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ABSTRACT 

Visually induced motion sickness (VIMS) is a response commonly reported by viewers exposing 

to visual stimulation that can provoke self-motion perception (vection). The VIMS susceptibility 

(VIMSS) varies largely in the population and the neural mechanism for the variation is still 

unclear. Based on the sensory conflict theory, VIMSS depends on the ability to regulate visual 

response and coordinate self-motion information between visual and extra-visual modalities 

under vection-inducing stimulation. However, those hypotheses have not yet been systematically 

tested. To bridge current research gaps, we need to identify new behavioral and neurological 

covariates for both vection and VIMSS. In particular, we need indicators that: 1) are of higher 

time resolution; 2) can reflect the difference of central and peripheral vision; and 3) can reflect 

information coordination between visual and extra-visual modalities. This research comprises 



 

 xxi 
 
 

four studies to explore both behavioral task performances and electroencephalography (EEG) 

signatures that correlate with vection qualitatively (assess the existence of vection) and 

quantitatively (assess the magnitude of vection intensity). Study one discovered that under 

vection, the visual performance of sustained attention to response task (SART) is impaired in 

central vision and strengthened in peripheral vision to facilitate the processing of self-motion 

cues. Study two examined the temporal characteristics of transient visually evoked potentials 

(VEP) from central visual field under the same peripheral vection-inducing stimulation. Results 

suggest that earlier VEP components are more closely associated with vection perception than 

VEP components observed later (>350ms). Study three examined the more stable steady-state 

VEP with frequency tags at central and peripheral visual field to explore more reliable indicators 

along with the spatial properties of effects. Results revealed a shift of visual information 

processing emphasis from occipital to parietal under vection. Study four investigated the phase 

synchrony between visual and extra-visual regions. Results suggest the information coordination 

between parietal regions and other widely distributed regions are strengthened under vection-

inducing stimulation. Furthermore, the magnitudes of those vection associated effects are 

negatively associated with the VIMSS of participants, hence, can serve as indicators to 

differentiate VIMS susceptible and resistant groups: the more people are resistant to VIMS, the 

stronger are the vection effects. In general, our findings support the sensory conflict theory from 

the perspective of individual differences. Identified behavioral and EEG signatures can contribute 

to not only the better understanding of VIMS, but also the development of new objective vection 

measures and VIMS predictors. 
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CHAPTER 1  MOTIVATIONS 

1.1 Background 

Self-motion perception can be very crucial for human beings to move effectively from one 

location to another. It affects not only spatial navigation (Britten 2008; Deangelis and 

Angelaki 2012), but also many other cognitive and motor functions (Popp et al. 2017), 

including the bodily self-consciousness (Lopez 2015; Smith and Zheng 2013), the postural 

control (Freitas Júnior and Barela 2004) and even the reward-based attention (Blini et al. 

2018). Although we can make use of information obtained from multiple senses (e.g. visual, 

auditory, vestibular, somatosensory and proprioceptive modalities: Carriot, Brooks, & 

Cullen, 2013; Dichgans & Brandt, 1978), human perceives self-motion mainly through vision 

(Britten 2008; Warren and Kurtz 1992), more specifically, from coherent patterns of visual 

motion that dominate our peripheral vision (Brandt et al. 1998; Warren, Morris, and Kalish 

1988) [See section 1.2 for more details]. 

When stationary viewers are exposed to coherent patterns of visual motion, they sometimes 

can experience illusory self-motion sensation. This phenomenon, commonly experienced in 

our daily lives (e.g. when observing adjacent train departing or clouds moving), is 

traditionally referred to as ‘vection’ (Dichgans and Brandt 1978). Although effects of vection 

have been popular research topics for many years (Hettinger et al. 1990; Palmisano et al. 

2015), unresolved challenges and unknowns still exist. In particular, further explorations on 

objective covariates of vection are needed (Palmisano et al. 2015) (See section 1.3 for more 

details).   

Currently, vection is also widely utilized in virtual reality (VR) applications to simulate 

movements in all kinds of vivid environments (Riecke 2011). Given the advanced computing 

power in recent years, VR technology acquired the unlimited capability to create a various 

interactive synthetic world with almost perfect photorealism and vivid sensation of motion 

(Burdea and Coiffet 2003; Rory 2016). This evolves VR into an effective and powerful tool 
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for many fields, including education (Eschenbrenner, Nah, and Siau 2008; Psotka 1995; 

Wickens 1992), medicine (Coleman, Nduka, and Darzi 1994; Parsons and Cobb 2011; 

Wilson, Foreman, and Stanton 1997), entertainment (Beveridge, Wilson, and Coyle 2016; 

Caroux, Le Bigot, and Vibert 2013) and manufacturing industry (Lu, Shpitalni, and Gadh 

1999; Ye et al. 2006).  

One major concern accompanied with widespread VR applications is that users may develop 

symptoms similar to motion sickness (Gallagher and Ferrè 2018). As visual stimulation 

dominates the VR environment, this experience is often more specifically referred to as 

visually induced motion sickness (VIMS) (Keshavarz, Riecke, et al. 2015). Although VIMS 

is usually reported together with vection, the etiology of VIMS and how it related to vection 

is still vague (Hettinger et al. 1990; Keshavarz, Riecke, et al. 2015). One interesting fact 

often being underestimated is that the VIMS susceptibility (VIMSS) actually varies a lot in 

the population (Golding 2006). About one third of people are relatively resistant to VIMS, 

when exposed to vection-inducing stimulation (Chen et al. 2015; Griffin 2012; Stanney, 

Kingdon, and Kennedy 2002). Thus, exploring how the response to vection-inducing 

stimulation of resistant people differs from susceptible people might provide a possible 

breach. [See section 1.4].    

