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ABSTRACT 

Background. Although treatments for dizziness as a result of visual-vestibular 

mismatch (VVM) exist, the lack of prognostic information about this population affects the 

quality of their rehabilitation care. Despite numerous studies showing that individuals 

presenting with non-specific dizziness are likely to have VVM, and despite VVM being 

recognized by to the international classification of vestibular disorders by the Bárány 

Society, it remains unknown how prevalent this condition is. The VVM diagnostic 

questionnaire has not yet been generally accepted as a useful tool for diagnosis. There are 

inadequate criteria for prescribed vestibular rehabilitation for individuals with VVM, and 

little evidence to support the selection of treatment programs among this population. 

Treatment outcomes are not particularly successful because of a lack of guidelines. Studies 

have been performed that address dizziness severity, but no reliable biometric 

measurement has been developed yet. A potential measure of VVM could be responses of 

the autonomic nervous system (ANS) during vestibulo-visual challenges given the 

anatomical relationship between the vestibular system and the ANS. Individuals with both 

peripheral and central vestibular dysfunction exhibit symptoms and signs of autonomic 

dysfunction as a result of vestibulo-autonomic interactions. Moreover, changes in postural 

sway are tangible indicator of the balance during any disturbance to the vestibular system. 

In this dissertation the use of measures of electrodermal activity (EDA) of the ANS and 

postural acceleration are explored in vestibular migraine (VM) individuals both with and 

without VVM. Purpose. The aims of this dissertation were to examine, in VM adults: 1) 

the presence of VVM and visual dependency in individuals presenting with complaints of 

dizziness using the VVM questionnaire and the Rod and Frame protocol, respectively; 2) 
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the potential of EDA activity and postural responses to differentiate between VM and 

healthy individuals when accommodating for postural instability and visual-vestibular 

conflict; and 3) the effect of  exposure to different visual contexts of VR environments on  

EDA phasic and tonic responses and postural responses in identified VM adults with VVM. 

Participants. Seventy-four participants with dizziness were enrolled in Aim 1 (70% 

female, mean age 45.4 ± 14.8 years), and a total of 45 participants (23 healthy, 45.5% 

female, mean age 34± 9 years) and (22 VM adults, 61% female, mean age 34.4 ± 8, 

including 12 VM adults with VVM, 77% female, mean age 34±9) were enrolled in the 

experimental studies for Aims 2 and 3. Methods. In Aim 1, the VVM questionnaire and 

the Rod and Frame protocol were used to test the presence of VVM and visual dependency, 

respectively. In Aims 2 and 3, a Shimmer 3 IMU sensor accelerometer was used to assess 

trunk acceleration in the anterior-posterior, medial-lateral, and vertical directions with 

different VR environments (STREET and SPACE). EDA measurements were assessed 

with a wireless wearable Shimmer 3 GSR+. Clinical measures of dizziness and mobility 

were concurrently tested. A linear mixed model was used to examine the effect of VM with 

and without VVM on standing balance and EDA activity. Results. The presence of VVM, 

headache, and visual dependency demonstrated a strong association. EDA activity and 

postural acceleration significantly differed between VM and healthy individuals. Specific 

subjective reporting tools, including ABC, VSS-SF, VVAS, and DHI, were reliable for 

distinguishing between VM and healthy individuals. Lastly, VM individuals with VVM 

exhibited significantly greater NPL of trunk accelerations in the vertical plane than VM 

individuals without VVM with the STREET environment compared to the SPACE 

environment. Conclusion. VVM and visual dependency could be risk factors for 
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developing vestibular migraine and should be included in the examination protocol of those 

populations. Combining measures of EDA and trunk acceleration may provide objective 

measures of the severity of dizziness related to VVM. Results of this dissertation suggest 

that the use of EDA measures combined with NPL-Vert could provide potential 

neurophysiological biomarkers in identifying VVM in adults with vestibular migraine. 

Further, the correlation between the characteristics of the visual environment and the 

subjective dizziness outcome measure may contribute to establishing a threshold-tolerance 

basis for designing a vestibular rehabilitation program that will more precisely target 

symptom severity.   
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CHAPTER 1 

INTRODUCTION, LITERATURE REVIEW, AND SPECIFIC AIMS 

a. Dizziness and Visual-Vestibular Mismatch (VVM) 

Dizziness is a broad term that encompass vertigo, lightheadedness, disequilibrium and 

wobbliness.1 In addition, there is no one accepted definition of the term “dizziness”; it is 

inclusive and differs based on the particular vestibular dysfunction and subjective 

experience during an episode.2,3In the US, dizziness ranks as the second-most common 

health complaint among adults.4 Approximately 4 million visits to the Emergency 

Department (ED) in the United States annually are for or related to dizziness at an annual 

cost of $4 billion.5,6 Moreover, 5% of the American population is affected by chronic 

vestibular system disorders in which dizziness is the core symptom.5 1 out of 4 individuals 

who complain of dizziness have vestibular system disorders and are overtested, 

misdiagnosed, or untreated. As a result, patients with vestibular dysfunction may incur 

medical costs over $5000 through an average of 8 hospital visits between the onset of 

symptoms and receiving a diagnostic test. 5,7 

The vestibular system is essential for maintaining postural static and dynamic balance. 

The functional impact of any peripheral or central insult of the vestibular system can be 

dizziness and/or balance disturbances, many of which are triggered by visual stimuli. This 

phenomenon is known as a visual-vestibular mismatch (VVM), also known as visual 

vertigo (VV)3,  according to the international classification of vestibular disorders by the 

Bárány Society.8 Visual-Vestibular Mismatch (VVM)9 has been positively correlated with 

impairment of functional mobility.10,11 VVM occurs in many types of vestibular 

dysfunctions such as Meniere’s disease, concussion, and vestibular migraine.12 Individuals 



 2 

with VVM usually experience discomfort, unsteadiness, and dizziness in dynamic visual 

environments that contain multiple motion stimuli, and/or optic flow stimulation, e.g. 

traffic, and usually results in loss of balance, fainting, nausea, vomiting, excessive 

sweating, and an increased risk of falling.13  

Many visits to the ED because of unexplained falls have been related to vestibular 

disorders.13,14 Vestibular and anxiety disorders are also highly associated and anxiety may 

be amplified due to the long period that most patients go through in the search to reach the 

correct diagnosis and receive the appropriate health care.15 A recent study reported that 

patients with dizziness due to VVM spend, on average, two years before reaching a correct 

diagnosis and ultimately receiving appropriate health care.16 Individuals with dizziness 

could see up to 4-5 doctors before receiving a diagnosis.5,17  Thus, quality of daily life of 

dizzy patients can be greatly impaired in several aspects: emotionally, physically, and 

functionally.  

While there is a wide range of pharmacotherapeutics to manage symptoms of dizziness, 

none of them treat the underlying cause of dizziness.18,19 One of  the more popular 

vestibular rehabilitation interventions for VVM is optokinetic stimulation. Given the 

evidence of several fMRI studies during vertical and horizontal OPK stimulation in healthy 

individuals have shown significant activation in cortical areas related to visual motion 

processing and control of eye movement, along with deactivation of parieto- insular 

vestibular cortices.20 Optokinetic stimulation enhances perception and posture by 

dampening over-dependence on visual information and increasing sensitivity to vestibular-

proprioceptive stimuli through using symptoms triggered by visual motion.21,22 Although 

optokinetic stimulation has been demonstrated to be an effective treatment for individuals 
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with dizziness when it results in reduce-response to a stimulus, however, individuals with 

VVM often present with symptoms only in situations that provoke the VVM.12,22 

Traditional optokinetic stimulation scenes will not always provoke symptoms in patients 

with VVM, and a search of the literature did not identify studies with customized 

optokinetic training for patients with VVM.  Investigation of the influence of customized 

virtual scenes in this population is critical as a basis to define specific characteristics that 

need to be present in optokinetic visual stimulation to successfully exacerbate symptoms 

of VVM if we are to provide the appropriate intervention.   

 

b. Visuo-Vestibular Interactions in Vestibular Migraine (VM) 

Vestibular migraine (VM) is one of the most common causes of recurrent vertigo.8,31,32 

VM results in significant health care costs but remains under-recognized and 

underdiagnosed.33–35 Recently, VM has been recognized as a diagnostic entity by both the 

Barany Society and the International Headache Society (IHS).16,17 However, despite the 

existence of the diagnostic criteria, it is still challenging to diagnose patients with VM 

between attacks because physical examination and laboratory testing are often normal.31,36–

38 

The vestibular symptoms of VM can manifest as spontaneous vertigo, triggered vertigo, 

positional vertigo, visually induced vertigo, head-motion vertigo, and head-motion induced 

dizziness with nausea.8,36,39 The pathophysiology of VM is still largely unknown and 

poorly understood, however, recent findings are providing some insights.40,41 In 2016, 

Wang & Lewis et al. measured tilt perception and eye movements in individuals with VM 

, migraine only,  and normal during fixed-radius centrifugation and simultaneously 
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modulates signals from the semicircular canals and otoliths organs. They found that roll 

tilt perception was slower in people with VM than in other groups, though the slower 

development of tilt perception was unrelated to vestibular-mediated eye movements. This 

suggests that vestibular perception is not related to vestibular-related eye movements, but 

rather to canal-otolith dysfunction.42 In contrast, an experiment by Bednarczuk et al, 2019 

examined visuo-vestibular cortical interaction in individuals with VM, migraine only, 

episodic vertigo due to peripheral vestibular disorder and normal subjects. Vestibular 

ocular reflex, vestibular-perceptual threshold of self-motion were measured after 

prolonged exposure to full-field visual motion. Individuals with VM exhibited elevated 

vestibular- ocular and perceptual thresholds following visual motion effect compared to 

other groups. Results suggest the presence of altered visuo-vestibular interaction in 

individuals with VM.43  Functional neuroimaging studies revealed an alteration in the 

multimodal sensory integration and processing of vestibular and nociceptive information 

in individuals with VM , which suggests a multisensory integration dysfunction.4432 

However, it was hypothesized that the altered modulation in vestibular cortical areas can 

be attributed to the visual-vestibular mismatch due to the altered visual motion stimuli of 

the visual cortices.23 

 

c. The Efficacy of Optokinetic Training 

Optokinetic stimulation training is based on central habituation physiological 

mechanism, which is a form of non-associative learning.24,25 Non-associative learning 

occurred when a stimulus is not paring with a behaviour. Sensitization and habituation are 

classified as non-associative learning. Sensitization increases the intensity of the response 
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after repeated or a single exposure to a stimulus, and will not be discussed further. In 

contrast, habituation decreases the intensity of response after repeated exposure of 

stimulus.  habituation is systemically involved in the homosynaptic short-term depression 

(STD) of a primary stimulus-response pathway of sensorimotor synapses.24,26 This 

approach to treatment focuses on provoking repeated symptoms of the central nervous 

system (CNS) to enhance desensitization and, therefore, compensate to the effective 

stimulus. Electrophysiological studies indicate that during the habituation process, the 

vestibular nucleus often exhibits a decreased response to that stimulus. Optokinetic 

stimulation has been used by physiotherapists to treat dizziness regardless of age, origin of 

dizziness, and duration of symptoms.26–28 However, it is not yet clear why some patients 

still exhibit late or ineffective compensation for the vestibular disorders after multiple 

months of optokinetic stimulation.29,30 However, late compensation may be due to incorrect 

dosages of this stimulation e.g., duration of stimulus, number of sessions, context type , 

and complexity level of the stimulation. Even though optokinetic stimulation is a promising 

approach in treating dizziness, it needs to be customized for vestibular rehabilitation if it is 

to provide more benefits than generic vestibular training for subjects with vestibular 

disorders.31,32 

Defining procedures that measure the optokinetic exposure tolerance of subjects with 

dizziness would contribute to developing a more individualized vestibular rehabilitation 

program. The struggle that every therapist experiences in planning a customized 

rehabilitation program is that the primary sources of actionable information patients’ 

history and subjective outcome measures such as the Dizziness Handicap Inventory 

questionnaire (DHI), Visual Vertigo Scale (VVS), or the Activities-Specific Balance Scale 
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(ABC)31,33–37 were not designed to reflect the effects of VVM. Until now, there is no 

objective outcome clinical measure for patients with dizziness caused by VVM. 

d. The vestibular system and the autonomic nervous system: implication and 

contributions 

Physiological evidence has revealed that the vestibular system communicates directly 

with the autonomic nervous system.38–43 The vestibular system and the autonomic nervous 

system (ANS) are both complex systems and have shared neural connections. Several 

studies have shown that electrolytic or chemical lesions in the caudal region of the medial 

vestibular nucleus (MVc) will reduce the vestibular-elicited activity in the sympathetic 

nerve.43  A study by Ventre-Dominey et al (2014) has shown a direct connection between 

middle superior temporal (MST), parieto-insular vestibular cortex (PIVC) and parieto-

temporal junction (PTJ) in the cortex and the MVc nucleus.44 Doba and Reis et al (1974) 

found that bilateral transection of vestibular nerve resulted in compromising the ability of 

the anesthetized and paralyzed cat to compensate for orthostatic hypotension induced by 

30̊-60̊ nose-up tilt, which suggest that the vestibular system contributes to central 

sympathetic pathways, and can exert blood pressure control during rapid linear head 

movements such as those that occur upon standing due to changes in head (labyrinthine) 

position.45 Thus, the MVc nucleus projections to the parabrachial complex which integrate 

visceral, emotional and vestibular signals, and have reciprocal connections with the 

hypothalamus and limbic system, however, the caudal pathway receives vestibular input 

primarily from the otolith organs. A second order projections from the caudal pathway will 

be send to brainstem sites that involved in the central regulation of blood pressure and heart 
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rate. Thus, dysfunction in canal-otolith organs in individuals with VM can exhibit 

irregularity of autonomic sympathetic activity.  

There is evidence of an effect of vestibular dysfunction on the autonomic nervous 

system.38,40 Patients  with vestibular migraine exhibit symptoms and signs of ANS 

dysfunction such as the nausea and episodic vomiting. In another study, forty-eight young 

healthy males demonstrated a distinct activation of the sympathetic adreno-medullar 

system and hypothalamus pituitary adrenal axis, as indicated following an air caloric 

vestibular test.46 These symptoms and signs are caused by a direct or in-direct connection 

from the vestibular system to the ANS.40,43   

In contrast, there is no biometric tool to measure of the impact of different vestibular 

disorders or level of symptoms severity on the activity of the ANS. Vestibular dysfunction 

other than VVM affect different focal areas in the CNS different from each other.3,47,48 

Given that the underlying pathophysiology of vestibular dysfunction is highly variable, we 

cannot assume that all vestibular dysfunctions will affect regulation of the ANS similarly. 

For example, in case the vestibular disorders are caused by otolith dysfunction rather than 

semicircular canal dysfunction, the ANS activity should appear to be affected more 

prominently.  

There is evidence but no measurement of vestibular system influences on the ANS from 

subjects with chronic dizziness includes the occurrence of both autonomic “symptoms” 

that is, perception on the part of subjects, and “signs” that are objective and that can be 

measured.41 Input from the vestibular labyrinthine and other sensory systems get combined 

at the vestibular nuclei to influence the autonomic system responses and produce symptoms 

such as nausea, vomiting, and changes in heart rate and blood pressure. The 
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aforementioned. Combined sensory input is crucial for spatial orientation and also 

influences the locus coeruleus which is a nor-adrenergic structure thought to be important 

in panic disorders and agoraphobia.40  

The cerebellum, the rostral fastigial nucleus, is also considered to be an important 

structure in vestibular autonomic regulation as it influences the cardiovascular 

subsystem.43,45 However, the existence of abnormal autonomic responses in more than one 

physiological function suggests that the anatomical dysfunction is probably located in 

brainstem nuclei. Based on the shared anatomical cortical and subcortical areas between 

the autonomic nervous system and the vestibular system, we can infer a  strong association 

in the regulation of the two systems. 

 

e. Electrodermal Activity (EDA) 

EDA reflects the sympathetic response of the autonomic nervous system that modulates 

activities and mainly controls EDA.49 The sympathetic nervous system (SNS) is one 

division of the autonomic nervous system; the other division is the parasympathetic 

nervous system (PNS). Both systems are working unconsciously and in opposite directions 

to control the human body parts and functions. The SNS controls the “fight or flight” 

response and the PSNS controls the “rest and digest” response.50,51 Thus, SNS activities 

reflect the preparation of the human body for an intense physical activity and reaction. The 

SNS influences the activity of most tissue and organ systems in the body as it innervates 

cardiac muscle, smooth muscles, and various endocrine and exocrine glands. Since the 

SNS functions in under involuntary control, it demonstrates the importance of the SNS to 

homeostasis(fig 1.1).42,46,52  
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EDA can be measured using a novel, portable, and non-invasive sensor. EDA is also 

known as skin conductance and galvanic skin response (GSR). It uses skin electrical 

properties to track autonomic nervous system activity changes through measuring the 

changes of electrical properties of the skin caused by changes in eccrine sweat gland 

activity.53,54  Skin is one of the largest organs of the human body and consists of three 

layers: the epidermis, the dermis, and the hypodermis. The epidermis protects the body 

from exposure to harmful radiation and bacteria and aids with thermoregulation.49,54 The 

skin also reflects attentional, defensive, and problem- solving processes through phasic 

(transient changes from baseline values)  and tonic (baseline values) EDA that depends on 

eccrine sweat glands.53  EDA sensors are typically placed on the fingers and palmar 

Figure 1.1. Schematic diagram depicting thermoregulatory control of skin sympathetic nerve activity 

(SSNA) to skin effectors. Adopted from “Measuring and quantifying skin sympathetic nervous system 

activity in humans”. by J L. Greaney,2017, July 10, Journal of Neurophysiology, 118, P. 2181-2193. 

Copyright 2017 by Journal of Neurophysiology 
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surfaces of the hand because the high number of eccrine sweat glands on the palmar surface 

and planter surface of the feet.55,56  

c.1. Phasic and Tonic EDA components  

EDA responses consist of rapidly changing peak (phasic) and smoothly underlying 

slower (tonic) changing levels. The phasic changes, abrupt changes that have quick rise 

and slow return to baseline, represent the skin conductance response to internal or external 

stimuli, while the tonic changes represent the skin conductance level at the resting state 

without change of any stimuli.  The phasic changes can be elicited in the presence of direct 

environmental stimuli such as sight, sound, smell, or cognitive stimuli preceding an event. 

On the contrary, the tonic phase occurs at rest, and it is shown as an underlying smooth 

line that reflects the active state of sympathetic system (fig.1.2).49,53,57,58 In psychological 

research guidelines, it is recommended that baseline skin conductance level be recorded 

for one minute before the introduction of an event to elicit the phasic skin responses for 

accurate data analysis.49 

 

 

Figure 1.2. EDA data decomposition into tonic and phasic components 
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EDA is an excellent tool to investigate variations in ANS control due to an interaction 

between the individual’s psychological state and environmental actions. When an 

individual is aroused or excited by different visual environments, the moisture levels in the 

skin change causing quantified biometric changes in its electrical conductance.54,59–63 

Given the evidence of several fMRI studies during vertical and horizontal OPK stimulation 

in healthy individuals have shown significant activation in cortical areas related to visual 

motion processing and control of eye movement, along with deactivation of parieto- insular 

vestibular cortices.20 Thus, EDA can be an effective measure of vestibular function when 

investigating the central mechanism of multi-sensory integration (e.g., during optokinetic 

stimulation), which contributes to levels of cortical activation during vestibular 

rehabilitation.  

