes of walking and the last 10 

minutes of walking (Table 1). The soleus saw a slightly larger difference in coherence and gain 

between the first 10 minutes of walking and the last 10 minutes of walking (Table 1). The 

significance of these findings is discussed below. 

 

 
Table 1: The results of the coherence and gain measurements for the first and last 10 minutes, for 

the medial gastrocnemius and soleus muscles. The maximum values and their standard 

deviations, the time (%) it occurred in the gait cycle, at the frequency at which it occurred.  
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Figure 1: The muscle activity for the medial gastrocnemius muscle in the first 10 minutes (Pre) 

and the last 10 minutes (Post), with significance shown in yellow of the top two graphs.  

 

The medial gastrocnemius did not experience a broad change in coherence and gain between the 

first and last 10 minutes of walking. Coherence and gain showed small regions of statistical 

differences at the beginning and end of the gait cycle, where Figure 1 (top row) is yellow. The 

coherence peaks at around 30% of the gait cycle. The gain peaks first at around 20% of the gait 

cycle, then a little at 90% of the gait cycle. The mean peak coherence in the first 10 minutes was 

0.14+/- 0.07, occurring at 27.36 +/- 12.64 percent of the gait cycle, at a frequency of 5.66 +/- 1.37 

Hz. The mean peak coherence in the last 10 minutes was 0.14 +/- 0.08, occurring at 34.62  +/- 

13.02 percent of the gait cycle, at a frequency of 5.41 +/- 0.57 Hz. The mean gain in the first 10 

minutes was of 0.01 +/- 0.01 mV/V, occurring at 19.37 +/- 12.07 percent of the gait cycle, at a 

frequency of 3.79 +/- 1.98 Hz. The mean gain in the last 10 minutes was of 0.01 +/- 0.01 mV/V, 

occurring at 23.634 +/- 7.82 percent of the gait cycle, at a frequency of 3.87 +/- 1.67 Hz. As 

shown by Figure 1, there is a small statistically significant difference in coherence and gain at the 

beginning and the end of the gait cycle, where there is yellow on the top graph.   
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Figure 2: The muscle activity for the soleus muscle in the first 10 minutes (Pre) and the last 10 

minutes (Post), with significance shown in yellow of the top two graphs.  

 

There was a small change in gain and a slight change in coherence for the soleus muscle between 

the first 10 minutes of walking and the last 10 minutes of walking, though not in the region of 

greatest coherence. The coherence peaked at approximately 40% of the gait cycle. The gain 

peaked at around 35% of the gait cycle. The mean coherence in the first 10 minutes was 0.08 +/- 

0.04, occurring at 35.23 +/- 23.81 percent of the gait cycle, at a frequency of 5.01Hz +/- 2.12. 

The mean coherence in the last 10 minutes was 0.07 +/- 0.05, occurring at 39.26 +/- 23.06 

percent of the gait cycle, at a frequency of 6.07Hz +/- 5.07. The mean gain in the first 10 minutes 

was of 0.005 +/- 0.003 mV/V, occurring at 50.74 +/- 38.40 percent into the gait cycle, at a 

frequency of 6.20 +/- 8.30 Hz. The mean gain in the last 10 minutes was of 0.003 +/- 0.002 

mV/V, occurring at 64.88 +/- 33.04 percent of the gait cycle, at a frequency of 7.47+/- 9.35 Hz. 

As shown by Figure 2, there is a statistically significant difference in coherence and gain at the 

beginning and the end of the gait cycle, where there is yellow on the graph.  
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Discussion  

 

The primary aim of this study was to determine if there is any adaptation to GVS in lower leg 

muscle activity during walking. I analyzed the medial gastrocnemius and the soleus muscles of 

the left leg. My goal was to gain more knowledge on the mechanisms that act to adapt to external 

disturbances applied to the moving body. As a general representation from the figures, there was 

a greater significant difference between the pre-post gain than coherence, particularly in the 

soleus muscle. This means that there was a greater output muscle activity per unit of input of 

vestibular stimulation, but the proportion of vestibular correlated muscle activity relative to other 

sources of activity did not change. The areas of the graph that show a statistical difference were 

not, however, the regions with the greatest coherence. The only significant finding of this study 

was a difference in gain near heel contact for the soleus muscle, whose muscular response was 

generally less correlated to the vestibular stimulus. Overall, these results suggest that adaptation 

to the stimulus is not necessarily evenly represented across all muscles, in this setting, and that 

further investigation is necessary.  