In summary, both the fundamental research and industry VR applications call for further 

investigation on objective covariates of vection along with the VIMSS.   

1.2 General introduction to self-motion perception 

It is well known that self-motion perception is a multisensory process. Almost all human 

sensory systems (e.g. visual, vestibular and proprioceptive modalities, see Figure 1.1), to 

some extent, can provide various information (e.g. speed, direction) regarding the body 

movement of ourselves, which mostly in a redundancy manner (Campos and Bülthoff 2012; 

Cullen 2011; Deangelis and Angelaki 2012). Human perceptive self-motion through the 

integration of information from multiple modalities. 
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Figure 1.1 Major modalities that contributed to self-motion perception. The size of 
illustrations roughly represents the importance and contribution of each modality. The visual 
receptors are located in the eye with an eye-centered reference. The auditory and vestibular 
receptors are located in the head which is naturally head-centered. The somatosensory and 
proprioceptive receptors are widely distributed in our entire body.  

 

Among those sensory modalities, visual system dominates our self-motion perception and 

contributes most of information in plenty of situations (Bremmer et al. 2016; Deangelis and 

Angelaki 2012), especially in VR environments (Riecke 2011; Wilson 1997). For 

conciseness, in this work, we refer cues from other sensory modalities as extra-visual cues in 

general.  

For extra-visual cues, the most crucial cue is the inertial motion sensed by labyrinth (the 

vestibular receptor), often referred to as vestibular input in sensory integration models 

(Bremmer et al. 2016; Gu, Angelaki, and Deangelis 2008; De Winkel et al. 2013). As visual 
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and vestibular input generally dominate the sensory information for the self-motion 

sensation, many researches often focus on visual-vestibular interaction when addressing the 

sensory coupling or dynamic coordination during self-motion sensation (Dichgans and 

Brandt 1978; Frank et al. 2014; Gu et al. 2008; Roberts et al. 2016). Nevertheless, other cues 

from auditory (Keshavarz, Lawrence J Hettinger, et al. 2014; Riecke, Feuereissen, and Rieser 

2008), somatosensory (Blanchard et al. 2011; Probst, Straube, and Bles 1985) and 

proprioceptive (Blanchard et al. 2011; Lackner 1988) system, though limited, also contribute 

to the self-motion perception.   

For visual cues, the most import and intensely explored cue is the optic flow received by 

retina (Bremmer et al. 2016; Field, Inman, and Li 2015). Optic flow is described as a pattern 

of motion projected to our retina when we move (Gibson 1950), providing information 

regarding the speed and direction of our movements relative to the environment (Bremmer et 

al. 2016; Warren et al. 1988). As the original optic flow based on eye-centered reference 

frame, when our eye, head and body moves freely, this primary visual cue needs to be 

decomposed or transformed into other reference frames (e.g. head-centered, body-centered) 

in a complicated manner (Lappe 2000; Orban 2001), which is often referred to as the 

‘rotation problem’ (Bremmer et al. 2016). In current research, we focus on optic flow and 

restrict to situations, where the three types of egocentric reference frames should yield same 

movement information, to avoid the interference of ‘rotation problem’.  

1.3 Vection and illusory self-motion 

The dominance of visual system in self-motion perception is closely associated with one type 

of illusory sensation of self-motion. When exposed to certain type of visual motion pattern 

(e.g. optic flow), stationary viewers can experience the illusory sensation of self-motion with 

a latency of several seconds, which often addressed as ‘vection’. 

  



 

5 

1.3.1 Definition of vection 

Originally, vection was described as the illusion of self-motion triggered by visual 

stimulation alone, and firstly investigated in laboratory by Mach in 1875 (Dichgans and 

Brandt 1978; Mach 1875). However, it is worth mentioning that over the years the 

term ’vection’ was subsequently extended to illusions of self-motion triggered by other 

senses, such as auditory (Keshavarz, Lawrence J Hettinger, et al. 2014; Riecke et al. 2008), 

tactile and proprioceptive sense (Blanchard et al. 2011), or even applied to real physical 

motion perception that is mediated by visual stimuli (Ash and Palmisano 2012). In this 

research, we only focus on the original and most widely examined type of vection: visual 

cues triggered, illusory self-motion perception (see Figure 1.2).  

Moreover, earlier researchers also categorized vection into different types based on the 

motion type: illusions of self-rotation and self-translation were named ‘circular vection’ (CV) 

and ‘linear vection’ (LV) respectively (Palmisano et al. 2015). For the CV, it can be further 

divided into three types: yaw, roll and pitch vection, based on the rotating plane (Dichgans 

and Brandt 1978).  

In this research, we mainly test roll vection with a constant rotating speed (see Figure 1.2). 

We choose this type of vection as the investigation niche for two reasons. Firstly, this type of 

motion stimuli has been well explored in previous behavioral and neurological studies (Du 

2016; Thilo, Kleinschmidt, and Gresty 2003; Zhao 2017; Zheng 2016), so we are able to 

select most suitable and appropriate parameters for our current research purpose. Secondly, 

roll rotation has been reported to more closely associated with motion sickness than other 

types of movements (Diaz Artiles et al. 2016; Van Ombergen et al. 2016).  

1.3.2 Measures of vection 

Currently, the most commonly used measures for vection is the subjective estimation 

(Keshavarz, Campos, and Berti 2015), where participants are trained to indicate their 

experienced intensity of self-motion by operating a joystick or report numerical ratings, 

either by comparing the experience with a reference, such as the saturated full vection (i.e., 
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experience strong illusionary self-motion while the moving stimuli appear to be stationary) 

(Ji, So, and Cheung 2009), or a previously defined stable modulus (Carpenter-Smith and 

Parker 1992; Webb and Griffin 2003). 