 

f. Postural Control System  

Measurement of postural control in quiet stance is used to quantify the quality of 

standing balance in humans. Three sensory systems are primarily responsible for 

maintaining balance: the somatosensory system, the visual system, and the vestibular 

system.64,65 The vestibular system has an important impact on postural control. This is 

demonstrated by increased postural instability caused by vestibular damage.2,66 The 

vestibular labyrinths control the position of the eyes and head in space and relative to each 

other via three reflexes: vestibulo-ocular reflex (VOR); vestibulo-colic reflex (VCR); and 

vestibulo-spinal reflex (VSR). VOR is responsible for eye movements and visual fixation, 

VCR is responsible for the stabilizing the head in space, and VSR is responsible for 

coordinating the head and neck with the trunk.31  Ascending connections from the 
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vestibular nuclei to the parietal lobe have been implicated in control of spatial orientation 

that is necessary for maintaining postural control.47 Additional connections between the 

vestibular nuclei and the cerebellum, and the cerebellum and frontal eye fields, may 

contribute to the dizziness and disorientation evoked by VVM.45,48  

It is difficult to quantify the subjective symptoms occurring with VVM, but postural 

sway is a quantifiable symptom that is affected by the disturbances to the vestibular 

system.66,67 A study has demonstrated that subjects with unilateral and bilateral vestibular 

hypofunction tend to have a higher sway area compared to healthy controls.68 Thus, 

changes in postural sway is a tangible indicator of balance during any disturbance to the 

vestibular system. However, it is assumed that the central nervous system always functions 

in the most energy efficient way to produce any motor action.65,69  

In summary, even though optokinetic training has been shown to lessen symptoms of 

dizziness in individuals with vestibular disorders, optokinetic training may be more 

successful if associated with an individualized rehabilitation program.22 Individualized 

optokinetic stimulation is based on identifying the tolerance level of the individual tin order 

o provide the most effective dosage of stimuli.32 However, all outcome measures that 

therapists rely on to determine a patient's exposure threshold are subjective and require 

repeated assessments throughout the first weeks of care to determine an appropriate 

training program. Considering the wide array of impairments that cause dizziness, we need 

methods that can distinguish dizziness due to VVM.  In this study, we use EDA and 

postural acceleration measures while activating the effect visual-vestibular mismatch 

through the designed experimental visual reality environments to explore if significant 

differences can be identified between healthy adults and VM adults with and without 
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VVM. Results of this study have the potential to: (1) improve diagnostic accuracy; (2) 

reduce cost and time of diagnosis process; (3) provide a more individualized vestibular 

rehabilitation; and (4) improve the quality of life of individuals with dizziness in future 

work. 

 

g. Rod and Frame Test (RFT) 

RFT is used to test visual-field dependency by aligning the rod accordance to 

gravitational vertical orientation. It was first established in 1948, by Herman Witkin 

and Solomon Asch, to test cognitive status. The concept of the RFT is the ability of 

individuals to align a rod to gravitational vertical orientation in the present of a tilted 

surrounding frame. Based on the ability of individuals to align the rod correctly and 

ignore the tilted visual environment around the rod, the individuals will be classified as 

a Field Dependent, strongly influenced by surrounding environment, or Field 

Independent, not influenced by surrounding environment because perception of 

verticality was unaffected by the tilted surrounding frame.70,71 Visually dependent 

adults make errors that affect their ability to judge the body's position in relation to its 

environment both in time and space. In visual dependency, individuals depend more on 

visual sensory information than somatosensory or vestibular information and are less 

effective at reweighting their sensory inputs under faulty visual inputs.72,73 

 

I. Rational and Significance 

The purpose of this study is to address a substantial shortcoming in our 

understanding, evaluation, assessment, and management of individuals with and without 
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VVM. These studies have the potential to lead to a new understanding about the causes of 

dizziness among those individuals and may contribute to the creation of a more customized 

vestibular rehabilitation program that applies central nervous system integration principles. 

Measurements of EDA relies on a simple, wearable, non-invasive and portable 

device that, according to psychological studies, reflects the states of human mind and 

behavior.53 EDA measurement captures data from the human body via monitoring the 

changes in conductivity produced in the skin due to changes in the activity of sweat 

glands.53,54 Thus, using EDA will provide insight into the modulation of central 

sympathetic activities in individuals with vestibular disorders. Several studies have 

investigated the role of the vestibular system in regulation of autonomic nervous system 

activities that maintain the stability of the human body's internal environment in response 

to changes in external conditions.39,40,57 In an experiment designed to study the influence 

of arousal-mediated experience on balance recovery in healthy men, Maki and Whitelaw, 

1933, unexpectedly detected an association between electrodermal activity and postural 

instability by finding that the largest changes of the EDA were found between trials. Their 

results suggest the perceived threat of increasing a fall risk led to increases in tonic 

EDA.74  There were no further studies conducted until 2008, when Sibley et al looked at 

the effect of induced-postural instability via surface-height elevation in healthy individuals 

and found that phasic and tonic activity was increased with knowledge of the challenge of 

task execution.  The results of the study suggest that balance control and sympathetic tone 

are coupled, displaying co-variation between tonic levels of autonomic activity and the 

threat of potential instability, and indicate that EDA tonic responses may determine aspects 

of balance control.74 Another study by Sibley et al,2009 in which she examined the effect 
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of inducing predictable and unpredictable postural instability on EDA responses. Findings 

showed greater phasic activity when perturbations were unpredictable, and a novel finding 

was that phasic responses were large when compensatory stepping reactions were required 

to maintain balance while standing. The results suggest the potential role of measuring 

phasic activity in determining whether the applied instability is perceived as a threat or a 

real one and can be used as a covariate to interpret evoked balance responses.74 Integrating 

EDA and postural acceleration measures will provide insights into how the vestibular and 

autonomic nervous systems are interrelated. 

I hypothesized that peak level of phasic responses of EDA could serve as a baseline 

for the threshold of symptoms. If this hypothesis is supported, EDA could become a 

biometric tool to determine the initial threshold of dizziness. I also hypothesized that the 

highest phasic responses would indicate the most effective visual scene for eliciting 

symptoms. Thus, monitoring the phasic responses of EDA to different visual scenes at the 

initial visit would help the therapist chose the most provocative stimulus for treatment.  

Any interaction between external vestibular and visual stimuli and internal 

autonomic nervous system will be exhibited in the postural behaviors that restore upright 

balance in response to internal or external environmental disturbances. I hypothesized that 

a greater magnitude of trunk acceleration would be associated with symptoms emerging at 

the threshold for dizziness. Because of the visual-vestibular mismatch, I expect the CNS to 

interpret visual information as unreliable and therefore to increase the weighting of 

vestibular and somatosensory information. Because of a potential vestibular processing 

dysfunction, I would expect an increase in changes of the body acceleration because 

feedback from two systems, vestibular and visual, would be unreliable. Based on this 
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hypothesis, I expect that VM individuals presenting without VVM will exhibit higher 

phasic responses than individuals presenting with VVM when exposed to a dynamic visual 

environment with vestibular/visual conflict.  

 

Public Health Relevance 

Patients with dizziness spend on average two years before they receive an accurate 

diagnosis and appropriate health care 15. Additionally, suitable rehabilitation may be 

delayed due to the limitation of subjective measures. This study proposes that using EDA 

as a non-invasive and low-cost objective diagnostic tool would contribute to the early 

recognition of this population and eventually provide better clinical care. 

 

II. Innovation 

Dizziness can be a challenge for clinicians to treat because of the absence of an 

objective biometric measure that can identify the threshold for symptoms.29,75 Currently, 

treatment intensity is governed primarily by patient report of their dizziness. Therefore, a 

more clearly defined threshold for eliciting the symptoms needs to be obtained in order to 

effectively facilitate habituation of symptoms during vestibular rehabilitation.26 During 

testing, individuals might present with varying severity of dizziness severity and thus it`s 

important to determine the stimulus intensity that elicits the threshold response of the EDA 

response or changes in postural response. If the treatment were applied at or above 

threshold, there could be a delayed or under-estimated improvement. Thus, determining a 

metric for a threshold would help save time for planning and developing more effective 

treatment interventions.  
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Another factor that plays a role in the efficiency of vestibular rehabilitation is the 

lack of identified parameters to produce a visual-vestibular mismatch with the visual scene. 

Most therapists employ an optokinetic scene which consists of a black background and 

widespread white dots rotating in the yaw, roll or pitch directions. Responsiveness to this 

vestibular optokinetic scene intervention is variable.32,76 I am proposing that the contexts 

and complexity of visual scene of the OPK stimulation should be customized to simulate 

symptoms provocative factors.  These factors can be identified by the VVM diagnostic 

screening tool which is a questionnaire consisting of simple “yes/no” responses to 

environmental situational questions. In addition to defining the type of stimulus that is most 

effective for eliciting VVM symptoms, this study also explores an innovative objective 

measure for VVM symptoms.  
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III. Specific Aims 

Aim 1: To determine whether VVM and visual dependency are present in individuals 

presenting with complaints of idiopathic dizziness using the VVM questionnaire and the 

Rod and Frame protocol, respectively.  

Hypothesis:  Dizziness generated by VVM will be associated with visual dependence. 

Expected Results: Adults exhibiting a positive score on the VVM questionnaire will also 

exhibit greater angular deviation from vertical alignment on the Rod and Frame test than 

those presenting with dizziness but having a negative VVM score.  

 

Aim 2: whether EDA tonic and phasic responses and postural acceleration behavior in VM 

individuals are increased compared to healthy individuals when exposed to two virtual 

reality (VR) environments: (a) an outer space scene (SPACE) and (b) a pedestrian street 

crossing scene (STREET)  

Hypothesis:  VM individuals will exhibit higher EDA phasic and lower EDA tonic 

responses as well as increased magnitude and changes of postural acceleration from the 

resting-state compared to healthy individuals.  

Expected Results: VM individuals will exhibit significantly higher EDA phasic and lower 

tonic responses from their resting state whereas healthy adults will exhibit lower EDA 

phasic and higher responses from resting state. VM individuals will exhibit significantly 

increased postural acceleration from a quiet stance whereas healthy individuals will exhibit 

minor changes from resting state acceleration. 
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Aim 3: To determine changes in EDA phasic responses and magnitude of postural 

acceleration changes during exposure to the experimental SPACE visual environment 

during quiet stance in individuals with VVM. 

Hypothesis: VM individuals with VVM would exhibit higher EDA phasic responses and 

lower EDA tonic responses and increased magnitudes and changes of postural acceleration 

than VM only individuals in the STREET environment which is often reported as symptom 

provoking. Although and the opposite responses would occur with the SPACE 

environment which is often reported as non-symptoms provoking.  

Expected Results: During the STREET environment, VM individuals with VVM will 

exhibit significantly increased EDA phasic and lower tonic responses from their resting 

state whereas adults without VVM will exhibit less EDA phasic and higher tonic responses 

from resting state. VM individuals with VVM will exhibit significantly increased postural 

acceleration from quiet stance whereas VM individuals without VVM will exhibit less 

changes from resting state acceleration. 
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Inclusion criteria:  

 Adults with medical diagnosis of VM, complaints of dizziness for at least 12 weeks, 

negative Caloric test, normal neck range of motion, and normal audiogram (mild hearing 

loss at higher frequencies is acceptable). For the control group we recruited healthy adults, 

matched by age, with no history of dizziness, vestibular disorder, autonomic diseases, or 

migraine headache. 

Exclusion criteria (VM group):  

 Exclusion criteria include clinical evidence of central neurological impairment, current 

or past history of peripheral nerve dysfunction or cardiovascular disease or problems 

related to movements of the spinal column (e.g., arthritis or musculoskeletal 

abnormalities), significant memory impairment of mentation tested with the Short 

Orientation-Memory-Concentration Test, any musculoskeletal conditions (e.g., pain or 

contracture) leading to balance and mobility problems, and the presence of visual field 

deficit or visual problems not corrected by glasses, acoustic neuroma, brain tumor, multiple 

sclerosis, chronic use of meclizine, peripheral neuropathy (diabetic, hypertensive, 

medication related), BPPV, Meniere's disease, vestibular hypofunction,  canal dehiscence 

syndrome, middle ear disease, history of otologic surgery, cardiogenic dizziness (e.g., 

orthostatic hypotension, postural orthostatic tachycardia, cardiac arrhythmias), major 

psychiatric disorder diagnosis, chronic fatigue syndrome, and autonomic disorders. 

Sample Size Determination: 

 Based on power estimation conducted with G*Power 3.1(Public university in Düsseldorf, 

Germany) on a prior study of individuals with dizziness of unknown origin, a total of 15 
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participants per group are needed (assuming a balanced design) to provide 80% power with 

of Type 1 error of 0.5 and moderate effect size. 
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CHAPTER 2 

VISUAL-VESTIBULAR MISMATCH CORRELATES WITH HEADACHE 

Chapter two presents the work performed on Aim 1 of this thesis. In this chapter 

we detail the results of an experiment that was published in the Journal Vestibular 

Research.77 In this study, we identified a population of patients who had suffered idiopathic 

chronic dizziness but had not yet received a clinical diagnosis. A convenience sample 

included 74 patients who presented with complaints of dizziness. All participants were 

evaluated for presence of the visual-vestibular mismatch (VVM) using a modified VVM 

questionnaire and visual dependence (VD) was measured using a computerized Rod and 

Frame test. The most common complaints of these participants were vertigo, dizziness, and 

discomfort when exposed to environmental motion. The majority of these participants 

tested positive for visual-vestibular mismatch (56.8%) and visual dependency (41.5%), and 

had a history of headaches associated with their symptoms of VVM (68.9%).1  
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Abstract 

Dizziness affects 20-30% of the general population. A subgroup of dizzy patients 

with chronic migraine suffers vertigo causing clinicians to question whether the migraine 

has a vestibular component. Vestibular migraine remains a diagnosis of exclusion based 

on history, and many patients only receive a partial alleviation of symptoms with 

medication directed toward the feeling of dizziness and unsteadiness.  We hypothesized 

that if there was a link between headaches and dizziness in these individuals, then they 

should demonstrate dizziness and instability in complex, dynamic visual environments and 

exhibit increased weighting of visual information. Prior studies suggest these are signs of 

an inability to correctly process conflicting visual and vestibular signals. A convenience 

sample of 74 patients (22 men and 52 women; average age 56.2 years) who presented with 

complaints of dizziness participated. Effects of Visual-Vestibular Mismatch (VVM) were 

measured using a modified VVM questionnaire. Visual dependence was measured as the 

error to subjective visual vertical using a computerized Rod and Frame test. Forty-two 

participants (56.8%) tested positive for VVM. Of these, 68.9% were patients with 

concomitant complaints of headaches. Visual dependence was present in 41.5% of all 

patients but showed no significant correlation with headache. 22.2% of patients had visual 

dependence and complained of headaches. These results demonstrate that sensory 

reweighting occurs in patients experiencing dizziness and headache, supports the role of 

vestibular involvement in this disorder, and provides future direction for novel 

interventions. 
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1. Introduction  

 Dizziness is one of the most common complaints of patients presenting to primary 

care, and affects 20-30% of the general population.78 Dizziness is a symptom of an 

underlying disorder, which can involve multiple organ systems, including the central 

nervous system and the peripheral vestibular system.79 One of the most common 

conditions associated with dizziness is migraine, which affects 40% of the adult 

population.80 A subgroup of migraine patients suffer from vestibular migraine or 

migrainous vertigo including chronic migraine with vertigo, gaze instability, and 

sensitivity to visual and head motion.21  Vestibular migraine (VM) remains a diagnosis of 

exclusion.81 Many patients with VM receive only partial alleviation of their symptoms 

with medication and lifestyle management.82 The criteria for treatment of this disorder 

with vestibular rehabilitation are inadequate, and efficacy of traditional vestibular therapy 

modalities for migraine-related vertigo is poor.10  

 Recent evidence suggests dizziness and instability can be generated by complex 

visual environments (e.g., the grocery store) or wide-field of view visual motion (e.g., 

movie screen) due to the inability to correctly process conflicting visual and vestibular 

signals (visual-vestibular mismatch or VVM)8 which falls under the diagnosis of 

persistent perceptual postural vertigo in the Classification of Vestibular Disorders of the 

Bárány society.83,84  Similar stimuli can trigger vertigo in patients with migrainous vertigo, 

suggesting that a common neurologic pathway might underlie both conditions.12,85 

However, the prevalence of VVM in patients with non-specific dizziness is unknown. The 

aim of this study was to explore the prevalence of VVM in a convenience sample of 

participants with complaints of idiopathic dizziness. The protocol was developed to 
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explore the association between dizziness and the presence of visual-vestibular mismatch 

and visual dependency. We hypothesized that individuals with headache will test positive 

for visual-vestibular mismatch and exhibit increased weighting (sensitivity) of visual 

information on the Rod and Frame test.86 The presence of VVM and visual dependency 

in these individuals was tested using the VVM questionnaire and the Rod and Frame 

protocol, respectively.  

2. Methods 

2.1 Participants. A convenience sample of 74 patients (52 females (23 -78 years old) 

and 22 males (23-82 years old)) was acquired from all patients presenting to the outpatient 

Otolaryngology clinic at a tertiary care hospital between the period of April 2018 and 

August 2018. Those willing to participate provided informed consent including permission 

to access the results of prior vestibular testing. This study was approved by the Institutional 

Review Board of the university (protocol #25913).  

                                  Table 2.1. Demographic Table of Participants (n=74) 

Variable Number (%) of 

participants  

Gender  

Female 52 (70) 

Male 22 (30) 

Mean Age (+/- SD) = 56.4 (14.8)  

Mean BMI (+/- SD) = 30.5 (6.5)  

Primary Diagnosis  

    Migraine 25 (34) 

    Central Vertigo 5 (7) 

    Allergic Rhinitis 6 (8) 

    BPPVa 4 (5) 

    BPPVa by history 4 (5) 

    Other 30 (41) 

Comorbidity  

    One Diagnosis  19 (26) 

    Multiple Diagnoses 55 (74) 

Hearing Examination  

    Normal 21 (28) 

   Abnormal 34 (46) 

    Not tested 19 (25) 
                                                    a BPPV = benign paroxysmal positional vertigo
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Participants were first evaluated by the attending neurotologist, including 

comprehensive medical history and physical examination (Table 2.1). Evaluation of 

presence and absence of headache, frequency of headaches, symptoms of aura, and prior 

diagnosis of migraine were abstracted from the medical records on all patients. Physical 

examination included full otolaryngologic and neurotologic evaluations as well as 

evaluation of strength, gait, tandem Romberg, and Fukuda step test.  