 

Previous investigations have found that vestibular stimulation produces a whole-body response, 

and that this whole body response, measured by analyzing the forces at the feet, decreases over 

time.3,57 Hannan et al.3 studied the change in forces at the feet in relation to the application of 

galvanic vestibular stimulation.3 They found that there was a decrease in the postural response 

evoked by the vestibular stimulus over time during standing and walking.3 The decreased 

response observed during walking did not transfer to standing, and so habituation to the stimulus 

was proposed to be task-dependent. Similarly, Johansson et al in 199557, demonstrated that the 

whole-body response to a galvanic vestibular stimulation during a static stance exercise exhibits 

adaptation during standing.57 Their hypothesis was that the neural feedback systems in the brain 

sense the signal as being erroneous, and therefore the brain reduces the weight attributed to it and 

its influence on the body therefore decreases.57  

 

Our study found that the muscular response to vestibular stimulation generally did not undergo 

substantial changes over time. The lack of adaptation in this specific setting is important because 

it suggests that individual muscles may not behave in a manner similar to the whole-body 
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response observed in the forces at the feet during walking trials of one hour, contradicting our 

hypothesis. Because my results do not align with previous studies, further investigation is 

necessary to better determine where the adaptation observed in the forces at the feet might be 

originating from and the mechanisms underlying it. Based on these results, it is possible the 

change in force seen in the previous studies does not come from the soleus or the medial 

gastrocnemius muscles. The lack of adaptation might be due to the physiological and anatomical 

properties of the soleus and medial gastrocnemius muscles. As stated earlier, the soleus muscle 

may be more responsible for producing a baseline force for dynamic tasks.40 Its high muscle 

spindle density makes it more receptive to stretch feedback from its muscle fibers, and therefore 

may be less receptive to vestibular stimuli.40  

 

As far as we know, there is not much evidence to support a lack of adaptation in the medial 

gastrocnemius and the soleus muscles in response to galvanic vestibular stimulation during a one-

hour walking task. This study is one of the first to look at adaptation over a period longer than 15 

minutes, and this could be a reason. Previous experiments looking at adaptation to galvanic 

vestibular stimulation either noted a decrease in sway in the first 40s of a sinusoidal stimulation52 

or adaptation in response to a 10 minute noisy stimulus while performing various dynamic 

tasks54. Perhaps the adaptation is more dependent on the task performed.3,53 The brain can learn 

from ongoing stimulus and decrease its response to erred stimuli, in order to maintain its normal 

functioning.58,59 More research needs to be done to better understand the long term mechanisms 

involved in adaptation, and where this adaptation is controlled from. 

 

The absence of adaptation in the soleus and gastrocnemius raises several questions. Perhaps the 

medial gastrocnemius and soleus might be more sensitive to other aspects of balance, as opposed 

to GVS stimulus. Other factors related to balance may affect the medial gastrocnemius and soleus 

muscles more than the stimulus. For example, they might be more sensitive to visual or 

somatosensory disturbances, more than vestibular inputs, as seen in other studies discussed 

earlier. The study done by Porras et al.46 found that muscles’ responses to a visual postural 

disturbance results in a direction-specific correction.46 They also found that through the use of 

visual stimulation, the muscular responses are organized accordingly to the task at hand.46 The 

best way to facilitate adaptation might be to use other types of stimulation, which could facilitate 
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visualizing stimulus-specific adaptations. Perhaps the medial gastrocnemius and soleus muscles 

would exhibit greater muscular response attenuation through the use of a different stimulation 

type than GVS. Alternatively, perhaps the whole-body response produces an attenuation that is 

clear because certain muscles in the trunk and pelvis girdle have a larger affinity and 