 

 

Figure 1.2 Illustration on the definition of vection and the type of stimulation we focused.  

 

However, subjective estimation has been criticized for increasing reasons over the years (e.g. 

unrealistic presumptions, inconsistency, the subjective and experimental bias) (Carpenter-

Smith, Futamura, and Parker 1995; Palmisano et al. 2015; Teghtsoonian 1971). As the 

modern vection research focus has been directed to less compelling vection conditions, where 

subjective estimation is even less effective (Palmisano et al. 2015). Therefore, searching for a 

reliable and practical objective measure for vection has become more and more important for 

modern vection studies [see section 2.1 for a detailed review on vection].  

To deal with this challenge in modern vection research, we need to further explore behavioral 

and neurological objective covariates of vection, while indicators obtained from 

electroencephalography (EEG) signal has been suggested to be a very promising candidate 
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(Keshavarz, Campos, et al. 2015; Palmisano et al. 2015). Thus, out first research target is to 

identify objective covariates of vection, mainly on EEG indicators.  

1.4 Visually induced motion sickness susceptibility (VIMSS) 

Exposure to prolonged vection-inducing stimulation can provoke symptoms similar to 

motion sickness in stationary viewers, typically including disorientation, oculomotor 

disturbances and gastrointestinal discomfort (Hettinger et al. 1990; Keshavarz, Riecke, et al. 

2015; Zhang et al. 2015). This experience is usually referred to as visually induced motion 

sickness (VIMS) given the dominance of visual input. VIMS is one of the biggest human 

factor concerns and popular research topics in a VR environment (Diels and Howarth 2011, 

2013; Keshavarz, Riecke, et al. 2015).  

Although researches found out that modify the properties of visual stimuli can reduce or 

prevent VIMS, those methods also generally impaired or destroyed the vection experience 

(Bonato, Bubka, and Thornton 2015; Golding et al. 2012; Stern et al. 1990). Since vection is 

very crucial to the user experience and effectiveness of VR applications (Riecke 2011; 

Riecke et al. 2012), those solutions are not very desirable.  

One fact that often ignored or underestimated by previous works is that, the VIMS 

susceptibility (VIMSS) actually varies a lot in the population, with about one-third of the 

viewers relatively resistant to VIMS when experiencing vection (Chen et al. 2015; Griffin 

2012; Stanney et al. 2002) [see section 2.2 for a review of VIMSS]. Hence, if we can better 

capture how those VIMS resistant people differently respond to vection-inducing stimulation 

(behaviourally and neurologically) as compared to susceptible people, it might shed lights on 

VIMS preventions that do not hurt vection.  

Moreover, the basic processes behind the VIMSS are still vague. Although it is reported that 

female and children are more susceptible to motion sickness, large variations still exist after 

controlling age and gender (Golding 1998, 2006; Golding, Kadzere, and Gresty 2005; 

Paillard et al. 2013; So, Finney, and Goonetilleke 1999; Turner and Griffin 1999). 



 

8 

Furthermore, we are still in short of reliable objective predictors for VIMSS without making 

people sick currently (Guo et al. 2017). At the ISO Workshop Agreement held in Tokyo in 

2005, experts concluded that more studies were needed to explore basic processes underlie 

the VIMSS (ISO 2005).  

Therefore, our second research target is to identify objective indicators (mainly on EEG 

indicators) that vary according to VIMSS or differentiate VIMS resistant subjects from 

resistant subjects. 

1.5 Central and peripheral vision  

One important visual factor affecting both the vection and VIMSS is the functional 

differences between central and peripheral vision (Brandt, Dichgans, and Koenig 1973; 

Webb and Griffin 2003; Wei, Zheng, and So 2018).  

It is well-known that human visual system process multiple tasks in parallel, where central 

and peripheral vision are primarily responsible for different tasks respectively (Strasburger, 

Rentschler, and Juttner 2011; Zeki 1990). In general, peripheral vision is more responsible 

for the ‘where’ function (e.g. location, spatial navigation and motion perception) (Agyei et al. 

2015; Dichgans and Brandt 1978; Uesaki and Ashida 2015), while the central vision 

contributes more to the ‘what’ function (e.g. colour, contrast and object recognition) 

(Ungerleider 1994; Wandell, Brewer, and Dougherty 2005; Zeki et al. 1991). To describe the 

‘spatial array of visual sensations available to observation in introspectionist psychological 

experiments (Smythies 1996), researchers used the term ‘visual field’. In this work, central 

visual filed (CVF) and peripheral visual filed (PVF) refer to the visual field perceived by 

central and peripheral vision pathways respectively. 

As mentioned above, self-motion perception primarily involves the optic flow presented in 

PVF. Previous experiments also suggested that the PVF and CVF play different roles in 

provoking vection and VIMS (Warren and Kurtz 1992; Webb and Griffin 2003). Therefore, 

the visual responses originated from central and peripheral vision pathways are very likely to 
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be affected differently in self-motion related sensory coordination and integration. However, 

this factor is generally not well-controlled in previous studies, when exploring vection and 

VIMSS behavioural and neurological covariates [see section 2 for detailed review]. 

Therefore, in this research we will also explore specific objective indicators that are able to 

reflect the visual responses that originated from PVF and CVF respectively. 

 

 

Figure 1.3 An illustration on central and peripheral vision (The pictures are downloaded from 
https://en.wikipedia.org/wiki/Peripheral_vision#/media/File:Field_of_view.svg and 
https://en.wikipedia.org/wiki/Peripheral_vision#/media/File:Peripheral_vision.svg on 
1:40pm, UTC+8, Mar 12th 2018). 