Audiometry (including pure tone and bone conduction thresholds, speech audiometry, 

and word recognition) was performed on all patients. Additional audiometric testing, 

including distortion product otoacoustic emissions and auditory brainstem response 

(ABR), was performed as indicated. Following clinical and audiometric evaluation, 

patients were consented for enrollment in the protocol. At the same visit, patients were 

evaluated for visual dependency (VD) and visual-vestibular mismatch (VVM) as described 

below. 

Patients with Dix-Hallpike evaluation consistent with benign paroxysmal positional 

vertigo (BPPV) without evidence of other vestibular issues were not further evaluated with 

vestibular testing (n = 6, 8.1%). Vestibular testing was ordered for all other patients as 

indicated by patient history and complaints; 23 (31%) of the 74 participants did not appear 

for their vestibular testing. Clinical testing included vestibulonystagmography (including 

bithermal caloric, supine roll, Dix-Hallpike, post-headshake nystagmus, positional 

nystagmus and oculomotor testing) (n= 37, 50%), caloric testing alone (n=3, 4.1%), video 

head impulse testing (vHIT) (n = 22, 29.7%), cervical vestibular evoked myogenic 

potentials (cVEMPs) (n = 25, 33.8%), and electrocochleography (n = 3, 4.1%) (Table 2.2). 

Values for abnormal test results were established by the clinical laboratory as a directional 
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preponderance of 25% or greater with caloric testing, a vHIT gain of 0.7 or less, and 

cVEMPs with 30% or greater asymmetry. 

 

          Table 2.2.  Distribution of Gender with Headache, VVM, and VD 

 

          Abbreviations: VVM = Visual-Vestibular Mismatch; VD = Visual Dependence 

 

2.2 Procedures 

VVM testing. The Visual-Vestibular Mismatch Questionnaire3 (See appendix. A) was 

administered to each participant. This is a validated assessment tool that returns a positive 

or negative result based on five situational questions that provoke dizziness. VVM 

questions were posed to the participants in a non-leading fashion; the questions were asked 

as a history-taking to avoid biasing responses. Participants were scored as positive for 

VVM if any three of the five questions were answered affirmatively. 

VD testing. Following completion of the VVM questionnaires, participants were 

seated on a backless stool with a footrest in a dimly lit room.  Participants then placed a 

head-mounted display (HMD) (Oculus Rift, CA) over their eyes with a strap around their 

heads. Field of view (FOV) of this device is greater than 90 deg horizontal. The resolution 

is 1280×800 (16:10 aspect ratio), yielding resolution of 640 × 800 per eye (4:5 aspect ratio); 

the image is mapped for each eye. Vision of the physical world was blocked to eliminate 

Variable yes n (%) no  n (%) 

Headache  

female n=35 (47) n=17 (33) 

male n=10 (14) n=12 (16) 

total n=45 (61) n=29 (39) 

Positive VVM 

female n=34 (81) n=18 (24) 

male n=8   (19) n=14 (19) 

total n=42 (57) n=32 (43) 

Positive VD 

female n=46  (72) n=6     (8) 

male n=18  (28) n=4     (5) 

total n=64  (86) n=10 (14) 
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visual cues to gravitational vertical. Correction of perspective and stereo projections for 

the computer graphics was provided by a 3-degree of freedom head tracker with a <20 

msec latency image update.  

     The Rod and Frame task was powered by Virtualis software (https://virtualisvr.com/en/) 

projected on the HMD. At the beginning of each trial, the virtual rod was set randomly to 

a left or right 45-degree angle. The rod was then slowly moved toward vertical by the 

investigator and the participant raised their hand to signal when they perceived that the rod 

had achieved a vertical position. The software required that the procedure be repeated four 

times and these trials were then averaged for further analysis. 

2.3 Data Collection and Analysis 

A logistic regression model was used to examine whether the presence of VVM or 

visual dependency could serve as a predictor of headache with dizziness. We evaluated the 

goodness of fit for our model by comparing the residual deviance (6.93) to 

a χ2 distribution with n−p (1) degrees of freedom.87  

Odds ratios are frequently used to quantify the strength of association between risk 

factors and outcomes in the clinical literature.88,89 Odds ratios are considered a simple 

quantitative interpretation to understand the magnitude of an effect.87,88,90,91 Odds ratios 

and the 95% confidence intervals (95% CI) were calculated for the three main variables 

(i.e., VVM, VD, and headache) to measure the association between exposure and outcome. 

Gender differences in the categorical variables were examined with a Chi-square test of 

independence. 

 

https://virtualisvr.com/en/
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A two-predictor logistic model (R Studio© version 4.0.4) was fitted to the categorical 

data to test whether the presence of headache is associated with the incidence of VVM and 

visual dependency. A positive coefficient for this predictor would suggest that the subject 

with VVM is more likely to have headache. Below is the logit model in which the response 

variable (VVM) is the log-odds [ln (odds)] scale: 

Logit (y) =ln (odds) =ln (p1−p) =α+βχ 

where p is the probability of interested outcome, α is the intercept parameter, β is a 

regression coefficient, and 𝑥 is a predictor. VVM was an indicator variable; therefore, the 

odds of having headaches was increased by 1.3 in a subject with VVM (Table 2.3).  

 

  Table 2.3. Summary of Logistic Regression Analysis 

  

Variables Estimate (OR)a Std. Error Z value P value 

VVM(Positive) 1.30 0.50 2.56 0.01* 

VD(Positive) -1.11 0.86 -1.29 0.19 

 a Odds Ratio (OR). *p < .05.  

 

 

The Rod and Frame test produces a classification of individuals as visually dependent 

or not visually dependent depending on the size of the error of the rod from a pure vertical 

orientation. All Rod and Frame data were checked for missing values and three missing 

values were substituted via mode imputation. Results on the Rod and Frame test were 

compared to results previously collected from 8 young (21-50 year old) and 12 older (60-

68 year old) healthy adults.92 Based on that study, participants who set the rod more than 

10 degrees off-vertical were identified as visually-dependent (fig 2.1).  
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Figure 2.1. Illustration of visual vertical deviation on the Rod and Frame test in a visually independent (A) 

and visually dependent individual (B). 

 

3. Results 

Demographics of the 74 patients who participated in this study are presented in Table 

1. Of these patients, 45 complained of having had significant headaches (61%), including 

67.3% of female (n = 35) and 45.5% of male (n = 10) participants. Fifty-five participants 

had more than one clinical diagnosis following completion of evaluation and any indicated 

testing. 

The results for clinical vestibular testing are presented in Tables 2.4 and 2.5.  Forty-

five patients had vestibular testing performed. Six patients with obvious BPPV and no other 

issues on history or physical examination did not have vestibular testing. One patient had 

severe congenital nystagmus, which precluded vestibular testing. Other patients with other 

obvious diagnoses which did not require vestibular testing were not tested (otitis media 

with effusion (n=3), acoustic neuroma (n=1), dense cerumen impaction onto tympanic 

membrane with alleviation of symptoms after debridement (n=1), Meniere’s disease with 

typical abnormalities on repeat audiometry and negative MRI (n=1), and acute viral 

labyrinthitis (n=1).  
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Table 2.4. Vestibular Testing Results 

 Group  Abnormal n (%) Number tested 

All Tests a 

 All participants 22 (48.9) 45 

 c/o Headache              17 (80) 29 

 female 10 (28.6) 15 

 male                7 (70) 9 

 Final diagnosis migraine 13 (35.1) 14 

 female   8 (26.7) 8 

 male   5 (71.4) 6 

 a Abnormal testing including any abnormal findings on vestibular testing, including abnormal results on 

VNG, vHIT, calorics, and cVEMPs. %, percentage; c/o headache, patients with any complaints of headache; 

final diagnosis migraine, patients with any final diagnosis of migraine, including primary diagnoses v. 

secondary ones. 

 

Of those 45 patients who underwent vestibular testing, 22 (48.9%) had abnormal results 

on at least one component of their vestibular testing. Both caloric and vHIT results were 

normal in 25 of the participants (33.7%). Two participants had an abnormal vHIT test 

(2.70%) and 10 participants had an abnormal caloric test result (13.51%). Only three 

participants exhibited an abnormal cVEMP result. Fifty-five participants had more than 

one clinical diagnosis.  

Table 2.5.  Vestibular Results with Positive and Negative VVM (n=43) 

 

Vestibular test Number tested Positive VVM n (%) Negative VVM n (%) 

     

Caloric  43        22(51) 21(49) 

Abnormal  7 (16) 7 (16) 

vHIT 40        25(63)              15(38) 

Abnormal  1 (3) 3 (8) 

cVEMP 41       28(68)                13(32) 

Abnormal  4(10) 1(2) 

Note: Only patients who underwent the testing and had abnormal results are reported.  

 

Headache was present in 34% of participants. In patients complaining of headache, 

vestibular testing was abnormal in 17 of the 29 patients tested (80% of those complaining 

of headache).  In those 36 patients with a final primary or secondary diagnosis of migraine, 

13 of 14 had abnormal vestibular testing results. More women than men had complaints of 
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headache (35 vs. 10); likewise, more women than men had a final diagnosis of migraine 

(30 vs. 7).  Normal hearing was present in 28% of participants and 22% had bilateral 

sensorineural hearing loss. 

Rod and Frame testing indicated that 87% of all participants were visually dependent. 

Of these, 69% of participants with headache tested positive for VVM and 22% of 

participants with headache exhibited visual dependency (Fig 2.2). Results of the VVM 

questionnaire were positive in 57% of the predominantly female (81%) participants: 34 of 

the 42 participants who tested positive for VVM were female (Table 2.2).  

 

Figure 2.2. Distribution of visual-vestibular mismatch (VVM) and visual dependency (VD) among 

participants with and without headache. 

The logistic regression model revealed that VD (𝑝= 0.19) is not a statistically 

significant variable in this population. VVM, however, was significant (𝑝= 0.01) 

suggesting that the presence of a headache disorder is highly associated with the presence 

of VVM. There was a significant reduction in residual deviance as each individual variable 
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(i.e., VVM and VD) was added (Table 2.6). Significant differences between males and 

females were also present for VVM (𝑝<0.02). 

Table 2.6. Summary Table of Deviance of Goodness of Fit  

 

 DF Deviance 

Residual 

DF Residual 

Deviance 

P value 

      

Null   73 99.09  

VVM 1 6.93 72 92.16 0.0084** 

VD 1 1.92 71 90.23 0.165 

Response variable (Headache) 

*p < .05. **p < .01. ***p < .001. 

 

The odds of having VVM among patients with headache were 3.6 times the odds of not 

having VVM among patients without headache. The odds of having VVM among subjects 

with VD were 0.85 times the odds of not having VVM among subjects who were not 

visually dependent.  

 

4. Discussion 

Dizziness is one of the most common complaints leading to clinical evaluation.1,4,93 

Dizziness is a symptom associated with different diseases, and is often associated with 

vestibular disorders.6 Participants in this study reported experiencing dizziness an average 

of 2.5 years before they received the appropriate diagnosis. To our knowledge, this study 

was the first to investigate whether patients with headache and dizziness exhibit the signs 

of visual-vestibular mismatch and visual dependency.  If these signs are present, then we 

might assume that the symptom of dizziness is generated by dysfunction in the vestibular 

system.12,94–96  We found that VVM, but not visual dependency, was positively associated 

with those patients who complained of dizziness with a history of headache.  
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Although not formally diagnosed as having migraine, the participants in this study meet 

the criteria for vestibular migraines described by the International Headache Society 

Classification Committee and the Committee for Classification of Vestibular Disorders of 

the Bárány society.8,81 Vestibular migraine (VM) is a challenging diagnosis as it is based 

on a history of exclusion.12,96  A VM diagnosis may include patients without headache or 

without vertigo; but both classifications have identified “dizziness” as a feature of VM.81,96  

Our discovery of a relationship between headache and VVM opens a new window of 

conservative management for patients with dizziness and associated headache. Optokinetic 

stimulation is gaining support as a treatment for alleviation of perceptual and postural 

symptoms in a population with VVM.22 Optokinetic stimulation training is based on two 

physiological mechanisms. One physiological mechanism is central habituation, which 

involves systemically the short-term depression (STD) of a primary stimulus-response 

pathway.24,26 This approach to treatment focuses on provoking repeated symptoms of the 

central nervous system (CNS) to enhance desensitization and, therefore, compensate to the 

provocative stimulus. Electrophysiological studies indicate that during the habituation 

process, the vestibular nucleus often exhibits an opposite response pattern to repeated 

stimuli.26,31 Thus, repeated exposure to the stimulus will result in a decreased response to 

that stimulus.  

The second physiological mechanism that is used by physiotherapists to induce 

dizziness in optokinetic stimulation is combining conflicting stimuli from visual and 

vestibular systems to generate the feeling of dizziness.29,76,85,97 However, age, origin of 

dizziness, and duration of symptoms are factors that should be taken into account while 

administrating optokinetic stimulation by physiotherapists. 22,32 
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The presence of visual-vestibular mismatch often goes unrecorded during clinical 

exams. The only tool developed specifically to identify this syndrome is a subjective tool 

(the Visual-Vestibular Mismatch questionnaire)12 that has not entered into general clinical 

use. Robust optokinetic stimulation is currently gaining favor as an intervention for VVM; 

however, a number of individuals still poorly compensate for visual-vestibular conflict 

after this treatment29,30  and the underlying cause is unclear. It could also be that the dosages 

of this stimulation are not appropriately defined. Defining procedures that measure the 

optokinetic exposure tolerance of subjects with dizziness would contribute to developing a 

more individualized vestibular rehabilitation program.31,32 Finally, the Rod and Frame test 

has been shown to be an efficient utricular assessment tool by assessing subjective visual 

vertical which measures the degree to which a subject uses available visual cues to locate 

gravitational true vertical.98 Thus, combined results of VVM and VD testing could help 

distinguish the vestibular mechanisms generating an individual’s symptoms. Dizziness and 

headache are separate symptoms; however, the co-presentation of both symptoms might 

be an indication of a visual-vestibular mismatch suggesting a disorder in central processing 

rather than at the level of the vestibular receptor.99  

 The appearance of VVM was significant in patients with headache suggesting a 

potential association between VVM and vestibular migraine and a greater weighting of 

visual inputs in patients with headache in general. An association between headache and 

VVM implies that a novel rehabilitation management strategy may be useful for treating 

these patients. In particular, visual habituation exercises should be examined in controlled 

trials for efficacy in management of vestibular migraine and nonspecific dizziness, in 
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which, patients may use uncommon terms or struggle to describe their symptom of 

dizziness.  

 Limitations in this study are mostly related to sample size and participant 

adherence. An odds ratio for predicting headache from VD (Positive) was in the expected 

direction, but it was statistically non-significant (p = .19). Future studies with a larger 

sample size are needed to replicate our results. Some patients did not receive vestibular 

testing because they did not show up for their appointment despite multiple reminder calls 

and letters; others had additional physical disorders preventing the completion of the full 

battery of vestibular tests. Lastly, ocular vestibular evoked myogenic potential (oVEMP) 

testing was not available. 

 Future studies should include the development of efficient methods that examine 

the balance system more fully in patients with vertigo and concomitant headaches, 

including those with migraine and vestibular migraine. Additionally, patients with chronic 

dizziness should be screened for VVM and VD.  
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CHAPTER 3 

COMPARISON OF ELECTRODERMAL ACTIVITY AND POSTURAL 

RESPONSES TO DIFFERENT VISUAL-VESTIBULAR CONFLICT SCENES 

BETWEEN HEALTHY AND VESTIBULAR MIGRAINEURS ADULTS 

 
1. Introduction  

 More than 37 million Americans suffer from migraine headaches. 100 In fact, 

migraine headache is the third most common diagnosis in the world.1,101 A subgroup of 

migraine patients have been identified as suffering from migraine with vestibular 

involvement (called vestibular migraine (VM) or migrainous vertigo).81,102,103 VM includes 

chronic migraine associated with vertigo, gaze instability, nausea, and sensitivity to sound, 

light, and visual tracking motion.101,104–107 Recently, the International Headache Society 

Classification Committee and the Barany society set diagnostic criteria for VM that defines 

VM as recurrent spontaneous, or positional vertigo or dizziness caused by migraine and 

associated with migrainous symptoms that last from minutes to days.84 In addition, 20 to 

61% of migraineurs experience dysequilibrium.94,106–108 Several studies have reported 

impaired postural responses in individuals with VM.25,109 

 VM has a significant impact on daily functional activities. A nationwide population 

sample reveals the prevalence of VM as 2.7% of the adult US population (6.1 Million) and 

60% of these individuals report that VM prevents them from going to work or school.110 

Diagnosing VM is mostly based on symptom features.82,104 Most physicians depend on the 

history of symptoms (e.g., dizziness and postural unsteadiness) in order to diagnose and 

treat vestibular migraine.81,101,111  
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 Many theories have been proposed by professionals as explanations and pathways 

for migraines. This paper focuses on autonomic dysfunction as the most significant theory. 

According to this theory, migraine can be explained by the interactions between migraine 

symptoms and the systems that regulate and link those symptoms. In terms of physical 

symptoms, emetic response, nausea, and motion intolerance are the most indicative of the 

connection between migraine, vestibular migraine, and autonomic nervous system. Using 

the resting systolic and diastolic blood pressure, the Valsalva maneuver, and heart rate 

variability, Shechter et al, 2002 examined the function of the ANS.  Migraine cases with 

more severe associated symptoms demonstrated more signs of ANS hypofunction. Results 

suggest that ANS dysfunction may contribute to migraine headaches or may result in 

frequent attacks that are disabling. Further, both migraine and ANS dysfunction may share 

the same neural substrate.112 An additional study by Mylius et al., 2003 investigated the 

ANS function in migraine and healthy adults by measuring the pupillary light reflex 

amplitude, the pupil size, the latency, the speed of constriction and the speed of dilation. 

As compared to the healthy individuals not suffering from headaches, migraine cases 

showed lower dilatation velocity on both eyes two days before testing. These findings 

suggest the presence of ANS hypofunction in individuals with migraine.113 

 The cluster of symptoms with VM suggests changes in the integrity of the 

autonomic nervous system (ANS) and postural control could serve as potential indicators 

for diagnosis. There is evidence for an interrelationship between postural stability and 

function of the autonomic nervous system.112,114 Early evidence showed hyperfunction of 

sympathetic ANS responses in patients with migraine headache; however, the number of 

studies that have examined an association of responses of the ANS and measures of 
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postural control is limited.74,115,116 Although the ANS and the vestibular system are 

physiologically related (e.g., nausea, pallor, and sweating are all sympathetic 

manifestations of vertigo attacks that reveal afferent vestibular influences on the 

sympathetic nervous system), ANS responses have not been assessed in participants with 

VM.117–119  Studies that assessed the postural responses in VM patients have not 

simultaneously investigated the ANS responses in VM patients.25,109  

 The aim of this study is to explore the potential of responses of the ANS or the 

postural control system to serve as objective indicators of VM. Disturbances to both 

systems occurs when exposed to visual-vestibular conflict which can be imposed by a 

virtual reality (VR) rehabilitation system (e.g., Virtualis at https://virtualisvr.com/en/). We 

hypothesized that participants with VM will exhibit hyperfunction of sympathetic 

responses and increased postural responses compared to healthy participants when exposed 

to a VR environment. 