responsiveness to vestibular cues than other muscles, perhaps in the lower limb, and this results 

in the net change in forces at the feet.41 For most muscles examined by Porras et al., the left 

paraspinal muscles especially had a greater magnitude of muscle activation during a trial where 

visual perturbations were applied.46 Thus, maybe trunk muscles contributing to core balance and 

force transfer exhibit most of the attenuation. Similarly, neck muscles that are responsible for 

head movements may be more sensitive to sensory stimulus and therefore adapt to it to reduce 

head variability for eye fixation.41 The attenuation in muscular response does not seem to be 

consistent across situations. It therefore becomes difficult to classify some muscles as having 

specific roles, since these roles can change depending on the dynamic task they are performing.41  

 

Of the regions known to contribute to adaptation, the cerebellum appears to be one of the most 

frequently associated. The cerebellum plays a role in adaptation to ongoing surrounding events, 

and in particular, adapting to an errors between a movement prediction and its associated sensory 

return.58,59 This suggests that the cerebellum’s role might be diminished in unanticipated 

reflexive and reactive actions associated with responses to suddenly imposed disturbances due to 

their lack of predictive component.58,59 However, prediction does not appear to be absolutely 

necessary to observe cerebellar involvement in movement. Patients that cannot predict 

movements but rather rely on responding to ongoing stimuli, due to neurological deficits, still 

appear to have cerebellar involvement in their muscle involvement for tasks .58,59 In the healthy 

participants used here, it is possible that the cerebellum is involved in the adaptation process, 

through recognition of the erred sensory signal, which cannot be predicted and recalibrated to. 

Vestibular signals sent in our study were random, meaning the body could not adapt to or learn 

from them. It seems plausible that the most effective way to respond to a sense that is 

unpredictable is to turn down the body’s reliance on it. Such a mechanism could also contribute 

to the aging process if the deterioration of the senses that occurs with aging results in a less 

reliable or predictable vestibular signal. 4,5,6,7,8,9,10,11,12,13 The reliance on the senses that have 

become deteriorated would be decreased, and therefore adaptation towards these senses would be 
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hindered. However, such adaptation could also hinder our ability to detect sensitive information 

due to too much tuning out of what is thought to be an erred signal.  

 

These are all important topics that could lead to a better understanding of how someone maintains 

their balance and recovers from a fall. If it was concluded that certain muscles are more sensitive 

or involved in responding to postural disturbances, measuring the strength of these muscles in an 

elderly person could allow for a tailored rehabilitation plan in fall prevention. Proper strength and 

conditioning programs for fall prevention and rehabilitation programs could be better constructed 

to each person’s specific deficits in motor control.  

 

 

Limitations  

 

Our study is limited by the number of muscles analyzed. More information needs to be gathered 

to further the understanding of balance control. Varied tasks with different types of disturbances 

should be experimented with. Various types of stimulation should be applied, such as visual or 

somatosensory stimulation, to determine if the body adapts more to a specific disturbance 

modality. Various muscles in the trunk need to be assessed to determine if they are more 

receptive to vestibular stimulation, and more muscles in the legs can be assessed to determine if 

they are more involved in the adaptation process. Higher brain orders could be examined to 

determine if they play a role in the tunning out or lowered reliance on certain stimulus in the long 

term.  

 

Conclusion 

 

Here I attempted to determine if there is habituation in two lower leg muscles. The medial 

gastrocnemius and the soleus muscles do not follow the decreasing trend observed in the whole-

body response over an hour of walking. If adaptation to the stimulus was observed, I would have 

expected to see a decrease in gain and coherence in the regions with the highest gain and 

coherence. Instead, differences in gain were observed in only the soleus outside the frequencies 

and times with the strongest relationship between the stimulus and muscle response. The small 
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statistical difference observed appears insufficient to make a general conclusion about the 

presence of adaptation in the medial gastrocnemius and soleus muscles. There is no doubt that 

some muscles must experience adaptation, since the decrease in whole-body response observed is 

driven by muscular activity. However, more investigation needs to be done to determine which 

muscles are adapting and why only specific muscles experience adaptation. Better understanding 

of this adaptive mechanism could be useful to tailoring rehabilitation programs aiming to reduce 

falls, especially with a growing elderly population and heightened concern of a fall. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 23 