 

1.6 Electroencephalography (EEG) 

Electroencephalography (EEG) is an electrophysiological method that can record the 

electrical-neurological activity of the brain (Niedermeyer and Lopes da Silva 2005). For the 

typical noninvasive EEG adopted in most of academic researches, it measures the voltage 

fluctuations on the scalp that are believed to be originated from ironic current within neurons 

in our brain (Tyner, Knott, and Mayer 1983).  
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As EEG is capable to capture the tiny cortical activities with excellent time resolution, it 

stands out among other neurological measures with several advantages for identifying neural 

covariates for self-motion perception [see section 2.1.3 for a detailed review on EEG 

indicators]: Firstly, EEG signal can be collected without any explicit task or response. This 

will not only effectively reduce the training procedures and cognitive demands on the 

capabilities of subjects, but also enable us to collect data under conditions where active 

behavioral response is not feasible. Secondly, as EEG reflected electrophysiological activities, 

original EEG data preserves very high temporal resolution. This feature, along with the 

modern multi-channel EEG systems, empowers researchers to better probe into the dynamic 

and transient changes during the vection perception. Finally, compared to other non-invasive 

neural methods such as fMRI and functional Near Infrared Spectroscopy (fNIRS), EEG is 

portable, easy to manipulate, time-saving and inexpensive, which makes it a very practical 

measuring apparatus for widespread uses (see Appendix C for illustration on the EEG system 

adopted in this research). 

1.7 Terminology, definitions and abbreviations 

A few terminologies, its definition and abbreviation (if applicable) are list as following, 

subject to the focus and scope of current research as mentioned above. 

Self-motion: in this research, it is restricted to the body movement with eye and head 

position fixed relative to the whole body. 

Vection: illusory self-motion perception introduced by visual stimulation alone (Palmisano et 

al. 2015). 

Roll Vection: the illusory sensation of self-rotation about the roll axis (Dichgans and Brandt 

1978). 

Motion sickness (MS): a group of symptoms provoked by exposure to various kinds of 

(virtual or real) motion stimulation from various sensory modalities. Typical symptoms 
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include the disorientation, oculomotor disturbances and gastrointestinal discomfort 

(Keshavarz, Riecke, et al. 2015; Zhang et al. 2015). 

Visually induced motion sickness (VIMS): a group of symptoms similar to motion sickness, 

but provoked by visual stimulation alone.  

Visually induced motion sickness susceptibility (VIMSS): individual susceptibility to 

VIMS, in this research, the benchmark is obtained by subjective report questionnaire: Motion 

Sickness Susceptibility Questionnaire (MSSQ) Short-form, which is validated to be an 

appropriate indicator for VIMSS (Golding 1998; Zhao 2017). 

Central visual field (CVF) / Peripheral visual field (PVF): the spatial visual field 

perceived by central vision / peripheral vision (Smythies 1996). In this research, as the head 

and eye movement were restricted, the scope of CVF and PVF are treated as generally fixed 

with the corresponding position on stimuli presenting screen.      

Field of view (FOV): describe the degrees of visual angle observable by participants with 

stable fixation of the eyes (Smythies 1996). In this research, we use FOV to quantify the size 

of visual field. 

Self-motion cues: sensory information which can contribute to the self-motion perception. In 

current study we only focus on cues received by visual system (optic flow projected to our 

retina). 

Visual response: the response (both transient and steady-state) in visual system when people 

exposed to vection-inducing stimulation. 

Sustained attention to response test (SART): A valid and commonly used measure for 

sustained visual response (Dillard et al. 2014; Head et al. 2013; Van Schie et al. 2012). 

SART performance can reflect the sustained response from a particular location in visual 

field (Manly et al. 1999; Robertson et al. 1997), which is useful for separating and comparing 

the general visual response in different visual fields (PVF vs. CVF). 
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Visually evoked potential (VEP): the electrical activity originated from summated 

postsynaptic potentials in visual cortex, provoked by stimulation on the retina (Niedermeyer 

and Lopes da Silva 2005; Tyner et al. 1983). VEP is one type of visual responses that 

measured by EEG. Pattern-reversal VEP (PRVEP) and motion-onset VEP (PRVEP) are two 

types of well-explored VEPs. 

Transient VEP and Steady-state VEP (SSVEP): Transient VEP is the response of the 

visual system under sudden changes in the visual input, while SSVEP is the sustained 

response of the system under periodic visual stimulation (usually with a fixed frequency of 3-

50Hz) (Vialatte et al. 2010).   

Frequency tags: the energy of SSVEP at the frequency of visual stimulation can reflect the 

processing emphasis of visual system (Camfield et al. 2012; Morgan, Hansen, and Hillyard 

1996). In this research, we use specific flickering frequency of the visual stimulation to tag 

the visual responses originated from CVF and PVF respectively. 

Phase synchronization: the process where two or more oscillating signals tend to oscillate 

with a relative locked delay of phase angle (Lachaux et al. 1999). In this research, we 

measured the EEG oscillation from electrodes distributed on the scalp and calculate the phase 

synchronization between electrodes as a reflection of the coordination and integration (Varela 

et al. 2001). Phase locking value (PLV) is one index that reflecting the strength of phase 

synchronization (Lachaux et al. 1999). 

EEG topography:  represent the mapping of EEG features across the scalp (Scarpino, Guidi, 

and Bolcioni 1990). In this research, we utilize the topography of PLV and VEP (both 

transient and steady-state VEP) to better capture the spatial distribution of various visual 

responses.   