2. Methods 

2.1.  Participants. This study was approved by the Institutional Review Board of the Ministry 

of Health of the Kingdom of Saudi Arabia (protocol # H-05-FT-083). A convenience 

sample of 45 participants included 23 young adults with VM (34±8 years old) and 22 young 

healthy adults (34±9 years old). Participants were selected from individuals with a 

diagnosis of VM who presented to the outpatient Otoneurology and Emergency 

Departments at Hafer Al-Batin Central hospital between the period of December 2020 and 

February 2021. A prior diagnosis of VM was required of all participants and those willing 

to participate provided informed consent. In a separate visit, vestibulonystagmography (bi-

thermal caloric, positional nystagmus, smooth pursuit, random saccade, gaze stability, 

https://virtualisvr.com/en/
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optokinetic nystagmus, and oculomotor testing) was performed. Values of the abnormal 

caloric testing result were established by the clinical laboratory as a directional 

preponderance of 25% or greater. 

2.2. Procedures. Participants stood on the center of a standard AIREX 20"x16.4"x2" balance 

pad (Advanced Medical Technology Inc., Watertown, MA) with their arms at their sides 

and their feet about shoulder-width apart. The Shimmer GSR bracelet was placed on the 

non-dominant hand and participants were instructed to avoid moving that hand throughout 

the trial. Later, participants were instructed to close their eyes and relax until the 

investigator observed that autonomic nervous system activity was close to baseline. 

Throughout the experiment, the participants were asked to maintain an erect position with 

their eyes open while watching the visual scene for 3 min. Each exposure to the dynamic 

visual environment was followed by a rest period of at least one min until any emerging 

symptoms of dizziness, nausea, or any discomfort were resolved.   

2.3. Apparatus 

2.3.1. Virtual Reality Environments 

Participants were exposed to a three-dimensional complex VR generated by the 

software PosturoVR 0.8.3 (Virtualis, France) projected on the head mounted display 

(HMD) placed over their eyes with a strap around their heads. The Oculus Rift HMD 

(Oculus Rift, CA) weighs 379-gram which is light compared to the mass of the head 

(approximately 4.0 kg). The field of view (FOV) of this device is more than 90 degrees 

horizontal (110 degrees on the diagonal). Additionally, vision of the real world is 

completely blocked to create a strong sense of immersion. The resolution is 1280×800 

(16:10 aspect ratio), yielding a resolution of 640 × 800 per eye (4:5 aspect ratio); the image 
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is mapped for each eye. Correction of perspective and stereo projections for the computer 

graphics is provided by a 3-degree of freedom head tracker with a < 20 𝑚𝑠 latency image 

update.  

2.3.2. Electrodermal Activity (EDA) 

The EDA is measured by the skin conductance (SC) over time. EDA consists of (1) 

tonic component, also known as skin conductance level (SCL), which changes slowly over 

time (baseline) and indicates the active state of the sympathetic nervous system, and (2) 

phasic component which changes more rapidly, also known as skin conductance responses 

(SCR). Sudden shifts of phasic activity above the tonic activity indicate the EDA peaks. 

These peaks occur in response to external new, unexpected, and/or arousal-driven stimuli.  

Changes in electrodermal activity were recorded using the wireless Shimmer3 

GSR+ wearable bracelet sensor (Realtime Technologies Ltd., Ireland) with a sampling rate 

of 128 Hz. The Shimmer3 GSR+ measures changes in skin conductivity produced by 

increases in the activity of sweat glands. Unit dimensions are 65mm x 32mm x 12mm with 

a weight of 30g. The bracelet sensor has 2 connected loops of soft material placed over the 

palmar surface of the medial metacarpal-phalanges of the third and fourth fingers of the 

non-dominant hand (fig 3.1).  

 

 

 

 

 

 

Figure 3.1. The Shimmer3 GSR bracelet with two electrodes over the palmar surface of the 

medial metacarpal-phalanges of the middle and index fingers of the non-dominant hand. 
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2.3.3. Postural Control 

 Postural acceleration data were tracked with the Shimmer3 IMU (51mm x 34mm x 

14mm) wearable sensor with a sampling rate of 128 Hz (Realtime Technologies Ltd., 

Ireland). After the calibration method is applied, The Shimmer IMU was placed and 

aligned over the L4, L5 vertebral region with hypoallergenic, medical-grade skin tape to 

measure acceleration and orientation of the trunk in the x, y, and z axes (fig. 3.2). A list of 

the IMU calibration specifications is as follows: a tri-axial linear accelerometer (zero-

output 1.5V, full scale range +-2.0g, sensitivity 600mV/g , noise <5.09*10-3, output 16 

bits); a tri-axial gyroscope (full scale range +- 2000, sensitivity 16.4 LSB/(deg/sec), noise 

<0.0481, output 16 bits); and a tri-axial magnetometer (full range scale +-8.1Ga, sensitivity 

230/205(+_8.1) LSB/Ga, noise <0.0081, output 16 bits, Noise < 0.4). The signals obtained 

from the linear accelerometer will be of particular interest to this study. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2. The Shimmer3 IMU over the L4, L5 region and a demonstration of the trunk's measurement 

orientation in the x, y, and z axes.  
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2.3.4. Visual Dependency Test 

 The Rod and Frame task was generated by the software PosturoVR 0.8.3 (Virtualis, 

France) projected on to the Oculus Rift. At the beginning of each trial, the virtual rod was 

set randomly at a 45-degree angle to the left or right. The rod was then slowly moved 

toward vertical by the investigator and the participant raised their hand to signal when they 

perceived that the rod had achieved a vertical position. The same procedure was repeated 

four times and averaged for later analysis. 

2.3.5. Self-reported Outcomes Measures 

The presence of visual-vestibular mismatch, dizziness, balance confidence, and the 

level of physical activity were evaluated at the beginning of the experiment using validated 

clinical tools (see Appendix A):  

I. Visual-Vestibular Mismatch Questionnaire (VVM): A five-items questionnaire used to 

evaluate the VVM. Item scaling: yes (1) and no (0). A score of ≥ 3 indicates a positive 

VVM.120 

II. Visual Vertigo Analog Scale (VVAS): A nine-items to assess the intensity of dizziness in 

daily situations that evoke visual vertigo or motion sickness. Item scaling: 0–10 ranging 

from 0 (no dizziness) to 10 (extreme dizziness or activity avoided due to dizziness).121 

III. Dizziness Handicap Inventory (DHI): A 25-items questionnaire that evaluates self-

perceived handicapping effects of vestibular system disease. It evaluates three subscales: 

physical (7 items), functional (9 items), and emotional (9 items). Item scaling: yes (4), 

sometimes (2), no (0).122 

IV. Vertigo Symptoms Scale-Short Form (VSS-SF): A 15-items, questionnaire with two 

subscales: vertigo–balance, and autonomic–anxiety symptoms. It evaluates and 
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differentiates the symptoms of autonomic-somatic anxiety and vestibular dysfunctions in 

patients complaining of dizziness and vertigo. Item scaling: 6-point Likert scale from 0 

(never) to 5 (very often).123 

V. Activities of Balance Confidence (ABC) questionnaire: An 11-items questionnaire that 

measure the self-reported rating of the patient`s confidence in their confidence in their 

balance while performing certain activities. Item scaling: 0-100 ranging from 0 (no 

confidence) to 100 (complete confidence).124  

VI. Rapid Assessment of Physical Activity: a nine-item questionnaire of levels of physical 

activity from sedentary to regular vigorous physical activity as well as strength training 

and flexibility. Item scaling:  yes (1) or no (0).125  

 

2.4. Stimuli 

Two virtual environments (a space scene [SPACE] and a pedestrian crossing scene 

[STREET]) were randomly presented in one visit. Each trial was 5 minutes long including 

1-minute in the dark, 3 minutes in the visual environment, and 1-minute in the dark. The 

SPACE scene was a projection of stars at different sizes and distances from the participant 

moving in the yaw axis with no cues to vertical orientation. The direction of motion was in 

ipsilateral hemispace matched to the dominant hand. Projections of the virtual scene in yaw 

have been demonstrated to induce strong sensations of self-motion during quiet stance.126–

128 The pedestrian crossing scene was constructed of three-dimensional fixed objects (i.e., 

buildings, sidewalks, traffic signals) and virtual objects (i.e., cars, pedestrians) moving in 

all directions at various distances from the participant (fig.3.3).  
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2.5. Data analysis 

2.5.1. EDA data  

Raw EDA data was processed with MATLAB R2020b (The MathWorks, Inc., Natick, 

Massachusetts, USA) using the Ledalab-toolbox V3.4.9 (www.ledalab.de) using 

continuous decomposition analysis (CDA) to decompose the SC data into phasic and tonic 

components.129 The CDA method can be applied to full-length data which provides a 

complete decomposition model of the original SC data. All mathematical models of CDA 

are based on a physiological rationale to avoid underestimation biases due to overlapping 

Figure 3.3. The experimental procedure in the clinic 
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responses. However, the integrated skin conductance response (ISCR), which is defined as 

the area (time integral) of the phasic component within the response window reflects the 

phasic EDA response to a given event or stimulus. It equals SCR multiplied by the size of 

the response window [Microsiemens (𝜇𝑆) ∗ 𝑆𝑒𝑐𝑜𝑛𝑑𝑠(𝑠)]. The detection threshold for 

significant peaks was set to 0.01 𝜇𝑆 as recommended by the Society for 

Psychophysiological Research.130 To prevent the common skewed distribution of 

electrodermal response measures, the standardized ISCR was computed as129: 

𝐼𝑆𝐶𝑅 = 𝑙𝑜𝑔(1 + |𝐼𝑆𝐶𝑅|) × 𝑠𝑖𝑔𝑛(𝐼𝑆𝐶𝑅) 

2.5.2. Postural Acceleration Measures 

Trunk acceleration data was processed using MATLAB R2020b (The MathWorks, 

Inc., Natick, Massachusetts, USA) which provides a formula for calculating the Root Mean 

Square (RMS) and the Normalized Path Length (NPL). The RMS and the NPL were 

calculated for the antero-posterior (AP), medio-lateral (ML), and vertical (Vert) axes; a 

higher value indicates greater postural instability.131–134  RMS is the mean power of the entire 

accelerometer time-series; NPL is the sum of the absolute value of the individual path 

length distances divided by the length of time that is takes to travel this distance. Both time-

domain and frequency-domain measures were used to describe differences in postural 

responses between vestibular migraineurs and healthy participants. The RMS and NPL 

were computed as135:  

𝑅𝑀𝑆 = √(
∑ 𝑝𝑗

𝑁−1
𝑗=1

𝑁
)

2

                                    𝑁𝑃𝐿 =
1

𝑡
∑ |𝑝𝑗+1

𝑁−1

𝑗=1

− 𝑝𝑗|  

where 𝑡 is time duration, 𝑁 is the number of time samples, 𝑝𝑗 is the acceleration data at 

time sample 𝑗. In our application, RMS is a measure of acceleration and expressed in 𝑚𝐺 
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(milli-Gravitational) where 1 𝑚𝐺 =  0.0098 𝑚 𝑠2⁄ ; and NPL is also based on acceleration 

with units of 𝑚𝐺/𝑠. Data were low-pass filtered using a 4th order Butterworth filter with 

a cutoff frequency of 1.25 Hz. Each trial was plotted individually and inspected visually to 

ensure that the accelerometer data was free from significant artifacts.  

Statistical Analyses  

EDA and postural acceleration data were analyzed using R version 4.0.4 (R 

Foundation for Statistical Computing, Vienna, Austria). Correlations for continuous 

variables were computed with Pearson correlation coefficients as a two-tailed test. Linear 

mixed-effects (LME) models were constructed to statistically assess the effects of the 

(SPACE and STREET) virtual visual scenes across group (VM patients and controls) and 

time. Response variables included ISCR, NPL, and RMS with the subject as a random 

effect with a slope fit for each trial. A Shairpo-Wilk test revealed the data were normally 

distributed. Linear mixed models were fit using restricted estimate maximum likelihood 

(REML).136 Specific differences between the virtual environments and groups was 

examined with a Wilcoxon signed rank test. A Cohen’s d test was estimated to calculate 

effect sizes of differences between group means. Cohen estimates range is (0- 1.4), Cohen 

suggested that relative size of d=0.2 is considered a “small” effect size, 0.5 is a “medium” 

effect size and 0.8 is a “large” effect 137  

2.5.3. Self-Reported Outcome Measures 

Descriptive demographic and self-reported outcome measures data were analyzed 

using IBM SPSS Statistics v.23 (IBM Corporation, Armonk, N.Y., USA) and presented 

as mean ± standard deviation or as a percentage of participants. The significance level 

was set at a=0.05 for all analyses. Bonferroni post-hoc adjustments were used to adjust 
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for multiple comparisons. Differences in demographics and clinical outcome scores 

between VM and healthy groups were assessed using Welch`s t-test.  Demographic 

differences in gender distribution were conducted using the Chi-square test.  

3. Results 

The demographic, self-reported outcomes, and clinical characteristics of the study 

sample are summarized in Table 3.1. Significant differences were observed between groups 

on the VVAS, DHI and the VSS-SF (Table. 3.1). The VM group had lower (poorer) scores 

on the ABC than the healthy adults (t=13.30, p value= <0.001). The angle of deviation in 

the rod and frame test was significantly higher (worse) in the VM adults (t=3.33, p value= 

< 0.01) than in the healthy adults. Finally, the healthy adults had significantly lower (better) 

scores than the VM group on the DHI, the VVAS, and the VSS-SF (t DHI=23.34, t VSSAS= 

24.22, t BMI=7.31, p value all= < 0.001).  

  The six postural acceleration measures (i.e. RMS and NPL each in ML, AP and 

Vert axes) exhibited large variability between group mean±SD values across the three 

minutes of exposure to the VR environment. No significant difference emerged in RMS 

measures except for a medium effect size between group means of the RMS-AP with the 

SPACE environment (t= 2.01, p value= 0.05, d= 0.59). The NPL-AP difference between 

groups had a medium effect size in the SPACE scene compared to NPL-AP difference in 

the STREET scene (t= -2.43, p value=0.01, d= 0.75). The NPL-ML and NPL-Vert 

illustrated medium effect sizes between groups with both virtual environments: ML(Space) 

(t=-2.29, p value= 0.02, d= 0.70), ML(Street) (t= -2.67, p value= 0.01, d= 0.82), Vert (Space) 

(t=-2.52, p value= 0.01, d= 0.77), and Vert (Street) (t= -2.62, p value= 0.01, d= 0.80). RMS-

AP did not exhibit statistical significance between groups with either environment (Table 
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3.2). A Wilcoxon signed-rank test revealed significant differences between the means of 

some postural directions measurements with respect to different time segments of the 

experiment.  In the SPACE scene experiment, RMS measures were only significant in Vert 

direction but limited to minute 1(W= 117, p value= 0.01, d= 0.64) and minute 2 (W=134, 

p value= 0.02, d= 0.56) with medium effect sizes. The NPL-ML had the highest effect size 

than NPL-AP during minute 1(W=119, p value= 0.01, d= 0.83), the NPL-Vert showed 

medium and high effect sizes throughout the experiment`s period (Table 3.2).  In the 

STREET scene experiment, only RMS in Vert direction during (minute 2, minute 3, and 

the end) showed medium effect sizes between group means (Table 3.4) (fig. 3.4). 
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Table 3.1. Demographic and clinical characteristics of participants (n=45) 

 

** p<0.01   *** p<0.001 

 

 

 

 

Variable  Vestibular Migraineurs 

(23)  

Healthy 

(22) 

Gender   

Female 

 

14 (61%) 

 

10(45.5%) 

 Male 9 (39%) 12 (54.5%) 

 

Age (years) 

Mean ± SD 

  

34.4±8 

 

34 ±9 

 

BMI (kg/m2) 

Mean ± SD 

  

27±7 

 

30±4 

 

Handedness                               

Right-handed 

Left-handed 

 

22(96%) 

1(4%) 

 

21(95%) 

1(5%) 

 

Rapid Assessment of Physical 

Activity 

 

 

Active 

Under Active 

Sedentary 

 

5(22%) 

16(69%) 

2(9%) 

 

10(45.5%) 

12(54.5%) 

− 

 

Activities of Balance Confidence**  

Mean ± SD 

  

78±20 

 

98±3 

 

RFT (Visual Dependency) *** 

Mean ± SD (Angle deviation) 

 

 

 Dependent 

Non-Dependent 

 

13±4 

19(83%) 

4(17%) 

 

8±4 

9(41%) 

13(59%) 

 

Visual-Vestibular Mismatch   

Positive 

Negative 

 

13(56.5%) 

10(43.5%) 

 

− 

22(100%) 

 

Visual Vertigo Analog Scale***  

Mean ± SD  

 

 

 

36±23 

 

0.7±1.5 

 

Dizziness Handicap Inventory***  

Mean ± SD  

 

 

 

40±25 

 

0.4±2 

 

Vertigo Symptoms Scale-Short*** 

Form  

Mean ± SD  

                                 Origin 

 

 

 

Vestibular  

Autonomic 

Both 

 

14±7 

 

8(35%) 

14(61%) 

1(4%) 

 

1.3±2 

 

− 

8(36%) 

1(5%) 
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Table 3.2. Comparison of means ± standard deviation (SD) of accelerometry measures across the two groups 

for the whole period of exposure to the virtual scenes. 

 

 
 

Table 3.3. Trunk accelerometry measures with respect to time during exposure to the Space environment. 