References 
 
1.  Dakin CJ, Inglis JT, Chua R, Blouin J-S. Muscle-specific modulation of vestibular reflexes with 

increased locomotor velocity and cadence. J Neurophysiol. 2013;110(1):86-94. 
doi:10.1152/jn.00843.2012 

2.  Blouin J-S, Dakin CJ, van den Doel K, Chua R, McFadyen BJ, Inglis JT. Extracting phase-
dependent human vestibular reflexes during locomotion using both time and frequency 
correlation approaches. J Appl Physiol. 2011;111(5):1484-1490. 
doi:10.1152/japplphysiol.00621.2011 

3.  Hannan KB, Todd MK, Pearson NJ, Forbes PA, Dakin CJ. Vestibular attenuation to random-
waveform galvanic vestibular stimulation during standing and treadmill walking. Sci Rep. 
2021;11(1):8127. doi:10.1038/s41598-021-87485-4 

4.  Ribeiro F, Oliveira J. Aging effects on joint proprioception: the role of physical activity in 
proprioception preservation. Eur Rev Aging Phys Act. 2007;4(2):71-76. doi:10.1007/s11556-
007-0026-x 

5.  Liu J-X, Eriksson P-O, Thornell L-E, Pedrosa-Domellöf F. Fiber Content and Myosin Heavy 
Chain Composition of Muscle Spindles in Aged Human Biceps Brachii. J Histochem 
Cytochem. 2005;53(4):445-454. doi:10.1369/jhc.4A6257.2005 

6.  Swash M, Fox KP. The effect of age on human skeletal muscle studies of the morphology and 
innervation of muscle spindles. Journal of the Neurological Sciences. 1972;16(4):417-432. 
doi:10.1016/0022-510X(72)90048-2 

7.  Hb S, Rl B, Sd C. Age-related decline in proprioception. Clin Orthop Relat Res. 
1984;(184):208-211. 

8.  Miwa T, Miwa Y, Kanda K. Dynamic and static sensitivities of muscle spindle primary endings 
in aged rats to ramp stretch. Neuroscience Letters. 1995;201(2):179-182. doi:10.1016/0304-
3940(95)12165-X 

9.  Jeanmarie R Burke, Mary C Schutten, David M Koceja, Gary Kamen. Age-dependent effects 
of muscle vibration and the Jendrassik maneuver on the patellar tendon reflex response. 
Archives of Physical Medicine and Rehabilitation. 1996;77:600-604. 

10.  Nakamura S, Akiguchi I, Kameyama M, Mizuno N. Age-related changes of pyramidal cell 
basal dendrites in layers III and V of human motor cortex: A quantitative Golgi study. Acta 
Neuropathol. 1985;65(3-4):281-284. doi:10.1007/BF00687009 

11.  Scheibel ME, Lindsay RD, Tomiyasu U, Scheibel AB. Progressive dendritic changes in aging 
human cortex. Experimental Neurology. 1975;47(3):392-403. doi:10.1016/0014-
4886(75)90072-2 



 24 

12.  Masliah E, Mallory M, Hansen L, DeTeresa R, Terry RD. Quantitative synaptic alterations in 
the human neocortex during normal aging. Neurology. 1993;43(1 Part 1):192-192. 
doi:10.1212/WNL.43.1_Part_1.192 

13.  Strong R. Neurochemical changes in the aging human brain: implications for behavioral 
impairment and neurodegenerative disease. Geriatrics. 1998;53 Suppl 1:S9-12. 

14.  WHO | WHO: Number of people over 60 years set to double by 2050; major societal 
changes required. WHO. Accessed April 1, 2021. 
http://www.who.int/entity/mediacentre/news/releases/2015/older-persons-day/en/ 

15.  World Health Organization, ed. WHO Global Report on Falls Prevention in Older Age. World 
Health Organization; 2008. 