Electrodes of interest (EOIs): in this research, we select EOI to facilitate analysis based on 

its location over scalp as well as previous findings which associated those electrodes with 

optic flow or vection perception.   
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1.8 Overview of current research 

In summary, this research has three major motivations (M1-M3) and four specified research 

objectives (O1-O4) motivated by them:  

(M1) We want to make contributions to the modern vection research by facilitating the 

development of objective vection measures: for specified research objective, we explore 

various behavioral and neurological objective covariates of vection (mainly focus on EEG 

signal and experiment designs) (O1). 

(M2) We want to make contributions to the research on VIMSS by exploring basic processes 

underlie the VIMSS: operationally, we utilize the objective indicators identified in O1 to find 

out those specific behavioural or neurological responses, which vary according to the VIMSS 

of participants, or organize differently in the VIMS resistant people and susceptible people 

(O2).  

(M3) We want to support the precautions and solutions for VIMS in VR application by 

exploring the association between vection covariates and VIMSS: Firstly, we summarize, 

evaluate and compare those marked responses identified in O2, and then identify promising 

objective predictors for VIMSS among them (O3). Furthermore, we discuss how VIMS 

resistant people were able to reduce the potential of VIMS through those marked responses. 

Guidelines are provided for industry based on our discussion (O4).  

To achieve above objectives, we explore various objective indicators (behavioral and EEG) 

in four sequential studies and approach the O1-3 with each type of indicator. Finally, we 

approach the O4 based on our summary and discussion of results from all studies.       

1.9 Thesis outline 

Chapter 1 summarizes the background and the motivations of current research. It also briefly 

introduces the terminology and methods used in this research.   
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Chapter 2 presents systematic literature reviews on previous studies investigating our 

research focus: vection, VIMSS and combined works on both of them. Moreover, it 

thoroughly reviews current objective measures for vection and objective predictor for VIMSS.   

Chapter 3 summarizes the research gaps we want to bridge, our research targets and the new 

methods we apply to meet those targets. Specifically, the aims of this research are:   

1) measure objective visual response under vection-inducing stimulation and obtain 

vection covariates 

a. explore vection covariates by a method with higher time resolution 

b. explore vection covariates while controlling VIMSS 

c. separate & compare vection covariates originated from CVF and PVF 

d. explore with synchronization method and network analysis 

2) identify more objective covariates of VIMSS and explore VIMSS predictors 

a. explore VIMSS predictors without making participants sick 

b. explore VIMSS predictors while controlling the perception of vection  

c. separate & compare VIMSS predictors originated from CVF and PVF 

d. explore with synchronization method and network analysis  

Chapter 4 reports the first study measuring the Sustained Attention to Response Test (SART). 

We conduct three successive behavioral experiments to explore the performance of sustained 

attention to response test (SART) in PVF and CVF under roll vection inducing stimulation. 

The behavioral performances (response time and accuracy) of SART are revealed to be 

covariates of vection perception: with vection, the SART performances generally impair in 

the CVF, while well-directed improve with targets similar to optic flow in the PVF. This 

study also serves as the validation of our stimuli presenting system and roll vection-inducing 

stimuli for following EEG studies. 

Chapter 5 reports the second study measuring transient VEP. In this study, we go further 

using visually evoked potential (VEP) to explore the effect revealed by SART. As the SART 

requires explicit responses that involved many basic cognitive and motor functions, it is 

vulnerable to plenty of factors unrelated to the vection perception, and inappropriate to use in 
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a complicated situation when explicit responses are not feasible. To further clarify the basic 

visual response influenced by the vection perception, we apply two types of procedure to 

obtain the pattern-reversal VEP (PRVEP) and motion-onset VEP (PRVEP) respectively. The 

VEP components (peak amplitude and latency of VEP components) are revealed to be 

covariates of vection perception: with vection, N1/P1 components were suppressed, while N2 

components were strengthened. As the first EEG experiment, this study also serves as the 

validation of our EEG setups, signal acquisition and data pre-processing procedures for 

following studies. 

Chapter 6 reports the third study measuring steady-state VEP. In this study, we move further 

to utilize the 32-channel EEG system to measure widely distributed EEG signal and obtain 

more spatial information. Since we only explore the signal from occipital electrodes in 

second study, the spatial information gained by multiple electrodes can shed lights on more 

sensitive measures for vection. We also make use of frequency tags to differentiate the 

response from CVF and PVF. The topography and frequency tags (energy peak at stimuli 

frequency) are revealed to be covariates of vection perception: vection is associated with a 

processing emphasis shift from occipital to parietal area. This study also validated the 

electrodes of interest (EOI) that primarily responsible for the CVF/PVF stimulation adopted 

in this research. The identified EOI will be further explored in later study.    

Chapter 7 reports the fourth study measuring both the transient VEP and phase 

synchronization. In this study, we go beyond localization-based methods and explore the 

functional connectivity between different brain areas. As vection perception is an activity 

involves multisensory coordination and integration, additional information should lie in the 

dynamic coordination between visual regions and other widely distributed brain areas. In 

addition to VEP components, phase synchronization index (the phase locking value: 

PLV) are revealed to be covariates of vection perception: the VEP component (N2) 

amplitudes are correlated with the vection intensity of participants, while the dynamic links 

between electrodes over several regions of interest and other widely distributed electrodes 

(evaluated by network indexes) are enhanced during vection-inducing stimulation.  
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Chapter 8 summarize and compares all the previously identified objective indicators as 

predictors for VIMSS. We evaluate the potential of each predictor based on its prediction 

power over MSSQ scores (child, adult and total scale), along with the difficulty, stability and 

cost of measurement.  