 

 

 

 

 Vestibular Migraineurs Healthy  

Balance Measure Scene  Mean± SD Mean± SD t -statistic p-value 

RMS AP 

(𝒎𝑮) 

Space 13.96± 9.0 10.73± 6.0 -1.60 0.11 

Street 12.84± 7.0 11.54± 7.3 -0.78 0.43 

RMS ML 

(𝒎𝑮) 

Space 12.97± 7.0 7.71± 4.0 -1.78 0.08 

Street 11.10± 11 8.63± 2.4 -1.30 0.1 

RMS Vert 

(𝒎𝑮) 

Space 7.36± 9.0 3.69± 3.4 -1.92 0.06 

Street 6.55± 8.0 3.73± 3.0 -2.01 0.05 

NPL AP 

(𝒎𝑮/𝒔) 

Space 12.61± 7.0 8.45± 5.3 -2.43 0.01 

Street 11.07± 4.0 8.88± 5.0 -1.68 0.10 

NPL ML 

(𝒎𝑮/𝒔) 

Space 12.35± 6.0 6.69± 5.1 -2.29 0.02 

Street 10.37± 5.0 6.33± 2.3 -2.67 0.01 

NPL Vert 

(𝒎𝑮/𝒔) 

Space 7.97± 10 3.29± 2.1 -2.52 0.01 

Street 6.52± 7.0 3.11± 2.1 -2.62 0.01 

Space Scene Statistics Start Min 1 Min 2 Min 3 End 

 

RMS AP  

(𝒎𝑮) 

p-value 0.11 0.13 0.58 0.78 0.67 

CI 95% -0.79 − 5.55 -5.94 − 0.81 -4.47 − 2.23 -4.73 − 2.28 -3.04 − 4.30 

Effect size 

estimate 

0.31  

     (Small) 

0.59 

      (Medium) 

0.36 

      (Small) 

0.42 

      (Small) 

0.08    

(Negligible) 

 

RMS ML  

(𝒎𝑮) 

p-value 0.11 0.16 0.21 0.38 0.54 

CI 95% -0.63 − 3.75 -6.13 − 0.68 -4.78 − 0.80 -6.08 − 1.59 -4.47 − 1.76 

Effect size 

estimate 

0.27  

     (Small) 

0.69  

     (Medium) 

0.53  

       (Medium) 

0.46  

       (Small) 

0.39 

     (Small) 

 

RMS Vert  

(𝒎𝑮) 

p-value 0.19 0.01 0.02 0.10 0.09 

CI 95% -2.28 − 0.42 -4.49 − -0.61 -3.91 − -0.13 -3.25 − 0.27 -3.31 − 0.24 

Effect size 

estimate 

0.32  

     (Small) 

0.64 

     (Medium) 

0.56  

      (Medium) 

0.51  

     (Medium) 

0.42  

      (Small) 

 

NPL AP  

(𝒎𝑮/𝒔) 

p-value 0.67 0.01 0.04 0.04 0.19 

CI 95% -2.64 − 1.64 -5.59 − -0.45 -5.78 − -0.19 -7.57 − -0.06 -5.50 − 0.91 

Effect size 

estimate 

0.26 

      (Small) 

0.68  

       (Medium) 

0.71  

    (Medium) 

0.75 

    (Medium) 

0.40 

     (Small) 

 

NPL ML  

(𝒎𝑮/𝒔) 

p-value 0.83 0.01 0.01 0.02 0.28 

CI 95% -2.12 − 1.70 -6.19 − -0.72 -5.89 − -0.52 -6.83 − -0.22 -4.30 − 1.13 

Effect size 

estimate 

-0.10 

    

(Negligible) 

0.83 

    (Large) 

0.74 

     (Medium) 

0.58 

     (Medium) 

0.32 

      (Small) 

 

NPL Vert  

(𝒎𝑮/𝒔) 

p-value 0.02 0.0003 0.004 0.004 0.004 

CI 95% -2.98 − -0.21 -5.43 − -0.96 -4.53 − -0.69 -5.62 − -1.02 -3.92 − -0.81 

Effect size 

estimate 

0.57 

    (Medium) 

0.76  

     (Medium) 

0.73 

    (Medium) 

0.80 

      (Large) 

0.58 

       (Medium) 
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Table 3.4. Trunk accelerometry measures with respect to time during exposure to the Street environment. 

 
Street Scene Statistics Start Min 1 Min 2 Min3 End 

 

RMS AP 

(𝒎𝑮) 

p-value 0.76 1 0.58 0.74 0.17 

CI 95% -3.43 − 3.75 -3.11 − 3.09 -3.95 − 2.17 -3.80 − 2.41 -5.22 − 1.22 

Effect size 

estimate 

0.21 

   (Small) 

0.01 

  (Negligible) 

0.28 

     (Small) 

0.31 

     (Small) 

0.28 

      (Small) 

RMS ML 

(𝒎𝑮) 

p-value 0.65 0.94 0.74 0.67 0.84 

CI 95% -2.14 − 2.64 -2.04 − 2.19 -3.58 − 2.30 -4.21 − 1.74 -2.68 − 2.29 

Effect size 

estimate 

0.13 

  (Negligible) 

0.17 

  (Negligible) 

0.28 

    (Small) 

0.63 

    (Medium) 

0.43 

     (Small) 

RMS Vert 

(𝒎𝑮) 

p-value 0.19 0.06 0.03 0.01 0.01 

CI 95% -2.99 − 0.58 -3.35 − 0.14 -3.71 − -0.22 -4.38 − -0.39 -3.90 − -0.88 

Effect size 

estimate 

0.52 

    (Medium) 

0.53 

   (Medium) 

0.56 

     (Medium) 

0.70 

     (Medium) 

0.63 

     (Medium) 

NPL AP 

(𝒎𝑮/𝒔) 

p-value 0.85 0.07 0.19 0.19 0.35 

CI 95% -2.43 − 2.12 -4.20 − 0.12 -4.47 − 0.76 -4.68 − 0.77 -3.36 − 0.90 

Effect size 

estimate 

0.17 

  (Negligible) 

0.51 

   (Medium) 

0.49 

     (Small) 

0.47 

    (Small) 

0.16 

  (Negligible) 

NPL ML 

(𝒎𝑮/𝒔) 

p-value 0.18 0.007 0.10 0.19 0.53 

CI 95% -3.17 − 0.57 -4.96 − -0.57 -4.87 − 0.30 -8.70 − 0.41 -2.58 − 1.39 

Effect size 

estimate 

0.43 

    (Small) 

0.87 

    (Large) 

0.64 

     (Medium) 

0.83 

    (Large) 

0.36 

     (Small) 

NPL Vert  

(𝒎𝑮/𝒔) 

p-value 0.03 0.002 0.006 0.007 0.01 

CI 95% -3.43 − -0.04 -3.93 − -0.77 -4.07 − -0.75 -4.39 − -0.79 -3.31 − -0.40 

Effect size 

estimate 

0.66 

  (Medium) 

0.88 

     (Large) 

0.75 

     (Medium) 

0.75 

    (Medium) 

0.59 

    (Medium) 

 

 

After examining the full-effects model for ISCR, RMS (AP, ML, Vert), and NPL 

(AP, ML, Vert), non-significant terms and interactions were removed and Linear Mixed 

Models of time, VM, and virtual environment were developed (Table 3.5). In the model of 

estimating the change of the ISCR, the final model included the interaction of group with 

time. The effect of time was significant (F (1,417) =23.31, p value=0.001). The estimated 

fixed effect of the group showed that ISCR was approximately 59.5 𝜇S greater in VM 

individuals than in healthy individuals (t= -7.2, p value=0.001).  In both visual 

environments, the VM group showed a lower baseline ISCR level than the healthy group; 

by the first minute of the SPACE scene, the ISCR phasic response of the VM then exceeded 

the healthy subjects in SPACE and was equal to healthy subjects in the STREET scene. 

While the VM group was able to match the level of healthy at the end of the SPACE scene 
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experiment, in the STREET scene, ISCR levels of the VM group again dropped below the 

healthy level at the end of the trial (fig. 3.5).   

 

 

 

 

 

 

 

 

 

 

 

 

 

The interaction term between Group and Scene was significant (F (1,371) =12.98, 

p value= <0.001) for NPL-AP. The estimated fixed effect revealed that VM adults NPL-

AP was approximately 1.79 𝑚𝐺/𝑠 less than healthy group (t= 3.60, p value= <0.001). In 

the vertical direction, the interaction effect of Group was significant (F (4,365) =6.17, p 

value=0.01). The estimated fixed effect revealed that for VM adults NPL-Vert was 

approximately 4.56 𝑚𝐺/𝑠 greater than the healthy group (t= 2.861, p value=0.006). The 

effect of Group in the NPL-ML was also significant (F (1,40) =6.03, p value=0.01). The 

estimated fixed effect of the group revealed that the NPL-ML in the VM group was 

approximately 4.05 𝑚𝐺/𝑠 greater than healthy participants (t= 2.65, p value= 0.01).   

Figure 3.4.   Normalized Path Length (NPL) in milli-Gravitational (𝑚𝐺/𝑠) acceleration. Red bars depict Medial-Lateral (ML) 

axis, blue bars depict vertical axis, green bars depict Anterior-Posterior (AP) axis. Square brackets indicate the existence of 

significant effect size between healthy controls and vestibular migraineurs (dotted line: medium effect, solid line: large effect). 
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Figure 3.6.  Integrated Skin Conductance Responses (ISCR) in micro siemens (𝜇𝑆) across NPL in vertical 

direction (Vert) between the vestibular migraineurs (red: line, dots) and the healthy control (green: line, dots). 

 

Figure 3.5. Integrated Skin Conductance Responses (ISCR) in micro siemens (𝜇𝑆) across time block 

between the vestibular migraineurs (red line) and the healthy control (green line). 
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Table 3.5. Linear Mixed Model Results of time, VM and virtual environment.  

 

Terms Factors Sum Sq. Mean Sq. Num df Den df F value 

ISCR 

( 𝝁𝑺) 

VM 0.01 0.01 1 417 0.01 

Time 59.33 14.83 4 417 23.31*** 

VM*Time 15.82 3.95 4 417 6.21*** 

NPL AP  

 (𝒎𝑮 𝒔⁄ ) 

VM 25.00 25.00 1 37.05 
3.83 

 

STREET Scene 34.12 34.12 1 371.82 5.23* 

VM*STREET Scene 84.63 84.63 1 371.82 12.98*** 

NPL ML  

 (𝒎𝑮 𝒔⁄ ) 

VM 99.52 99.51 1 39.97 6.36* 

STREET Scene 128.62 128.62 1 359.72 8.23** 

Time 201.42 50.35 4 360.40 3.22* 

VM*STREET Scene 20.96 20.95 1 359.72 1.34 

VM*Time 383.02 95.75 4 360.40 6.12*** 

STREET Scene*Time 34.11 8.52 4 359.72 0.70 

VM*STREET Scene*Time 28.16 7.04 4 359.72 0.77 

NPL VERT  

 (𝒎𝑮 𝒔⁄ ) 

VM 20.34 20.34 1 41.51 
6.17* 

 

STREET Scene 45.10 45.10 1 376.72 13.68*** 

VM*STREET Scene 33.71 33.71 1 376.72 10.22** 

RMS AP  

 (𝒎𝑮) 

VM 37.31 37.31 1 32.25 1.98 

Time 145.11 36.28 4 359.68 1.93 

 VM*Time 204.80 51.20 4 359.68 2.72* 

RMS ML  

 (𝒎𝑮) 

VM 82.02 82.02 1 41.46 2.87 

Time 374.70 93.67 4 372.12 3.28* 

VM*Time 429.31 107.32 4 372.12 3.76** 

RMS VERT  

(𝒎𝑮) 
VM 16.56 16.56 1 41.10 4.02 

* p<0.05   ** p<0.01   *** p<0.001                          
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      Results of the Pearson correlation across groups indicated that there was no significant 

association between NPL in the vertical direction and ISCR phasic EDA response with the 

SPACE VR (r = .0.18, p = 0.25) (fig. 3.6).  A significant association was found between 

NPL-Vert, DHI scores, and ABC scores. Further,  ABC scores were significantly 

associated with EDA Tonic responses. A scatterplot summarizes the results (fig. 3.7). 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

4. Discussion  

The focus of this study was to distinguish the features of EDA phasic and tonic 

responses and trunk acceleration responses between healthy and VM adults when placed 

in an immersive VR environment. Our results support the supposition that EDA activity 

and postural accelerations are significantly different between healthy and VM adults when 

accommodating for VR environments with visual-vestibular conflicting information and 

unreliable proprioceptive information (i.e. standing on a foam pad). Further, specific self-

Figure 3.7.   Scatter plots of the association between normalized path length vertical, DHI scores, ABC scores, and Tonic 

responses. Left. A scatterplot summarizes the results of the positive association between NPL vertical and DHI scores 

(r= 0.47, p value= 0.001). Middle. A scatterplot summarizes the results of the negative association between NPL vertical 

and ABC scores (r= -0.48, p value= 0.001). Right. A scatterplot summarizes the results of the positive association 

between Tonic responses and ABC scores (r= 0.42, p value= 0.005). Activities Balance Scale (ABC); Dizziness Handicap 

Inventory (DHI). 
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reported health outcome measures, including ABC, VSS-SF, VVAS, and DHI, were 

identified as reliable for distinguishing between groups of VM and healthy individuals. 

Results of this study suggest that the combined information from EDA and trunk 

acceleration measures may provide an objective measure for identifying adults with VM. 

Our results are notable in that the NPL-Vert magnitude measure best distinguished 

VM adults as a group from healthy individuals as a group. Our results are consistent with 

prior studies which found the increase in the NPL-AP. 131,134  Additionally, we also found 

significant differences in the NPL-ML and the included NPL-Vert measure which best 

distinguished between healthy individuals and a group of adults with central vestibular 

disorders. One explanation for the differences in our findings may be because we studied 

postural acceleration using VR. Another explanation may lie in the subjects studied: our 

study differed from theses prior studies in the use of VR and because our study group 

consisted only of adults with VM, a central vestibular disorder; prior studies included both 

individuals with central and peripheral vestibular disorders. Notably, our inclusion of the 

NPL-Vert measure provided a distinguishing feature which is consistent with prior reports 

of vertical displacements in adults with other central nervous system disorders (Parkinson`s 

Disease and Alzheimer).138,139 One possible explanation is that increasing frequency of 

trunk acceleration in the vertical plane will enhance the perception of the postural vertical 

(PPV) through stimulation of the otoliths when there is diminished somatosensory 

feedback and/or disorienting visual environments.140 The VR conditions employed in our 

study were intended to exacerbate the perceptual and postural symptoms in adults with 

VM.  Our results showed a clear relationship between NPL/RMS-Vert and severity of 

angular deviation in the RFT. The RFT used in this study is a validated tool to measure 
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perception of postural vertical and visual dependency is used to examine the integrity of 

the otolith system.11,140 Our findings of strong correlation between the RFT results, NPL-

Vert, and RMS-Vert in VM adults provide a compelling physiological basis for 

involvement of the otolith system which may necessitate the vertical segmental 

adjustments.   

Finally, we found the NPL measures were better able to distinguish between healthy 

adults and individuals with VM than the corresponding RMS measures. We attribute this 

to the NPL measure better capturing the time-varying motions that often accompany 

postural instability.141 In healthy adults, unlike previous evidence which revealed a strong 

correlation between that PPV error, as measured by the RFT, and RMS-ML in similar 

experimental setting, we revealed a strong correlation between PPV and NPL-AP.140  

We propose that NPL-Vert and RMS-Vert measures may reflect a distinct feature 

of postural control of individuals with VM and possibly of other central vestibular 

pathologies warrants additional study to determine generalizability. One supporting 

explanation for our finding of NPL-Vert and RMS-Vert being more distinguishing than AP 

or ML measures is that PPV relies on combined proprioceptive, and otolith sensory 

information140and it well known that modified proprioceptive input (standing on foam) 

influences postural strategies. Additionally, recent research provides evidence that 

augmented somatosensory input may improve the orientation of vertical perception when 

input from the otolith is unreliable.142,143 Given that the increases postural NPL-Vert were 

positively associated with higher-visual dependency, we infer that adults with VM were 

able to override the effect of visual-vestibular conflicting environments by augmenting the 

proprioceptive input through an increased frequency of Vert accelerations. Based on our 
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empirical direct observation, participants rocked up and down by pressing on their forefoot.  

We suggest the participants’ used a strategy of augmenting sensory feedback from 

cutaneous mechanoreceptors inputs from their foot to counteract the induced-postural 

instability. 9, 8, 10  Our findings suggest that the increased postural NPL-Vert and RMS-Vert 

implies the presence of segmental adjustments to compensate for canal-otolith dysfunction 

and achieve a vertical orientaion.144 

Postural stabilization is influenced not only by central mechanisms but also by actions 

of the ANS.74,115,145 Different EDA characteristics are associated with alteration in 

measures of postural control.. Our results revealed that the gradual increase of EDA tonic 

levels over time was associated with gradually decreasing of postural acceleration in adults 

with VM. Conversely, in healthy adults, the EDA tonic levels were higher prior to exposure 

to the VR environment. These findings align with evidence that shown the association 

between high EDA tonic activity and producing successful compensatory/anticipatory 

postural control, induced by postural perturbation.1–3 Based on our findings, we 

hypothesized that the exhibition of high EDA tonic activity prior to the VR stimuli in 

healthy adults is reflective of a level of central excitation (central-set) providing readiness 

for the postural perturbations predicted to occur in the VR environment.  

There were some limitations in the study, including the inability to recruit some patients 

with high levels of VM symptoms due to their incapacity to endure the experimental visual 

environments. The fact that the cervical vestibular evoked myogenic potential (cVEMP) 

and the ocular vestibular evoked myogenic potential (oVEMP) assessments are not 

available limits our ability to confirm the absolute integrity of the otolith function. Lastly, 
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because of CoVID-19 restrictions, limitations in this study mostly relate to sample size. 

Future studies with larger sample sizes are necessary in order to replicate our results. 

 

5. Conclusion 

This is the first study we are aware of to evaluate the autonomic nervous system's 

responses as well as postural responses with VR environments in individuals with VM 

compared to healthy individuals. VM adults exhibited EDA and postural acceleration 

responses that were significantly unique, suggesting a potential association between the 

ANS and the vestibular system with the diagnosis of vestibular migraine. These findings 

offer a new opportunity to identify distinct features that would aid in the diagnosis of this 

clinical population. Despite the growing interest in the EDA research among researchers, 

not much is known about how it relates to postural control within clinical populations. 

Finally, the use of visual-vestibular conflict environments to perturb balance in these 

studies supports the use of visual-vestibular habituation exercises as a potential treatment 

in VM.  However, further studies need to be performed to determine efficacy in VM 

management.  

Future studies should include the development of effective monitoring strategies to 

evaluate dynamic balance and EDA in patients with VM, in addition to screening for EDA 

and postural control. 
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CHAPTER 4 

 
COMPARISON OF ELECTRODERMAL ACTIVITY AND POSTURAL 

RESPONSES TO VISUAL-VESTIBULAR CONFLICT BETWEEN VESTIBULAR 

MIGRAINOUS ADULTS WITH AND WITHOUT VISUAL-VESTIBULAR 

MISMATCH 

 

1. Introduction  

 Although treatments for dizziness as a result of visual-vestibular mismatch (VVM) 

exist, the lack of prognostic information about this population affects the quality of their 

rehabilitation care.16,22 Despite numerous studies showing that individuals presenting with 

non-specific dizziness are likely to have VVM, and despite VVM being recognized by to 

the international classification of vestibular disorders by the Bárány Society, it remains 

unknown how prevalent this condition is.8 The VVM diagnostic questionnaire has not yet 

been generally accepted as a useful tool for diagnosis. There are inadequate criteria for 

prescribed vestibular rehabilitation for individuals with VVM, and little evidence to 

support the selection of treatment programs among this population. Treatment outcomes 

are not particularly successful because of a lack of guidelines. Studies have been performed 

that address dizziness severity, but no reliable biometric measurement has been developed 

yet. A potential measure of VVM could be responses of the autonomic nervous system 

(ANS) during vestibulo-visual challenges given the anatomical relationship between the 

vestibular system and the ANS. Individuals with both peripheral and central vestibular 

dysfunction exhibit symptoms and signs of autonomic dysfunction because of vestibulo-

autonomic interactions.38,40,116,146 Moreover, changes in postural sway are a tangible 

indicator of the balance during any disturbance to the vestibular system.73,99,102  
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VVM is a common finding in people with idiopathic dizziness who present at out-

patient clinics, appearing in 56.8% of all individuals.77 VVM symptoms include false 

sensations of motion or tilting of the visual surround and visual distortion (blur) that are 

visually-induced and usually result from vestibular pathology or a conflict between visual 

and vestibular stimuli.8 One study reported that a large number of individuals with VVM 

also had a history of headaches (68.9%) and visual dependency (41.5%).77 

Postural sway is a quantifiable output that is affected by the disturbances to the 

vestibular system. A study has demonstrated that subjects with unilateral and bilateral 

vestibular hypofunction tend to have a higher sway area compared to healthy controls.147 

Ascending connections from the vestibular nuclei to the parietal lobe have been implicated 

in control of spatial orientation.44,148,149 Additional connections between vestibular nuclei 

and cerebellum, and cerebellum and frontal eye fields, may contribute to the dizziness and 

disorientation evoked by VVM.20 Thus, changes in postural sway is a tangible indicator for 

the status of the balance ability during any disturbance to the vestibular system.  