16.  Lowry KA, Vallejo AN, Studenski SA. Successful Aging as a Continuum of Functional 
Independence: Lessons from Physical Disability Models of Aging. Aging Dis. 2011;3(1):5-15. 

17.  Zhang S, Xu W, Zhu Y, Tian E, Kong W. Impaired Multisensory Integration Predisposes the 
Elderly People to Fall: A Systematic Review. Front Neurosci. 2020;14. 
doi:10.3389/fnins.2020.00411 

18.  Chambers AJ, Cham R. Slip-related muscle activation patterns in the stance leg during 
walking. Gait & Posture. 2007;25(4):565-572. doi:10.1016/j.gaitpost.2006.06.007 

19.  Graham DF, Carty CP, Lloyd DG, Barrett RS. Biomechanical predictors of maximal balance 
recovery performance amongst community-dwelling older adults. Experimental 
Gerontology. 2015;66:39-46. doi:10.1016/j.exger.2015.04.006 

20.  Carty CP, Mills P, Barrett R. Recovery from forward loss of balance in young and older adults 
using the stepping strategy. Gait & Posture. 2011;33(2):261-267. 
doi:10.1016/j.gaitpost.2010.11.017 

21.  Woollacott M, Shumway-Cook A. Attention and the control of posture and gait: a review of 
an emerging area of research. Gait & Posture. 2002;16(1):1-14. doi:10.1016/S0966-
6362(01)00156-4 

22.  Tideiksaar R. Preventing falls: how to identify risk factors, reduce complications. Geriatrics. 
1996;51(2):43-46, 49-50, 53, quiz 54-55. 

23.  Purves D, Augustine GJ, Fitzpatrick D, et al. The Vestibular System. Neuroscience 2nd edition. 
Published online 2001. Accessed February 10, 2021. 
https://www.ncbi.nlm.nih.gov/books/NBK10819/ 

24.  Khosravi‐Hashemi N, Forbes PA, Dakin CJ, Blouin J-S. Virtual signals of head rotation induce 
gravity-dependent inferences of linear acceleration. The Journal of Physiology. 
2019;597(21):5231-5246. doi:https://doi.org/10.1113/JP278642 



 25 

25.  Arntz AI, van der Putte DAM, Jonker ZD, Hauwert CM, Frens MA, Forbes PA. The Vestibular 
Drive for Balance Control Is Dependent on Multiple Sensory Cues of Gravity. Front Physiol. 
2019;10. doi:10.3389/fphys.2019.00476 

26.  Day BL, Guerraz M. Feedforward versus feedback modulation of human vestibular-evoked 
balance responses by visual self-motion information. J Physiol. 2007;582(Pt 1):153-161. 
doi:10.1113/jphysiol.2007.132092 

27.  Purves D, Augustine GJ, Fitzpatrick D, et al. The Otolith Organs: The Utricle and Sacculus. 
Neuroscience 2nd edition. Published online 2001. Accessed February 22, 2021. 
https://www.ncbi.nlm.nih.gov/books/NBK10792/ 

28.  Information NC for B, Pike USNL of M 8600 R, MD B, Usa 20894. How Does Our Sense of 
Balance Work? Institute for Quality and Efficiency in Health Care (IQWiG); 2017. Accessed 
February 22, 2021. https://www.ncbi.nlm.nih.gov/books/NBK279394/ 

29.  Day BL, Séverac Cauquil A, Bartolomei L, Pastor MA, Lyon IN. Human body-segment tilts 
induced by galvanic stimulation: a vestibularly driven balance protection mechanism. J 
Physiol. 1997;500(Pt 3):661-672. 

30.  Fitzpatrick RC, Day BL. Probing the human vestibular system with galvanic stimulation. J Appl 
Physiol. 2004;96(6):2301-2316. doi:10.1152/japplphysiol.00008.2004 

31.  Staffan Lund, Catharina Broberg. Effects of different head positions on postural sway in man 
induced by a reproducible vestibular error signal. Acta Physiologica Scandinavica. 
1983;117:307-309. 