Chapter 9 summarize the basic response associated with vection, and how those responses 

related to VIMSS. Moreover, we also discuss how VIMS resistant people are able to prevent 

VIMS through the marked responses differentiate them from the VIMS susceptible group. 

Guidelines for industry are then provided based on the summary of result. 
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Figure 1.4 Illustration on thesis outline.
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CHAPTER 2  LITERATURE REVIEW 

2.1 Review on vection 

2.1.1 Behavioral study 

Although vection has long been a well-known phenomenon among the psychology 

experimentalists since it is firstly described, its detailed psychophysical characteristics and 

neurophysiologic basis had not been investigated until recently (Dichgans and Brandt 1978). 

Early behavioral studies regarding vection mainly focus on describing the motion perception 

features (e.g. time course of onset and saturated, motion perception velocity, adaptation and 

displacement) and how they are modulated by stimuli properties (e.g. spatial frequency, 

velocity, motion plane/axis, eye fixation and visual field of view occupied).  

Time Course and vection stages 

In general, it has been revealed that the time course of vection is started with a period of 

onset latency which ranges from 1-10s among different subjects, which is usually shorter for 

LV than CV (Berthoz, Pavard, and Young 1975). Then it is followed by a period of 

apparently motion stage for 5-15s where the vection sensation will continuingly become 

stronger until it reaches the plateau stage. In some individuals, the perceived vection may 

reach a ‘saturated stage’ (also refers to ‘full vection’), where subjects experience compelling 

self-motion sensation while the moving stimuli appear to be stationary (Brandt et al. 1973).  

The ‘saturated’ velocity of CV increase as the stimuli velocity rise, but would start to lag 

behind when stimuli velocity reach 120°/s and do not exceed 180°/s. When the speed of 

stimuli is too fast or the visual field occupied by visual stimuli is small (<30°), there will be a 

mix sensation of self-motion and objective-motion, where both the visual surround and body 

are perceived to be moving (Dichgans and Brandt 1978).  
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Vection Intensity 

Vection intensity is commonly measured by subjective estimation as an important indicator 

for the magnitude of vection perceived by participants. The vection intensity is usually 

described by the relative extent of ‘saturated’ velocity compared with stimuli velocity, rather 

than an absolute velocity (Riecke, Schulte-Pelkum, and Caniard 2006; Webb and Griffin 

2003), in which ‘full vection’ is often selected to be a reference as 100% in the scale (Ji et al. 

2009).  

Stimuli velocity is obviously one main factor that affecting the vection intensity. With other 

factors fixed, the perceived vection intensity usually continue to increase as stimuli velocity 

increase until it reaches a plateau, or start to decrease when it reaches the maximum intensity 

(Du 2016; Fu et al. 2017). Besides the velocity, some external factors of the stimuli also have 

some effect. For instance, increasing the field of view (FOV) occupied by visual stimuli or 

the spatial frequency of visual stimuli will lead to stronger vection intensity, while peripheral 

stimuli play more important role than central ones, either in terms of retinal or depth 

(Dichgans and Brandt 1978).  

Motion plane and axis is another crucial factor that can affect the vection intensity. For CV, 

roll vection and pitch vection, referring to the rotation in sagittal and coronal axis 

respectively, usually weaker and less stable when compared with the yaw CV in horizontal 

plane (Dichgans and Brandt 1978; Du 2016; Thilo et al. 2003; Zhao 2017), with reduced 

intensity and even the occurrence of no vection stages during prolonged exposure to constant 

velocity stimulation (see figure 2.1 for illustration).  

The fluctuation and weak intensity of roll vection could possibly due to the persistent 

relatively high conflicts between visual and extra-visual cues, which make it a nice 

circumstance for investigating the sensory conflicts and the VIMSS. As mentioned before, 

roll vection indeed induced more symptoms of motion sickness as compared with other type 

of movement (Diaz Artiles et al. 2016; Van Ombergen et al. 2016).  



 

20 
 

  
 
 

Therefore, we want to explore the visual response under the roll vection inducing stimulation. 

As roll vection is generally weaker, so it is especially beneficial to choose visual stimuli that 

can introduce a stronger and more stable roll vection. Based on previous works in our lab (Du 

2016; Zhao 2017; Zheng 2016), dots pattern rotating at a velocity of 32°/s would introduce 

strongest intensity for roll vection, with our stimuli presentation setups (see Appendix B). 

Thus, we select this velocity (32°/s) and controlled other external factors of vection-inducing 

stimuli in all experiments, to obtain stronger vection and facilitate the inter-study and inter-

subject comparisons. 

 

Figure 2.1 Illustration on the general time course of roll vection under constant velocity 
stimulation. 

In this research, we will use subjectively reported time period of vection (e.g. vection onset, 

duration), along with the vection intensity as a reference benchmark for the objective vection 

indicators we identified. 

2.1.2 Neurological study 

Only a small number of studies have tried to penetrate the neural basis of vection as 

compared with psychophysical studies, while most of animal experiments started around 

1970s and human studies adopting non-invasive measurements such as MRI and EEG did not 

emerge until the last two decades.  
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Vestibular Nucleus 

Over the years, our understanding of vection had been restricted to the fact, that the 

perception properties of visual stimuli are quite similar to vestibular excitations, until 

researchers revealed that in goldfish the discharge of neurons in vestibular nucleus (VN) 

were actually modulated by optic flow (Klinke 1970). This study was followed up by several 

further experiments in other species, including rabbit (Dichgans and Brandt 1973) and 

monkey (Henn, Young, and Finley 1974), where different discharging types of neurons were 

identified.  