Dizziness, nausea, and light headedness are autonomic signs elicited when vestibular 

and visual stimuli are in conflict.38 It has been suggested that the vestibular system has a 

role in regulating autonomic system (ANS) activities that maintain the stability of the 

human body's internal environment in response to changes in external conditions has been 

suggested.145 Electrolytic or chemical lesions in the caudal region of the medial vestibular 

nucleus (MVc) were shown to reduce vestibular-elicited activity in sympathetic nerve.40  

Sympathetic responses to the autonomic nervous system can be assessed by using 

measures of electrodermal activity (EDA). EDA monitors changes in conductivity 

produced in the skin via increases in the activity of sweat glands.55,56,130,150 Thus, EDA 
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could provide an insight into the modulation of central sympathetic activities in individuals 

with vestibular disorders. Integrating EDA and postural control measures would provide 

insight into how the vestibular and ANS are interrelated.  

The purpose of this study was to explore the potential for responses of the ANS or the 

postural control system to serve as quantifiable indicators of VVM in a convenience sample 

of participants with complaints of vestibular migraine (VM). We hypothesized that 

vestibular migraine individuals with VVM (+VM) will exhibit increased sympathetic 

responses of ANS and increased postural responses compared to vestibular migraine 

participants without VVM (-VM) when exposed to virtual reality (VR) environments that 

induce visual-vestibular conflict. This protocol will directly address a substantial 

shortcoming in our understanding, evaluation, and assessment of individuals with VVM.  

 

2. Methods 

2.1.  Participants.  

This study was approved by the Institutional Review Board of the Ministry of 

Health of the Kingdom of Saudi Arabia (protocol # H-05-FT-083). A convenience sample 

of 23 participants with VM (34.4 ± 8years old). Participants with a diagnosis of VM 

presented to the outpatient Otoneurology and Emergency Departments at Hafer Al-Batin 

Central hospital between the period of December 2020 and February 2021. A prior 

diagnosis of VM was required of all participants and those willing to participate provided 

informed consent. In a separate visit, vestibulonystagmography (bi-thermal caloric, 

positional nystagmus, smooth pursuit, random saccade, gaze stability, and optokinetic 
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nystagmus) was performed. Values of the abnormal caloric testing result was established 

by the clinical laboratory as a directional preponderance of 25% or greater. 

 

2.2. Procedures.  

VVM testing. The Visual-Vestibular Mismatch Questionnaire9 was administered to 

each participant to identify the presence of VVM in participants (see Appendix A) This 

assessment tool that returns a positive or negative result based on five items about 

situations that provoke dizziness. VVM questions were posed to the participants in a 

non-leading fashion; the questions were asked as a history-taking to avoid biasing 

responses. Participants were scored as positive for VVM presence if any three of the 

five questions were answered affirmatively.92  

Experimental Task. Participants stood on the center of a standard AIREX 

20"x16.4"x2" balance pad (Advanced Medical Technology Inc., Watertown, MA) with 

their arms at their sides and their feet shoulder-width apart. The Shimmer GSR bracelet 

was placed on the non-dominant hand and participants were instructed to avoid moving 

that hand throughout the trial. Before each experiment, participants were instructed to 

close their eyes and relax until the investigator observed that autonomic nervous system 

activity was close to baseline.  Throughout each experiment, the participants were 

asked to maintain an erect position with their eyes open while watching the projected 

visual scene for 3 min. Each exposure to the dynamic virtual environment was followed 

by a rest period of at least one min or until any emergent symptoms of dizziness, nausea, 

or discomfort were resolved.   
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2.3. Apparatus 

2.3.1. Virtual Reality Environments 

Participants were exposed to a three-dimensional complex VR environment 

generated by the software PosturoVR 0.8.3 (Virtualis, France) projected on the head 

mounted display (HMD) placed over their eyes with a strap around their heads. The Oculus 

Rift HMD (Oculus Rift, CA) weighs 379-gram which is light compared to the mass of the 

head (approximately 4.0 kg). The field of view (FOV) of this device is more than 90 

degrees horizontal (110 degrees on the diagonal). Additionally, vision of the real world is 

completely blocked to create a strong sense of immersion. The resolution is 1280×800 

(16:10 aspect ratio), yielding a resolution of 640 × 800 per eye (4:5 aspect ratio); the image 

is mapped for each eye. Correction of perspective and stereo projections for the computer 

graphics is provided by a 3-degree of freedom head tracker with a < 20 𝑚𝑠 latency image 

update.  

 

2.3.2. Electrodermal Activity (EDA) 

The EDA is measured by the skin conductance (SC) over time. EDA consists of a 

tonic component, also known as skin conductance level, which changes slowly over time 

(baseline) and indicates the active state of the sympathetic nervous system. The phasic 

component changes more rapidly and is also known as skin conductance responses (SCR). 

External novel unexpected, and/or arousal driven stimuli cause sudden shifts of phasic 

activity above the tonic activity (baseline) and presents as peaks in EDA activity. 

Changes in electrodermal activity were recorded using the wireless Shimmer3 

GSR+ wearable bracelet sensor (Realtime Technologies Ltd., Ireland) with a sampling rate 
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of 128 Hz. The Shimmer3 GSR measures changes in skin conductivity produced by 

increases in the activity of sweat glands. Unit dimensions are 65mm x 32mm x 12mm with 

a weight of 30g. The bracelet sensor has 2 connected loops of soft material placed over the 

palmar surface of the medial metacarpal-phalanges of the third and fourth fingers of the 

non-dominant hand (fig. 4.1).  

 

 

 

2.3.3. Postural Control 

  Postural acceleration data were tracked with the Shimmer3 IMU (51mm x 34mm x 

14mm). After the calibration method is applied, The Shimmer IMU was placed and aligned 

over the L4, L5 vertebral region with hypoallergenic, medical-grade skin tape to measure 

acceleration and orientation of the trunk in the x, y, and z axes (fig. 4.2). The Shimmer3 

sensor has a sampling rate of 128 Hz (Realtime Technologies Ltd., Ireland) and was placed 

over the L4, L5 vertebral region with hypoallergenic, medical-grade skin tape. A list of the 

IMU calibration specifications is as follows: a tri-axial linear accelerometer (zero-output 

1.5V, full scale range +-2.0g, sensitivity 600mV/g , noise <5.09*10-3, output 16 bits); a 

tri-axial gyroscope (full scale range +- 2000, sensitivity 16.4 LSB/(deg/sec), noise <0.0481, 

Figure 4.1. The Shimmer3 GSR bracelet with two electrodes over the palmar surface of the 

medial metacarpal-phalanges of the middle and index fingers of the non-dominant hand 
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output 16 bits); and a tri-axial magnetometer (full range scale +-8.1Ga, sensitivity 

230/205(+_8.1) LSB/Ga, noise <0.0081, output 16 bits, Noise < 0.4). The signals obtained 

from the linear accelerometer will be of particular interest to this study. 

 

 

 

 

 

 

 

 

 

 

2.3.4. Visual Dependency Test 

       The Rod and Frame task was generated by the software PosturoVR 0.8.3 (Virtualis, 

France) projected on to the Oculus Rift. At the beginning of each trial, the virtual rod was 

set randomly at a 45-degree angle to the left or right. The rod was then slowly moved 

toward vertical by the investigator. The participant raised their hand to signal when they 

perceived that the rod had achieved a vertical position. The resultant angular deviation from 

gravitational vertical was recorded for each trial. The same procedure was repeated four 

times and averaged for later analysis. 

 

 

Figure 4.2. The Shimmer3 IMU over the L4, L5 region and a 

demonstration of the trunk's measurement orientation in the x, y, and 

z axes. 
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2.3.5. Self-reported Outcomes Measures 

The severity of dizziness, balance confidence, and each participant’s level of 

physical activity were evaluated at the beginning of the experiment using validated clinical 

tools (see Appendix A):  

I. Visual Vertigo Analog Scale (VVAS): A-nine items questionnaire that evaluates 

the intensity of dizziness in daily situations that have the potential to evoke visual 

vertigo or motion sickness. Item scaling: 0–10 ranging from 0 (no dizziness) to 10 

(extreme dizziness or activity avoided due to dizziness).92 

II. Dizziness Handicap Inventory (DHI): A 25-items questionnaire that evaluates 

self-perceived handicapping effects of vestibular system disorders. Three 

subscales: physical (7 items), functional (9 items), and emotional (9 items) are 

included. Item scaling: yes (4), sometimes (2), no (0).122  

III. Vertigo Symptoms Scale-Short Form (VSS-SF): A 15-items questionnaire that 

has two-subscales: vertigo–balance, and autonomic–anxiety symptoms. This tool 

evaluates and differentiates the symptoms of autonomic-somatic anxiety and 

vestibular dysfunction in individuals complaining of dizziness and vertigo. Item 

scaling: 6-point Likert scale from 0 (never) to 5 (very often).123 

IV. Activities of Balance Confidence (ABC) questionnaire: An 11-items 

questionnaire that measures how individuals rank their confidence in their balance 

while performing certain activities. Item scaling: 0-100 ranging from 0 (no 

confidence) to 100 (complete confidence).124 

V. Rapid Assessment of Physical Activity: A nine-items questionnaire about daily 

participation in physical activity ranging from sedentary to vigorous as well as 

strength training and flexibility. Item scaling:  yes (1) or no (0).125  
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2.4. Stimuli 

    Two virtual environments (an outer space scene [SPACE] and a pedestrian crossing 

scene [STREET]) were randomly presented in one visit. Each trial was 5 minutes long 

including 1-minute in the dark, 3 minutes in the visual environment, and 1-minute in the 

dark. The SPACE was a projection of stars at different sizes and distances from the 

participant moving in the yaw axis with no cues to vertical orientation. The direction of 

motion was toward the dominant hand. Projections of the virtual scene in yaw have been 

demonstrated to induce strong sensations of self-motion during quiet stance.126–128 The 

Figure 4.3. The experimental procedure in the clinic 
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STREET scene was constructed of three-dimensional fixed objects (i.e., buildings, 

sidewalks, traffic signals) and virtual objects (i.e., cars, pedestrians) moving in multiple 

directions at various distances from the participant (fig.4.3). 

 

2.5. Data analysis 

2.5.1. EDA data  

       Raw EDA data was processed with MATLAB R2020b (The MathWorks, Inc., Natick, 

Massachusetts, USA) using the Ledalab-toolbox V3.4.9 (www.ledalab.de). Continuous 

decomposition analysis (CDA) was employed to decompose the SC data into phasic and 

tonic components.129 All mathematical models of CDA are based on a physiological 

rationale to avoid underestimation biases due to overlapping skin conductance responses. 

The CDA method was applied to the full-length of the data to provide a complete 

decomposition model of the original SC data.  

The integrated skin conductance response (ISCR), which is defined as the area 

(time integral) of the phasic component within the response window reflects the phasic 

EDA response to a given event or stimulus. It equals SCR multiplied by the size of the 

response window [Microsiemens (𝜇𝑆) ∗ 𝑆𝑒𝑐𝑜𝑛𝑑𝑠(𝑠)]. The detection threshold for 

significant peaks was set to 0.01 𝜇𝑆 as recommended by the Society for 

Psychophysiological Research.130 To prevent the common skewed distribution of 

electrodermal response measures, the standardized ISCR was computed as follow:129 

𝐼𝑆𝐶𝑅 = 𝑙𝑜𝑔(1 + |𝐼𝑆𝐶𝑅|) × 𝑠𝑖𝑔𝑛(𝐼𝑆𝐶𝑅)  

 

 

http://www.ledalab.de/
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2.5.2. Postural Acceleration Measures 

Trunk acceleration data was processed using MATLAB R2020b (The MathWorks, 

Inc., Natick, Massachusetts, USA) which provides a formula for calculating the Root Mean 

Square (RMS) and the Normalized Path Length (NPL). The RMS and the NPL were 

calculated for the antero-posterior (AP), medio-lateral (ML), and vertical (Vert) axes; a 

higher value indicates greater postural instability.131–134  RMS is the mean power of the entire 

accelerometer time-series; NPL is the sum of the absolute value of the individual path 

length distances divided by the length of time that is takes to travel this distance. Both time-

domain and frequency-domain measures were used to describe differences in postural 

acceleration between vestibular migraineurs and healthy participants. The RMS and NPL 

were computed as:131 

𝑅𝑀𝑆 = √(
∑ 𝑝𝑗

𝑁−1
𝑗=1

𝑁
)

2

                                    𝑁𝑃𝐿 =
1

𝑡
∑ |𝑝𝑗+1

𝑁−1

𝑗=1

− 𝑝𝑗|  

where 𝑡 is time duration, 𝑁 is the number of time samples, 𝑝𝑗 is the acceleration data at 

time sample 𝑗. In our application, RMS is a measure of acceleration and expressed in 𝑚𝐺 

(milli-Gravitational) where 1 𝑚𝐺 =  0.0098 𝑚 𝑠2⁄ ; and NPL is also based on acceleration 

with units of 𝑚𝐺/𝑠. Data were low-pass filtered using a 4th order Butterworth filter with 

a cutoff frequency of 1.25 Hz. Each trial was plotted individually and inspected visually to 

ensure that the accelerometer data was free from significant artifacts.  

 

2.5.3. Statistical Analyses  

EDA and postural acceleration data were analyzed using R version 4.0.4 (R 

Foundation for Statistical Computing, Vienna, Austria). Correlations for continuous 



 72 

variables were computed with Pearson correlation coefficients as a two-tailed test. Linear 

mixed-effects (LME) models were constructed to statistically assess the effects of the two 

virtual visual scenes (SPACE scene and STREET scene) across group (+VM and -VM) 

and time. Response variables included ISCR, NPL, and RMS with the subject as a random 

effect with a slope fit for each trial. A Shairpo-Wilk test revealed the data were normally 

distributed. Linear mixed models were fit using restricted estimate maximum likelihood 

(REML).136 Specific differences between the virtual environments and groups was 

examined with a Wilcoxon signed rank test. A Cohen’s d test was estimated to calculate 

effect sizes of differences between group means.137  

2.5.4. Self-Reported Outcome Measures 

Descriptive demographic and self-reported outcome measures data were analyzed 

using IBM SPSS Statistics v.23 (IBM Corporation, Armonk, N.Y., USA) and presented 

as mean ± standard deviation or as a percentage of participants. The significance level 

was set at a=0.05 for all analyses. Bonferroni post-hoc adjustments were used to adjust 

for multiple comparisons Differences in demographics and clinical outcome scores 

between the +VM and -VM groups were assessed using Welch’s t-test.  Demographic 

differences in gender distribution were examined using a Chi-square test.  

 

3. Results 

     The demographic, self-reported outcomes measures, and clinical characteristics of the 

study sample are summarized in Table 4.1. Based on VVM testing, 13 participants were 

positive (+VM) (34±9 years old), while10 participants (34±8 years old) were negative (-

VM). Significant differences were observed between groups on the VVAS, DHI, and VSS-
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SF measures (Table. 4.1). The +VM group had lower scores on the ABC than the -VM 

group (t (131.85) =12.07, p value= <0.001). As judged by the RFT criteria, more members of 

the +VM group were reported to be visually dependent (85%) than in the -VM group 

(80%), but this difference was not significant. However, the angle of deviation in the RFT 

was higher for the +VM group (t (23.30) = -3.11, p value= 0.004) than the -VM group. 

Additionally, the -VM adults exhibited significantly lower (better) scores than the +VM 

group on the DHI, the VVAS, and the VSS-SF (t DHI (174.54) =-17.12, t VVAS (166.68) = -36.52, 

t VSS-SF (197.44) =-13.26, p value all= < 0.0001).  
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Table 4.1. Demographic and clinical characteristics of participants (n=23) 

 Positive VVM(+VM); Negative VVM (-VM); Standard deviation (SD); ** p<0.01   *** p<0.001. 

 

 

Variable  +VM 

(13)  

-VM 

(10) 

Gender   

Female 

 

10 (77%) 

 

4 (40%) 

 Male 3 (23%) 6 (60%) 

 

Age (years) 

Mean ± SD 

  

34 ±9 

 

34 ±8 
 

BMI (kg/m2) *** 

Mean ± SD 

  

30±8 

 

26±5 

 

Handedness                               

Right-handed 

Left-handed 

 

13 (100%) 

− 

 

 

9 (90%) 

1 (10%) 

 

Rapid Assessment of Physical 

Activity 

 

 

Active 

Under Active 

Sedentary 

 

4 (31%) 

8 (61%) 

1 (8%) 

 

1 (10%) 

8 (80%) 

1 (10%) 

 

Activities of Balance Confidence *** 

Mean ± SD 

  

71±22 

 

95±12 

 

RFT (Visual Dependency)  

Mean ± SD (Angle deviation) ** 

 

 

 Dependent 

Non-Dependent 

 

14±4 

11 (85%) 

2 (15%) 

 

10±4 

8 (80%) 

2 (20%) 

 

Visual Vertigo Analog Scale *** 

Mean ± SD  

 

 

 

52±13 

 

5±10 

 

Dizziness Handicap Inventory *** 

Mean ± SD  

 

 

 

48±24 

 

9±19 

 

Vertigo Symptoms Scale-Short 

Form *** 

Mean ± SD  

                                 Origin 

 

 

 

Vestibular  

Autonomic 

Both 

 

14±7 

 

7 (54%) 

6 (46%) 

− 

 

 

5±6 

 

1 (10%) 

8 (80%) 

1 (10%) 
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The six postural acceleration measures (i.e. RMS and NPL each in ML, AP, and 

Vert axes) exhibited large variability between group mean±SD values across the three 

minutes of exposure to the VR environment (fig.4.4). No significant difference emerged in 

RMS measures except for a medium effect size between group means of the RMS-Vert 

with the SPACE environment (t(40)= -2.30, p value= 0.02, d= 0.78) and a large effect size 

between group means with the STREET environment (t(40)= -2.63, p value= 0.01, d= 0.89). 