32.  Reynolds RF. Where’s your head at? An illusion of head orientation which reveals 
dissociation of proprioceptive signals for balance versus perception. The Journal of 
Physiology. 2017;595(8):2407-2408. doi:https://doi.org/10.1113/JP273874 

33.  Mackenzie SW, Reynolds RF. Differential effects of vision upon the accuracy and precision of 
vestibular-evoked balance responses. The Journal of Physiology. 2018;596(11):2173-2184. 
doi:https://doi.org/10.1113/JP275645 

34.  Forbes PA, Luu BL, Van der Loos HFM, Croft EA, Inglis JT, Blouin J-S. Transformation of 
Vestibular Signals for the Control of Standing in Humans. J Neurosci. 2016;36(45):11510-
11520. doi:10.1523/JNEUROSCI.1902-16.2016 

35.  Mian OS, Day BL. Violation of the Craniocentricity Principle for Vestibularly Evoked Balance 
Responses under Conditions of Anisotropic Stability. J Neurosci. 2014;34(22):7696-7703. 
doi:10.1523/JNEUROSCI.0733-14.2014 

36.  Fitzpatrick R, Burke D, Gandevia SC. Task-dependent reflex responses and movement 
illusions evoked by galvanic vestibular stimulation in standing humans. The Journal of 
Physiology. 1994;478(2):363-372. doi:https://doi.org/10.1113/jphysiol.1994.sp020257 



 26 

37.  Britton TC, Day BL, Brown P, Rothwell JC, Thompson PD, Marsden CD. Postural 
electromyographic responses in the arm and leg following galvanic vestibular stimulation in 
man. Exp Brain Res. 1993;94(1):143-151. doi:10.1007/BF00230477 

38.  Smith CP, Allsop JE, Mistry M, Reynolds RF. Co-ordination of the upper and lower limbs for 
vestibular control of balance. The Journal of Physiology. 2017;595(21):6771-6782. 
doi:https://doi.org/10.1113/JP274272 

39.  Smith CP, Reynolds RF. Vestibular feedback maintains reaching accuracy during body 
movement. The Journal of Physiology. 2017;595(4):1339-1349. 
doi:https://doi.org/10.1113/JP273125 

40.  Dakin CJ, Héroux ME, Luu BL, Inglis JT, Blouin J-S. Vestibular contribution to balance control 
in the medial gastrocnemius and soleus. J Neurophysiol. 2016;115(3):1289-1297. 
doi:10.1152/jn.00512.2015 

41.  Magnani RM, Bruijn SM, Dieën JH van, Forbes PA. Stabilization demands of walking 
modulate the vestibular contributions to gait. bioRxiv. Published online October 2, 
2020:2020.09.30.319434. doi:10.1101/2020.09.30.319434 

42.  Samoudi G, Jivegård M, Mulavara AP, Bergquist F. Effects of Stochastic Vestibular Galvanic 
Stimulation and LDOPA on Balance and Motor Symptoms in Patients With Parkinson’s 
Disease. Brain Stimulation. 2015;8(3):474-480. doi:10.1016/j.brs.2014.11.019 

43.  Fitzpatrick R, Burke D, Gandevia SC. Loop gain of reflexes controlling human standing 
measured with the use of postural and vestibular disturbances. Journal of Neurophysiology. 
1996;76(6):3994-4008. doi:10.1152/jn.1996.76.6.3994 

44.  Ivanenko Y, Gurfinkel VS. Human Postural Control. Front Neurosci. 2018;12. 
doi:10.3389/fnins.2018.00171 

45.  Carpenter MG, Allum JHJ, Honegger F. Directional sensitivity of stretch reflexes and balance 
corrections for normal subjects in the roll and pitch planes. Experimental Brain Research. 
1999;129(1):93-113. doi:10.1007/s002210050940 

46.  Cano Porras D, Jacobs JV, Inzelberg R, Bahat Y, Zeilig G, Plotnik M. Patterns of whole-body 
muscle activations following vertical perturbations during standing and walking. J 
NeuroEngineering Rehabil. 2021;18(1):75. doi:10.1186/s12984-021-00836-0 