However, most of these studies were conducted in animals, such as rabbit, cat and fish, where 

actually no vection perception report can be collected. For human being, there is no doubt the 

sensory interactions are far more complicated, where higher level cognitive activities, past 

experiences and training shall play an important role. As a matter of fact, VN was widely 

admitted to be the least vital sensory interaction site for primates to perceive vection (Keller 

1976). In human subjects, CV experiences could still persist even after removing bilateral 

vestibular nerves (Zee, Yee, and Robinson 1976).        

Cortical network underlying the vection or optic flow 

Therefore, it is recognized that further investigations in human subjects focusing on brain 

areas above brainstem are desirable. In fact, understanding the neural basis of vection, has 

been emphasized as one of the biggest challenges in vection study (Palmisano et al. 2015). 

Though very limited, increasing neural imaging studies have been carried out recently, 

attempting to capture the cortical activity during vection. However, few consistent results 

have been revealed.  

Cortical areas identified to be involved in vection perception varied from study to study, 

which included visual motion processing areas such as V3A (Fischer et al. 2012a), middle 

temporal area(MT/V5) (Jong et al. 1994; Previc et al. 2014; Watson et al. 1993), MST (Duffy 

and Wurtz 1991; Pan et al. 2016), kinetic occipital region(KO) (Dupont et al. 1991) and V6 
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(Cardin and Smith 2011; Fischer et al. 2012b; Pitzalis et al. 2010; Pitzalis, Fattori, and 

Galletti 2015, 2012) as well as vestibular areas such as parieto-insular vestibular cortex 

(PIVC) (Bense et al. 2001; Brandt et al. 1998, 2002), some of which (e.g. hMST and PIVC) 

are also have been proved to be multi-sensory areas that either received the afferent or 

modulated by from both modalities (see Table 2.1 for a summary).  

The attributes of activities also varied across different studies. For example, Brandt and his 

colleagues found out that PIVC were deactivated during vection, while visual motion 

perception related area (middle temporal area, MT+) are intensely activated (Brandt et al. 

1998; Dieterich et al. 1998). In conflict with this, MT/V5 are sometimes reported to be 

deactivated during vection (illusion of self-motion) perception (Kleinschmidt et al. 2002; 

Pitzalis et al. 2010), while in other studies, no significant result was found in PIVC area 

(Bense et al. 2001) or increasing activation were identified (Nishiike et al. 2002; Uesaki and 

Ashida 2015) which is actually in the contrary with previous studies. To make things more 

complicated, even for studies that find similar deactivation in PIVC, locations that identified 

as PIVC area are quite different in different experiments (Brandt et al. 1998; Cardin and 

Smith 2010; Kleinschmidt et al. 2002).  

There are three possible reasons for those inconsistencies:  

Lack of synchronization with cognitive state 

One biggest concern in interpreting those findings is that most of those experiments primarily 

focus on brain covariates of visual stimulation, rather than cognitive perception state of 

participants. As illustrated above (see Figure 2.1), the time course of vection perception 

usually does not synchronize with visual stimuli.    

Except very few experiments (Kleinschmidt et al. 2002; Kovács, Raabe, and Greenlee 2008; 

Thilo et al. 2003), most of the studies actually did not bother to examine the capability of 

their stimuli presenting system in inducing vection or did not required their subjects to report 

the time course of their vection perception (Braddick et al. 2001; Brandt et al. 1998; 
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Deutschländer et al. 2004; Dieterich et al. 1998, 2003; Indovina et al. 2005; Previc et al. 2014; 

Shipp et al. 1994; Uesaki and Ashida 2015). Since the procedures, stimuli types and different 

contrast or baseline adopted in previous studies varies between studies, all of those factors 

could lead to different onset delay, fluctuation, and intensity of vection perception that 

introduce complicated inter-study conflicts. As the vection perception state fluctuates rapidly 

and varies for each participant, to better identify neural covariates that can synchronize with 

vection state, we need to explore neural indicators with higher time resolution. 

Lack of control on VIMSS of participants 

As mentioned in section 1.4 above, VIMSS is an important factor that can influence how 

individual response to vection-inducing stimulation. According to Brandt’s theory on the 

motion sickness (Brandt et al. 1998), people resistant to VIMS shall activate visual system 

and suppress vestibular system, while susceptible people should fail to implement this 

mechanism [see detail review in section 2.2.1].  

Therefore, if experimenter did not control the VIMSS of participants, large inter-subject 

variations might cancel or hide the activity in brain areas through the averaging of group data. 

Unfortunately, since VIMSS usually is not the focus of those functional brain studies, few 

studies have reported the VIMSS of their participants, or screen participants based on VIMSS 

(Keshavarz, Riecke, et al. 2015; Palmisano et al. 2015). This situation also can lead to 

inconsistent results in identifying vection covariates. Thus, it is necessary to control VIMSS 

when explore the vection covariates and validate how vection covariates vary according to 

VIMSS.  

Lack of separation for CVF and PVF 

Another factor need to be taken into account, is the functional difference between central and 

peripheral vision. As introduced in section 1.5 & 2.1.1, the PVF and CVF contribute to the 

self-motion perception differently.  
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Therefore, it is very likely that the response in PVF and CVF shall be modulated differently 

during vection-inducing stimulation. However, most of previous often presented similar 

visual stimuli to CVF and PVF together and measured whole brain responses to their 

stimulation (Barry et al. 2014; Becker-Bense et al. 2012; Beer et al. 2002; Braddick et al. 

2001; Brandt et al. 1998; Deutschländer et al. 2004; Jong et al. 1994; Kovács et al. 2008; S. 

Pitzalis et al. 2013; Previc et al. 2014; Uesaki and Ashida 2015; Vilhelmsen, van der Weel, 

and van der Meer 2015; Wall and Smith 2008). The visual field covered by their stimuli 

various from a small field of 12.8°×12.8° to a very large field of 102°×114° (see Table 2.1). 