The NPL-Vert illustrated large effect sizes between groups for both virtual environments: 

Vert (Space) (t(40)= -2.54, p value=0.01, d= 0.87) ,and Vert(Street) (t(40)= -3.02, p value=0.004, 

d= 1.03). RMS and NPL in the AP and the ML directions did not exhibit statistical 

significance between groups with either environment (Table 4.2).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4.   (A) Root Mean Square (RMS) in milli-Gravitational (𝑚𝐺). (B) Normalized Path Length 

(NPL) in milli-Gravitational (𝑚𝐺/𝑠) acceleration. Red bars depict Medial-Lateral (ML) axis, blue bars 

depict vertical axis, green bars depict Anterior-Posterior (AP) axis. Square brackets indicate the 

existence of significant effect size between group (dotted line: medium effect, solid line: large effect). 
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Table 4.2. Comparison of means ± standard deviation (SD) of accelerometry measures across the two groups 

for the whole period of exposure to the virtual scenes. 

Positive VVM(+VM); Negative VVM (-VM). 

 

 

A Wilcoxon signed-rank test revealed that there were differences between the +VM 

and -VM groups in some postural acceleration directions across different time segments of 

the experiment (fig. 4.5).  In the SPACE scene, RMS measures had significantly large 

effect sizes in the Vert direction in minute 1 (W= 86, p value= 0.007, d= 0.93) and minute 

2 (W=103, p value= 0.03, d= 0.81) (Table 4.3). NPL-ML showed the highest effect size in 

NPL-ML during minute 1 (W=119, p value= 0.01, d= 0.83).  In the STREET scene 

experiment, RMS-Vert showed significant changes only during minute 3 (W= 95, p value= 

0.01, d= 0.98) and at the end (W= 103, p value= 0.03, d= 0.88) with large effect sizes 

between group means (fig. 4.5). 

 

 

 

 

 +VM -VM  

Balance Measure Scene  Mean± SD Mean± SD t -statistic p-value 

RMS AP 

(𝒎𝑮) 

Space 12.65± 5.96 12.23± 6.71 -0.18 0.85 

Street 12.00± 7.85 12.27± 7.65 0.14 0.88 

RMS ML 

(𝒎𝑮) 

Space 10.67± 3.56 10.21±5.86 -0.13 0.89 

Street 11.10± 2.67 9.37± 7.46 -0.81 0.42 

RMS Vert 

(𝒎𝑮) 

Space 8.93± 8.92 4.16± 2.00 -2.30 0.02 

Street 7.96± 9.64 4.01± 6.78 -2.63 0.01 

NPL AP 

(𝒎𝑮/𝒔) 

Space 11.50± 4.59 10.14± 7.98 -0.67 0.50 

Street 10.62± 5.06 9.72± 10.28 -0.60 0.54 

NPL ML 

(𝒎𝑮/𝒔) 

Space 10.34± 3.42 9.19± 4.85 -0.39 0.69 

Street 10.49± 5.64 7.49± 5.40 -1.71 0.09 

NPL Vert 

(𝒎𝑮/𝒔) 

Space 9.36± 8.20 4.13± 2.73 -2.54 0.01 

Street 7.85± 8.91 3.60± 4.47 -3.02 0.004 
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Figure 4.5.   Illustration of postural behaviour between the VVM positive (blue line) and the VVM negative (green 

line) groups. (A) Root Mean Square (RMS) in milli-Gravitational (𝑚𝐺) across time (Block) in minutes. (B) 

Normalized Path Length (NPL) in milli-Gravitational (𝑚𝐺/𝑠) acceleration across time (Block) in minutes. Illustration 

of postural in medial-lateral (ML) axis, vertical (Vert) axis, and anterior-posterior (AP) axis. An asterisk (❊) indicates 

that there is statistically significant difference between groups. 
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Table 4.3. Trunk accelerometry measures with respect to time during exposure to the Space environment. 

 

 

Table 4.4. Trunk accelerometry measures with respect to time during exposure to the Street environment. 

 

Space Scene Statistics Start Min 1 Min 2 Min 3 End 

 

RMS AP  

(𝒎𝑮) 

p-value 0.31 0.46 0.81 0.46 0.22 

CI 95% -2.02 – 4.59 -5.94 – 2.17 -3.46 – 4.09 -2.59 – 3.94 -2.37 – 5.78 

Effect size 

estimate 

0.25  

     (Small) 

0.42 

      (Small) 

0.01 

   (Negligible) 

0.13 

   (Negligible) 

0.23 

    (Small) 

 

RMS ML  

(𝒎𝑮) 

p-value 0.19 0.53 0.53 0.53 0.63 

CI 95% -1.02 − 3.92 -4.10 – 1.74 -4.98 – 1.68 -5.95 – 2.64 -3.68 – 2.43 

Effect size 

estimate 

0.37  

     (Small) 

0.22 

     (Small) 

0.06  

   (Negligible) 

0.03     

(Negligible) 

0.08 

  (Negligible) 

 

RMS Vert  

(𝒎𝑮) 

p-value 0.18 0.007 0.03 0.18 0.17 

CI 95% -2.90 − 0.48 -6.06 − -0.61 -4.89 − -0.16 -3.25 − 0.63 -3.64 − 0.63 

Effect size 

estimate 

0.58  

     (Medium) 

0.93 

     (Large) 

0.81  

      (Large) 

0.54  

     (Medium) 

0.64  

     (Medium) 

 

NPL AP  

(𝒎𝑮/𝒔) 

p-value 0.72 0.21 0.41 0.71 0.73 

CI 95% -2.03 – 2.83 -4.65 – 0.88 -4.90 – 1.67 -4.52 – 1.98 -4.09 – 2.55 

Effect size 

estimate 

0.07    

(Negligible) 

0.34  

       (Small) 

0.30  

    (Small) 

0.05    

(Negligible) 

0.16    

(Negligible) 

 

NPL ML  

(𝒎𝑮/𝒔) 

p-value 0.83 0.13 0.28 0.17 0.48 

CI 95% -2.12 − 1.70 -4.32 – 0.55 -4.87 – 0.91 -6.69 − 0.96 -4.26 − 1.84 

Effect size 

estimate 

0.06  

(Negligible) 

0.27 

    (Small) 

0.15    

(Negligible) 

0.04    

(Negligible) 

0.21 

      (Small) 

 

NPL Vert  

(𝒎𝑮/𝒔) 

p-value 0.02 0.005 0.01 0.03 0.01 

CI 95% -2.98 − -0.21 -6.44 − -0.67 -5.45 − -0.42 -4.90 − -0.17 -4.12 − -0.68 

Effect size 

estimate 

0.69 

    (Medium) 

0.90  

     (Large) 

0.94 

    (Large) 

0.72 

     (Medium) 

0.79 

     (Medium) 

Street Scene Statistics Start Min 1 Min 2 Min3 End 

 

RMS AP 

(𝒎𝑮) 

p-value 0.44 0.96 0.41 0.92 0.79 

CI 95% -2.40 – 5.40 -3.78 − 3.60 -1.97 – 4.50 -3.97 – 3.46 -4.80 – 3.40 

Effect size 

estimate 

0.30 

   (Small) 

0.03 

   (Negligible) 

0.21 

     (Small) 

0.03 

   (Negligible) 

0.12 

  (Negligible) 

RMS ML 

(𝒎𝑮) 

p-value 0.81 0.44 0.69 0.88 0.88 

CI 95% -2.95 − 2.84 -3.44 – 1.31 -4.14 − 2.62 -8.69 – 2.28 -3.53 − 2.64 

Effect size 

estimate 

0.01 

   (Negligible) 

0.33 

   (Small) 

0.04 

   (Negligible) 

0.45 

    (Small) 

0.44 

     (Small) 

RMS Vert 

(𝒎𝑮) 

p-value 0.37 0.05 0.07 0.01 0.03 

CI 95% -3.05 – 1.16 -4.63 − 0.02 -4.34 – 0.19 -5.38 − -0.51 -5.33 − -0.30 

Effect size 

estimate 

0.35 

    (Small) 

0.88 

   (Large) 

0.73 

     (Medium) 

0.98 

     (Large) 

0.88 

     (Large) 

NPL AP 

(𝒎𝑮/𝒔) 

p-value 0.55 0.35 0.92 0.50 0.71 

CI 95% -1.36 − 2.90 -3.52 – 1.57 -2.79 – 2.90 -4.68 – 1.85 -3.23 − 1.50 

Effect size 

estimate 

0.29 

   (Small) 

0.28 

   (Small) 

0.04 

   (Negligible) 

0.26 

    (Small) 

0.14 

   (Negligible) 

NPL ML 

(𝒎𝑮/𝒔) 

p-value 0.76 0.01 0.28 0.63 0.53 

CI 95% -1.87 – 1.87 -5.76 − -0.35 -5.71 − 0.85 -11.91 − 1.09 -3.49 − 1.52 

Effect size 

estimate 

0.08 

   (Negligible) 

0.87 

    (Large) 

0.28 

     (Small) 

0.61 

    (Medium) 

0.35 

     (Small) 

Vert NPL 

(𝒎𝑮/𝒔) 

p-value 0.12 0.005 0.02 0.006 0.009 

CI 95% -3.47 − 0.36 -5.52 − -0.68 -4.85 − -0.31 -5.54 − -0.89 -4.41 − -0.72 

Effect size 

estimate 

0.56 

  (Medium) 

1.10 

     (Large) 

0.91 

     (Large) 

1.03 

    (Large) 

0.91 

    (Large) 
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After examining the full-effects model for EDA phasic, EDA tonic, RMS, and NPL 

each in AP, ML, and Vert axes, non-significant terms and interactions were removed 

(Table 4.5). The final model for estimating the change in EDA phasic response included 

the interaction of group with time.  

The effect of time on EDA phasic response was significant (F (4,417) =6.47, p value= 

<0.0001). The estimated fixed effect of group showed that EDA phasic response in +VM 

was approximately 0.82 𝜇S greater than with -VM (t(417) = 4.35, p value=<0.0001).  In both 

visual environments, the +VM group showed a lower baseline EDA phasic level than the  

-VM group but was only significant at baseline for the SPACE scene (W=91, p value= 

0.03, d= 1.05). The first minute of exposure to the SPACE scene, the EDA phasic response 

of the +VM group rose higher than the -VM and to the same level of the -VM with the 

STREET scene. At the end of the exposure, the -VM EDA phasic activity dropped to that 

of the +VM group.  

A significant fixed effect of EDA tonic response was observed for time (F (4,417) 

=4.57, p=0.001) with +VM having an estimated -0.48 𝜇S lower EDA tonic activity than 

-VM group (t(417) = -4.31, p=<0.0001). With both virtual scenes, -VM demonstrated higher 

tonic response levels at the start of the trial and dropped below zero by the end of the trial 

(fig. 4.6).   
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Figure 4.6. Illustration of EDA ISCR phasic and tonic responses between the VVM positive (blue 

line) and the VVM negative (green line) groups across virtual SPACE and STREET scenes. (A) 

Integrated Skin Conductance Responses (ISCR) phasic responses in micro siemens (𝜇𝑆) across 

time (Block) in minutes. (B) Tonic Responses in micro siemens (𝜇𝑆) across time (Block) in 

minutes between the VVM positive (blue line) and the VVM negative (green line) groups. 

 

 

 

 

 

 

 

 

 

 

The effect of STREET was significant (F (1,364.92) =5.25, p value= 0.02) for NPL-

AP. The estimated fixed effect revealed that +VM acceleration in NPL-AP with the 

STREET scene was approximately -0.57 𝑚𝐺/𝑠 less than -VM group (t(364) = -2.29, p 

value= 0.02). There was a significant fixed effect for the STREET scene on the NPL-Vert 

(F (1,360.30) =19.72, p value=<0.0001) with the STREET scene resulting in an estimated 4.29 

𝑚𝐺/𝑠 increase of vertical acceleration in the +VM group than in the -VM group (t (42) = 

2.45, p value=0.01). A significant fixed effect was also observed for the STREET scene 

for NPL- ML (F (1,368.69) =7.79, p value=0.05) where NPL-ML in the +VM group decreased 

by -1.09 𝑚𝐺/𝑠 compared to the -VM group (t (368) = -2.69, p value= 0.005) (fig. 4.7).  No 

significant fixed effects were detected for changes in RMS-AP. 
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Figure 4.7.  Scatterplots Illustrating the relation between ISCR phasic responses and tonic responses of 

electrodermal activity and normalized path length of postural in the vertical direction while viewing the 

SPACE and STREET virtual environments for the positive VVM group (blue: line, dots) and the negative 

VVM group (green: line, dots). (A) Integrated skin conductance responses (ISCR) in micro siemens (𝜇𝑆) 

across normalized path length postural in vertical direction (Vert NPL) in milligravitional per second (𝑚𝐺/𝑠). 

(B) Tonic responses in micro siemens (𝜇𝑆) across normalized path length postural in vertical direction (Vert 

NPL) in milligravitional per seconds (𝑚𝐺/𝑠). 
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Table 4.5. Linear Mixed Model Results of time, VVM and virtual environment.  

 

 

Terms Factors Sum Sq. Mean Sq. Num df Den df F value 

ISCR Phasic 

Response 

( 𝝁𝑺) 

+VM 0.02 0.02 1 417 0.03 

Time 45.79 11.44 4 417 18.03*** 

+VM*Time 16.43 4.10 4 417 6.47*** 

Tonic Response 

( 𝝁𝑺) 

+VM 0.01 0.01 1 417 0.008 

Time 13.77 3.44 4 417 4.57** 

+VM*Time 5.66 1.41 4 417 1.88 

NPL AP  

 (𝒎𝑮 𝒔⁄ ) 

+VM 0.01 0.01 1 37.21 0.001 

 

Time 71.27 17.81 4 365.46 2.69* 

 

STREET Scene 34.67 34.67 1 364.92 5.25* 

 

+VM*Time 56.32 14.08 4 365.46 2.13 

NPL ML  

 (𝒎𝑮 𝒔⁄ ) 

+VM 7.63 7.63 1 40.16 0.46 

Time 235.72 58.93 4 370.05 3.60** 

STREET Scene 127.20 127.20 1 368.69 7.79** 

+VM*Time 78.937 19.73 4 370.05 1.20 

NPL VERT  

(𝒎𝑮 𝒔⁄ ) 

+VM 15.73 15.73 1 41.20 4.76* 

Time 43.56 10.89 4 369.70 3.29* 

STREET Scene 45.28 45.28 1 369.35 13.70*** 

+VM*Time 32.26 8.06 4 369.70 2.44* 

RMS AP  

 (𝒎𝑮) 

+VM 3.24 3.23 1 23.21 0.16 

Time 103.04 25.76 4 359.00 1.34 

STREET Scene 9.92 9.92 1 358.09 0.51 

+VM*Time 112.07 28.01 4 359.00 1.46 

RMS ML  

 (𝒎𝑮) 

+VM 4.43 4.42 1 41.84 0.15 

Time 411.06 102.76 4 372.99 3.49** 

+VM*Time 103.97 25.99 4 372.99 0.88 

RMS VERT  

(𝒎𝑮) 

+VM 11.99 11.99 1 40.73 2.93 

STREET Scene 18.30 18.30 1 375.78 4.47* 

+VM*STREET Scene 6.13 6.13 1 375.78 1.50 

Positive VVM (+VM); Exposure time (Time); Integrated skin conductance response (ISCR); Root mean 

square (RMS); Normalized path length (NPL); Anteroposterior (AP); Mediolateral (ML); Vertical (Vert). * 

p<0.05   ** p<0.01   *** p<0.001 
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Results of the Pearson correlation across groups indicated that there was a 

significant negative association between NPL-Vert postural acceleration and ABC (r = -

0.53, p value= < 0.001). Additionally, strong significant negative correlations were found 

between ABC and RFT vertical angle deviation (r= -0.7, p value= < 0.001), and ABC with 

DHI (r=-0.58, p value=<0.001). A scatterplot summarizes the results (fig. 4.8). 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4. Discussion  

The focus of this study was to examine the impact of visual context of two VR 

environments (SPACE and STREET) on symptoms of VVM and corresponding changes 

in EDA and postural stability. We hypothesized that the STREET environment would 

trigger stronger symptoms of visual-vestibular conflict than the SPACE VR environment 

because it presents a recognizable visual scene with cues to spatial orientation.151 In our 

Figure 4.8.   Scatter plots of the association between Vertical NPL, ABC scores, RFT vertical angle deviation, and DHI 

scores. Left. A scatterplot summarizes the results of the negative association between Vertical NPL and ABC scores. 

Middle. A scatterplot summarizes the results of the negative association between RFT vertical angle deviation and ABC 

scores. Right. A scatterplot summarizes the results of the negative association between DHI scores and ABC scores. 

ABC (Activities Balance Scale); DHI (Dizziness Handicap Inventory); RFT (Rod and Frame Task). 

 



 84 

previous experiment, we found that the EDA activity and postural acceleration responses 

with VR produced distinct responses that can be used to distinguish adults with VM from 

healthy adults. This study demonstrates that different visual contexts impact EDA and 

postural acceleration responses in a way that further discriminate between +VM adults and 

-VM adults.  

The STREET VR environment has significantly greater impact on the +VM 

group’s postural acceleration responses than the SPACE VR environment.  Greater NPL-

Vert was observed in +VM adults when viewing the STREET environment than in -VM 

adults. Furthermore, +VM adults exhibited a reduction in NPL postural acceleration 

overtime in the SPACE but not the STREET VR environment. This finding can be 

explained by two hypotheses: 1) the visual-vestibular mismatch did not provoke as severe 

symptoms in the SPACE environment because the visual context was not demanding 

enough to produce a significant conflict and, therefore, participants were able to better 

maintain postural steadiness. 2) The STREET environment presented more challenging 

visual processing and, therefore, was associated with greater postural instability. Both of 

these hypotheses are supporting by results from the EDA measures.  

The level of compensatory postural control steadiness is associated with ANS 

activity as reflected by measures of EDA.  Previous evidence of examining the ANS have 

reported that individuals with high level of EDA tonic activity exhibited better balance 

confidence and reduced center of pressure displacement during postural compensatory 

responses to sudden external perturbation.74,115,152,153 In agreement with previous studies, 

we found that higher EDA tonic activity were positively correlated with better postural 

stability and higher ABC scores. Further, high EDA tonic activity revealed a negative 
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association with the level of dizziness severity.  Results of this study extend the role of the 

ANS in postural control to the potential role of the ANS in attenuating symptoms of visual 

motion sensitivity, during exposure to triggered-complex visual environments in daily life 

activities. 