47.  Jung J, Link to external site  this link will open in a new window, Kim K, et al. Movement 
Time of Lower Trunk Muscles during Dynamic Postural Control in Response to a Sudden 
Visual Stimulus during Walking: A Pilot Study. International Journal of Environmental 
Research and Public Health. 2021;18(9):5015. doi:http://dx.doi.org.lib-
ezproxy.concordia.ca/10.3390/ijerph18095015 



 27 

48.  Terry K, Sinitski EH, Dingwell JB, Wilken JM. Amplitude effects of medio-lateral mechanical 
and visual perturbations on gait. Journal of Biomechanics. 2012;45(11):1979-1986. 
doi:10.1016/j.jbiomech.2012.05.006 

49.  van der Burg JCE, Pijnappels M, van Dieën JH. Out-of-plane trunk movements and trunk 
muscle activity after a trip during walking. Exp Brain Res. 2005;165(3):407-412. 
doi:10.1007/s00221-005-2312-z 

50.  Allum JHJ, Carpenter MG, Honegger F, Adkin AL, Bloem BR. Age-dependent variations in the 
directional sensitivity of balance corrections and compensatory arm movements in man. The 
Journal of Physiology. 2002;542(2):643-663. 
doi:https://doi.org/10.1113/jphysiol.2001.015644 

51.  Etienne Guillaud, Philippe Seyres, Gregory Barriere, Vincent Jecko, Sandrine S Bertrand, 
Jean-Rene Cazalets. Locomotion and dynamic posture: neuro-evolutionary basis of bipedal 
gait. Clinical Neurophysiology. 2020;50:467-477. 
doi:https://doi.org/10.1016/j.neucli.2020.10.012 

52.  Balter SGT, Stokroos RJ, Eterman RMA, Paredis SAB, Orbons J, Kingma H. Habituation to 
Galvanic Vestibular Stimulation. Acta Oto-Laryngologica. 2004;124(8):941-945. 
doi:10.1080/00016480410017350 

53.  Jennica L. Roche, Daniel P. Steed, Mark S. Redfern. HABITUATION TO GALVANIC VESTIBULAR 
STIMULATION DURING GAIT. American Society of Biomechanics Conference. 2019;34th 
Annual Meeting 2010(Abstract 86). web: http://hmbl.bioe.pitt.edu 

54.  Dilda V, Morris TR, Yungher DA, MacDougall HG, Moore ST. Central Adaptation to Repeated 
Galvanic Vestibular Stimulation: Implications for Pre-Flight Astronaut Training. PLOS ONE. 
2014;9(11):e112131. doi:10.1371/journal.pone.0112131 

55.  Forbes PA, Vlutters M, Dakin CJ, Kooij H van der, Blouin J-S, Schouten AC. Rapid limb-specific 
modulation of vestibular contributions to ankle muscle activity during locomotion. The 
Journal of Physiology. 2017;595(6):2175-2195. doi:https://doi.org/10.1113/JP272614 

56.  Zhan Y, Halliday D, Jiang P, Liu X, Feng J. Detecting time-dependent coherence between non-
stationary electrophysiological signals—A combined statistical and time–frequency 
approach. Journal of Neuroscience Methods. 2006;156(1):322-332. 
doi:10.1016/j.jneumeth.2006.02.013 

57.  Johansson R, Magnusson M, Fransson PA. Galvanic vestibular stimulation for analysis of 
postural adaptation and stability. IEEE Trans Biomed Eng. 1995;42(3):282-292. 
doi:10.1109/10.364515 

58.  Morton SM, Bastian AJ. Cerebellar Contributions to Locomotor Adaptations during Splitbelt 
Treadmill Walking. J Neurosci. 2006;26(36):9107-9116. doi:10.1523/JNEUROSCI.2622-
06.2006 



 28 

59.  Bastian AJ. Learning to predict the future: the cerebellum adapts feedforward movement 
control. Current Opinion in Neurobiology. 2006;16(6):645-649. 
doi:10.1016/j.conb.2006.08.016 

 