These results suggest that visual context and complexity of the VR environment are 

two important diagnostic variables to consider with +VM population. The +VM adults 

demonstrated EDA and postural acceleration behaviors that were significantly altered with 

the STREET environment. In this experiment, the SPACE VR environment was presented 

in a single yaw- plane while the STREET environment was presented in multiple planes of 

movement directions and simulated a street with 3D objects including buildings at 

randomly generated heights, moving cars, and walking pedestrians.  According to 

Lubetzky et al. 2018, projecting immersive contextual environments with moving avatars 

would induce anxiety and reveal distinct postural sway behaviors in people with vestibular 

disorders.154 Consistent with their findings, we also found that +VM adults were exhibiting 

distinct postural behaviors with the STREET scene, which simulates a common anxiety 

producing situation for adults with +VM. Previous evidence has been shown that the 

amount of uncertainty in visual stimuli strongly influences the amount of  induced postural 

instability.155 In our experiment, the STREET contextual environment had a flow of 

pedestrians characters appearing to move toward, away, and next to the participant, which 

induced unpredictability and eventually more visual uncertainty compared to the SPACE 

scene and eventually resulted in more postural instability.  Practice typically allows for 

adaption to otherwise unpredictable environments, considering the effect of habituation 

training/repetitive stimulation of the vestibular system, it is reasonable to assume that more 
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training/exposure to the STREET VR can lead to improve the compensatory postural 

response. Despite the inability to test the effect of repeated exposure, our findings of 

significantly increased vertical NPL in +VM individuals provide more information about 

compensatory postural control in this clinical population. Our results align with previous 

evidence which proposed that individuals with vestibular migraine may have abnormal 

canal-otolith pathways and suggests that the canal-otolith function is strongly linked to 

anticipatory/compensatory postural control.156,157   

There were some limitations of the study that may impact interpretation of our findings. 

First, the cervical vestibular evoked myogenic potential (cVEMP) and the ocular vestibular 

evoked myogenic potential (oVEMP) assessments were not available limited our ability to 

confirm the absolute integrity of the otolith function. Future studies should test the otolith 

function to better characterize canal-otolith dysfunction 

Lastly, because of COVID-19 restrictions, this study was limited in sample size and 

recruitment sites. This may limit the generalizability of our findings.  Future studies with 

larger sample sizes that would support better sub-group analyses (e.g., gender, time from 

onset of symptoms, other vestibular disorders, prior habituation training) and allow 

additional validation of the cross-sectional and longitudinal properties of our measures.  

Finally, we assessed only static balance control. Future studies that integrate assessment of 

dynamic balance tasks and measures may provide further insights into the impact of VVM 

in adults with vestibular disorders.  

 

5. Conclusion 

Combining measures of EDA and trunk acceleration may provide objective measures of 

the severity of dizziness related to VVM. Results of this experiment suggest that the use of 
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EDA measures combined with NPL measures of postural acceleration in the vertical direction 

could provide potential neurophysiological biomarkers in identifying VVM in adults with 

vestibular migraine. Further, the correlation between the characteristics of the visual 

environment and the subjective dizziness outcome measure may contribute to establishing a 

threshold-tolerance basis for designing a vestibular rehabilitation program that will more 

precisely target symptom severity.   

 

Addendum to Chapter 4 (not in publication) 

Our results also demonstrated that increased postural NPL-Vert and RMS-Vert 

were associated with visual dependency, and positively correlated to high degrees of 

deviation from vertical in the RFT. The RFT is a validated tool for otolith-utricular 

assessment as it measures the degree to which a subject uses available visual cues, rather 

than vestibular cues, to locate gravitational true vertical.11,92 Thus, our findings indicate the 

possibility of canal-otolith dysfunction in +VM adults as this group experienced a more 

severe angular deviation in the RFT as compared to the -VM group and additionally 85% 

of +VM adults tested positive on the RFT for visual dependency.  A positive association 

between vertical acceleration and visual dependence implies a reliance on segmental 

adjustments to compensate for canal-otolith dysfunction and achieve the correct perception 

of verticality in the CNS. 
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CHAPTER 5 

 
CONCLUSION 

5.1 Review of Specific Aims 

The primary purpose of this dissertation was to investigate the potential for 

electrodermal activity (EDA), governed by the autonomic nervous system (ANS), or 

postural acceleration behavior to serve as indicators of visual-vestibular mismatch (VVM) 

in individuals with vestibular migraine. To best achieve this aim, experiments were 

completed with the purpose of identifying VVM in a vestibular migrainous (VM) 

population. The resultant data will inform clinical decision making in the event of a VVM 

diagnosis. The specific outcomes sought from the included experiments were: 

1.  To determine whether VVM and visual dependency are present in individuals 

presenting with complaints of idiopathic dizziness using the VVM questionnaire 

and the Rod and Frame protocol, respectively (Specific Aim 1). It was hypothesized 

that dizziness generated by VVM will be associated with visual dependence.  

2. To explore whether EDA tonic and phasic responses and postural acceleration 

behavior in VM individuals are increased compared to healthy individuals when 

exposed to two virtual reality (VR) environments: (a) an outer space scene 

(SPACE) and (b) a pedestrian street crossing scene (STREET) (Specific Aim 2). It 

was hypothesized that VM individuals will exhibit higher EDA phasic and lower 

EDA tonic responses as well as increased magnitude of postural acceleration from 

the resting-state compared to healthy individuals.  

3. To determine whether EDA phasic and tonic responses and magnitude of postural 

acceleration are modified during exposure to different visual contexts of VR 
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environments during quiet stance (Specific Aim 3) in individuals with VVM. It was 

hypothesized that VM individuals with VVM would exhibit higher EDA phasic 

responses and lower EDA tonic responses and increased magnitudes of postural 

acceleration than VM only individuals in the STREET environment, and the 

opposite responses would occur with the SPACE environment.  

5.2 Progression of this Dissertation 

This dissertation has contributed new evidence demonstrating that the sympathetic 

activity of the ANS and the NPL-vertical of postural control within dizziness-inducing VR 

environments could be used to reliably identify individuals with VM that also have VVM. 

Each of the experiments presented here also yielded unique results that support a diagnosis 

of VVM using measures of postural control in VR environments.  

The dissertation proceeded in three phases (fig. 5.1); each phase addressed a 

specific aim of this dissertation. In Phase I (Aim 1; Chapter 2), we investigated the 

frequency of occurrence of VVM in 74 individuals presenting with a diagnosis of non-

specific dizziness in order to detect the combined presence of visual dependency and 

headache episodes in those who tested positive for VVM. We were able to illustrate a 

strong association between VVM, headache, and visual dependency. Results indicated that 

VVM and visual dependency could be risk factors for developing vestibular migraine and 

should be included in the examination protocol of those populations. The results of this 

experiment supported the decision to study a population with VM to investigate VVM, 

because we could recruit individuals with and without VVM to address the Phases II and 

III questions. In Phase II (Aim2; Chapter 3), we recruited 45 individuals (23 healthy 

adults and 22 adults with vestibular migraine diagnosis) to distinguish the features of EDA 
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phasic and tonic responses and postural acceleration changes between these two groups.  

Two computer generated VR environments (SPACE and STREET) and a foam standing 

surface were used to generate visual-vestibular conflict and postural instability, 

respectively. This protocol would exacerbate the symptoms of dizziness and instability 

frequently reported by individuals with VM. Results revealed that individuals with VM 

exhibited lower EDA tonic levels and higher normalized path length (NPL) of postural in 

the vertical direction (VERT) than healthy adults in both SPACE and STREET VR 

environments. Healthy adults exhibited higher NPL postural acceleration in the anterior-

posterior direction (AP) only in SPACE. VM individuals reported lower balance 

confidence and higher dizziness severity on self-reported outcome measures than healthy 

adults. The results of this study support the supposition that EDA activity and postural 

acceleration are significantly different between VM and healthy individuals when 

accommodating for postural instability and visual-vestibular conflict. Further, specific self-

reported outcome measures included: ABC, VSS-SF, VVAS, and DHI were identified as 

reliable for distinguishing between VM and healthy individuals. In Phase III (Aim 3; 

Chapter 4), we recruited 23 individuals diagnosed with vestibular migraine and tested 

them for the presence (+VM) or absence (-VM) of VVM. The focus of this study was to 

examine whether quantifiable changes in the EDA would correlate with changes in postural 

stability when in the presence of a visual-vestibular conflict. Our results revealed that tonic 

EDA levels remained elevated when +VM individuals were in the STREET scene. 

Additionally, +VM individuals exhibited significantly greater NPL-Vert than -VM 

individuals in the STREET environment compared to the SPACE environment. Results of 

this study reveal that: 1. specific visual context will impact symptoms of VVM 
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differentially; and 2. combining measures of EDA and postural acceleration may provide 

an objective measure of the severity of dizziness related to VVM.  

 

 

5.3. Identifying Features of Electrodermal Activity 

Our findings indicate that different EDA characteristics are associated with 

alteration in measures of postural acceleration. We found that the gradual increase of EDA 

tonic levels over time are associated with less postural acceleration in adults with VM. 

Conversely, in healthy adults, the EDA tonic levels were higher prior to exposure to the 

VR environment. And, with exposure, gradually decreased. These findings align with 

evidence for the impact of a high EDA tonic level on compensatory and anticipatory 

Figure 5.1. Summary of progression of dissertation. 
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postural control induced by postural perturbation.74,115,152 We hypothesized that the 

existence of pre-stimulus high EDA tonic levels in healthy adults reflects a successful 

central-set readiness in preparation for potential postural disturbances by the VR 

environment. The successful modulation of the EDA discharge during the premovement 

period corresponding to the instruction and information were given by the experimenter 

about the nature of the VR stimuli.  

 The VM adults demonstrated a delay in discharging higher EDA tonic levels 

during the premovement but were able to reach the same level of EDA tonic discharge as 

healthy adults during exposure to the VR environments. Furthermore, after exposure to the 

VR environment, +VM adults exhibited even higher EDA tonic levels than -VM adults 

particularly in the STREET environment. This would suggest that the STREET 

environment provoked stronger symptoms than the SPACE environment in the +VM 

adults. All participants were informed about the nature of the VR stimuli but only the 

healthy adults demonstrated higher predictive EDA tonic levels. These data imply that the 

mechanism for central-set readiness is mediated by the level of the stimulus expectation-

perception judgment. Our findings indicates that VM adults, besides a vestibular disorder, 

have also perceptual impairments, rendering them more vulnerable to misjudgments of 

sensory feedback. However, the gradual increase of EDA tonic levels after observing the 

VR stimuli suggests that even a dysfunctional ANS can adapt to the visual context.   

VM adults who exhibited low EDA tonic levels tested positive for visual 

dependency, reported high severity of dizziness, and had low confidence in their balance 

when performing activities of daily living. The opposite was true of healthy adults. The 

results we obtained are in agreement with several studies which report that low balance 
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confidence and low EDA tonic levels were associated with compensatory and anticipatory 

postural instability.115,158  Therefore, our findings suggest that the level of EDA tonic 

activity is not solely an output factor associated with the motor control of compensatory 

postural responses, but also to the sensory components of the postural control loop.  High 

levels of EDA tonic activity in healthy adults prior to initiation of the VR stimuli may 

reflect a pre-perturbation central readiness that could be supported by visual independence, 

high balance confidence, and the absence of dizziness. This would suggest that the EDA 

tonic response functions in a feedforward fashion.    

EDA phasic ISCRs highest level of activity occurred on the initial projection of 

both VR environments in VM individuals. This phasic activity quickly dropped to the 

levels exhibited by heathy adults and was associated with decreased postural acceleration. 

This finding suggests that the phasic ISCR mediates an online process of matching what is 

expected/anticipated with what actually occurs, i.e., signals an error signal for postural 

instability. The association between the reduction in the magnitude of postural acceleration 

and the steep drop of the EDA phasic ISCRs could indicate that the error signals are 

generated by a mismatch occurring for VM adults. The error signal generated by any 

mismatch (which most certainly will occur) provides a learning signal for better matching 

on subsequent trials that have similar characteristic features.115,159 However, the derivation 

of the error signal and error correction represents sophisticated and complex levels of 

processing which are most probably controlled by higher centers such as the cerebellum. 

Therefore, in case of vestibular dysfunction in VM, this will interrupt one of sensory 

channels, 2) disrupt the normal flow of that information, 3) alter the processing centers for 

motor-sensory matching or 4) disrupts the “motor” corollary discharges will render the 
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brain a “skeptic” of any sensory updates that it receives. Indeed, such mismatching of data 

results in a variety of postural and movement dysfunctions.  Evidence supporting our 

results comes from measures of the potential generated by the medial prefrontal cortex 

(mPFC) on the SCRs during a stop-go task; mPFC increased activation to a successful go 

or stop.4 More evidence illustrated that mPFC has extensive connections with the basal 

ganglia, limbic areas, and portions of the cerebellum.158,160 Thus, working memory and 

motor set are distributed processes that depend upon loop networks that integrate and refine 

neural processes over time.   

In sum, both the tonic and the phasic ISCRs levels in healthy individuals were 

associated with the anticipated perception-related expectation based on their priori 

knowledge of the task and therefore produced the appropriate readiness set for adequate 

postural stability. The results of these studies provide evidence supporting the link between 

ANS control and postural stability through both feedforward (EDA tonic) and feedback 

(EDA phasic ISCRs) mechanisms. 

 

5.3. Identifying Features of Postural Control Measures 

Our findings suggest that NPL was more consistent than RMS at distinguishing 

between healthy and VM adults both with and without VVM.  The NPL-Vert distinguished 

healthy from VM adults, and further discriminated between +VM adults and -VM adults. 

Both VR environments revealed more rapid acceleration of posture in the vertical direction 

in VM adults than in healthy adults. In addition, greater NPL-Vert was observed in +VM 

adults when viewing the STREET environment than in -VM adults. The STREET 

environment simulated the visual/vestibular conflict situation cited in the VVM diagnostic 
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questionnaire. Furthermore, responses of +VM adults exhibited a reduction in the postural 

acceleration overtime in the SPACE but not the STREET VR environment. This finding 

can be explained by two hypotheses: 1) the visual-vestibular mismatch did not provoke 

severe symptoms in the SPACE environment because the visual context was not complex 

enough to challenge the vestibular system in +VM and therefore, and participants were 

able to retain postural steadiness. 2) The STREET environment constructed with more 

challenging visual context, therefore, was associated with higher postural instability. 

Considering the habituation effect characteristic of the vestibular system, we are assuming 

that more training/exposure to the STREET VR would result in improvement of the 

compensatory postural outcome.  

Our findings of significantly increased NPL-Vert in +VM individuals provide more 

information about compensatory postural control in this population. Both the type of VR 

stimuli and the presence of VVM demonstrated an influential effect on how the 

compensatory postural response was executed. Based on our empirical observation, the 

trunk vertical displacements were produced by participants’ pressing on their toes, the 

region of the five metatarsal heads of the soles, on the foam. This behaviour could be 

reflecting an attempt for augmenting sensory feedback from cutaneous mechanoreceptors 

inputs from their foot to overcome the induced-postural instability.143,161  Several studies 

have revealed that cutaneous sensory inputs to the weight-bearing lower limb will activate 

the extensor muscles that regulate postural sway by updating higher centers about the state 

of postural equilibrium.142,162  

Increased acceleration of postural acceleration in the vertical direction also revealed 

an inverse association with visual independence, high balance confidence, and severity of 
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dizziness. A positive association between vertical acceleration and visual dependence 

implies a reliance on segmental adjustments to compensate for canal-otolith dysfunction 

and achieve verticality. It suggests that postural readjustments were actively generated to 

overcome the immersive VR disturbance and maintain postural steadiness.163 A segmental 

adjustment strategy could serve as intermittent feedback to the higher centers to increase 

weighting of somatosensory information and to achieve postural stability during each trial.   

 

5.5. Limitations and Future Directions 

  There are several limitations that should be considered for future investigations. 

The first limitation is the unavailability of the cervical vestibular evoked myogenic 

potential (cVEMP) and the ocular vestibular evoked myogenic potential (oVEMP) 

assessments at the research site which prevented us from testing the utricle and saccule of 

the otolith. Our challenge was the short duration of the VR exposure due to the severity of 

visually-induced dizziness in VM adults. This challenge prevented us from comparing 

between the +VM adults and -VM adults in terms of recovery characteristics. A further 

limitation is the absence of spatial disorientation measurements. Finally, due to the nature 

of vestibular disorders and VVM; it would be naive to expect any one biological test to be 

able to identify all individuals who are diagnosed with VVM. It is much more likely that a 

particular test will be able to identify one or more subgroups within the VVM population. 

Nevertheless, defining the characteristics of subgroups that a particular test can distinguish 

would make it possible to consider using it clinically.            

There are several important directions for future work. First, additional 

characterization of the measurement properties of the EDA and postural measures should 
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be completed. This includes extension to a larger and more varied group of adults with 

both peripheral and central vestibular disorders, in addition, test-retest reliability, 

sensitivity, specificity, positive and negative predictive values of the measures should be 

examined to examine the estimation of the added diagnostic value the measures bring by 

implementing them in practice. Finally, the most challenging step is to develop larger 

normative databases that can eventually be used to examine an individual’s data.  

An important focus of any future work should be the examination of the EDA and 

postural acceleration distinct features in VM populations before and after vestibular 

rehabilitation therapy. Due to autonomic and vestibular systems' characteristics of 

adaptation, we would expect to identify features that indicate the intensity of dizziness 

severity.  Another significant piece is the examination of EDA changes in visually-induced 

dizziness populations with history of repetitive falls to investigate the features of the EDA 

phasic ISCRs and compare them to ISCRs of the same populations but with no history of 

falls which might contribute to identifying individuals at risk for fall. The investigation of 

EDA and postural control should be conducted in other clinical populations, such as those 

with vestibular hypofunction. An examination of ANS behavior and postural changes in 

populations with vestibular disorders will allow the association between the autonomic 

nervous system and the vestibular system to be clarified for clinical practice and scientific 

research. Deriving such knowledge could potentially lead to specific deficit-targeting 

interventions.  
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5.6. Conclusion 

Dizziness is a subjective symptom described by individuals with positive VVM, 

but it is difficult to objectively measure severity or to quantify alterations in processing of 

the multi-sensory inputs. We were successfully able to present visual and vestibular 

conflict in order to place participants in a disorienting visual environment. The insights 

provided by this thesis propose the use of EDA measures combined with NPL measures of 

in the vertical direction could provide potential neurophysiological biomarkers in 

identifying VVM in adults with vestibular migraine (fig. 5.2).  
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 Figure 5.2.  Conceptual schematic highlighting potential roles for the vestibular system (canal-otolith) system and 

the autonomic nervous system in compensatory postural control. Somatosensory feedback from planter surface of 

the foot. EDA, Electrodermal Activity. RFT, Rod and Frame Test. CNS, Central Nervous System. 
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APPENDIX A. SUBJECTIVE OUTCOME QUESTIONNAIRES 
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APPENDIX B. FULL LINEAR MIXED MODEL RESULTS 
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APPENDIX C. SCATTER PLOTS OF HEALTHY, POSITIVE VVM, AND 

NEGATIVE VVM 

Scatterplots illustrating the relation between postural normalized path length 

(NPL) in all directions the integrated EDA ISCR responses between healthy, 

positive VVM(+VM), and negative VVM(-VM). 
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Appendix D. SCATTER PLOTS OF HEALTHY, POSITIVE VVM, AND 

NEGATIVE VVM  

Line Charts of Comparison Between Healthy, Positive VVM(+VM), and 

Negative VVM (-VM) Postural Normalized Path Length (NPL) in All 

Directions by Time Block. 
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