As illustrated in Figure 1.3, the precise definition of CVF is the visual angle range within 5° 

of FOV, while the paracentral and macular visual field extended to 8° and 18° of FOV 

respectively. Therefore, almost all of previous studies examined a mixed response or 

modulation effect originated from CVF and PVF together. 
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Table 2.1 Summary of visual stimuli FOV and neural covariates revealed in recent human 
vection studies. (Studies used multiple FOV sizes or applied different stimuli in CVF and 
PVF is showed in bold. fMRI: functional magnetic resonance imaging; BOLD: blood oxygen 
level dependent; PET: positron emission tomography; rCBF: regional cerebral blood flow; 
BA: Brodmann area; V1-V6, V3A: human visual areas; MT/ MT+: middle temporal motion 
area/human MT complex; MST/MST+: medial superior temporal area/MST complex; Csv: 
cingulate sulcus visual area; PcM: Precuneus motion area ; PIVC: parieto-insular vestibular 
cortex; IPS: intraparietal sulcus; VIP: ventral intraparietal area; PO: parieto-occipital ; ST: 
superior temporal area; P1/P3: positive VEP component appeared at around 100ms/300ms; 
N1/N2: negative VEP component appeared at around 100ms/200ms; TOP: Topography) 

Literature 
FOV 

(horizontal ×vertical) 
Method 

Vection covariates 

Activated Suppressed 

Jong et al., 1994 40°×30° 
PET: 
rCBF 

V3, PcM, occipital-
temporal ventral 
surface, fusiform 

- 

Brandt et al., 
1998 

40°×40° 
PET: 
rCBF 

PO 
MT, 

BA19/18/21/37, 
posterior insula 

Tokumaru et al., 
1999 

120°×45° 
EEG: 
TOP 

No consistent result between subjects 

Braddick et al., 
2001 

12.8°×12.8° 
fMRI: 
BOLD 

V5, V3A, IPS, ST, 
occipital ventral 

surface  
V1 

Kleinschmidt et 
al., 2002 

45°×45° 
fMRI: 
BOLD 

MST, dorsomedial 
cortex, ST 

MT, V4, V3/V3A, 
V1, PIVC 

Beer et al., 2002 102°×114° 
PET: 
rCBF 

BA37, CSv, 
occipital area 

MT, frontal gyrus, 
cuneus 

Thilo et al., 
2003 

CVF:  45◦×  33◦ 
PVF:110◦× 110◦

EEG: 
VEP 

- N1(occipital) 

Deutschländer 
et al., 2004 

100°×60° 
PET: 
rCBF 

MT, PO retroinsular regions 

Wall et al., 2008 20°×20° 
fMRI: 
BOLD 

VIP, CSv, MT, 
MST 

V2, V3, V3A, V4 

Kovács et al., 
2008 

59°×59° 
fMRI: 
BOLD 

right MT+, PcM, 
IPS 

- 

Becker-Bense et 
al., 2012 

90°×60° 
FDG-
PET: 

rCGM 

inferior parietal, 
CSv, PO, frontal 

eye fields 
- 

Pitzalis et al., 
2013 

69°×55° 
fMRI: 
BOLD 

V6, IPS, MST+ - 

Previc et al., 114°×102° PET: left temporal right temporal 
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2014 rCBF (BA37, BA22),  (BA21), 
occipital(V1) 

Keshavarz et al., 
2014 

CVF: 45◦× 38◦ 
PVF: 73◦× 61◦

EEG: 
VEP 

N2 (right PO) P1 

Barry et al., 
2014 

whole screen:  
size not reported 

EEG  
Desynchronization: 

low alpha,  
gamma band 

Uesaki et al., 
2015 

30°×30° 
fMRI: 
BOLD 

V6, MT+, VIP, 
PIVC, CSv 

- 

Vilhelmsen et 
al., 2015  

71.5°×50.4° 
EEG: 
VEP 

N2 (MT) - 

Wada et al., 
2016 

17~100°× 
12~67.7° 

fMRI: 
BOLD 

V6, CSv, PcM, 
MT+, PIVC 

- 

Stróżak et al., 
2016 

CVF1:no report 
CVF2:45◦× 30◦ 
  PVF:96◦× 60◦ 

EEG: 
VEP 

N2 (left occipital) 
P1(right PO), 
P3(central) 

    

Only a few studies (see highlighted in Table 2.1) have attempted to present different type of 

stimulation to CVF and PVF separately (Keshavarz and Berti 2014; Stróżak et al. 2016; Thilo 

et al. 2003), or examined the visual response under vection-inducing stimulation with various 

range of FOV (Wada, Sakano, and Ando 2016). However, the CVF defined by those studies 

generally occupied quite large FOV at about 45◦× 30◦, which have already covered near- and 

mid-peripheral visual field. Moreover, some studies present the CVF and PVF stimuli 

simultaneously and did not apply any specific tag to differentiate the response originated 

from CVF or PVF (Keshavarz, Lawrence J. Hettinger, et al. 2014; Stróżak et al. 2016), which 

make it unrealistic to compare the effects between CVF and PVF. Finally, some works focus 

on the response to optic flow which induced vection (Keshavarz and Berti 2014; Wada et al. 

2016), while others focus on visual response to additional visual task (Stróżak et al. 2016; 

Thilo et al. 2003) during vection, making their findings and interpretations more complicated.      

Hence, we are lack of studies on: 1) exploring methods that can tag the responses 

originated from CVF and PVF separately; 2) separating the response triggered by optic 

flow and the modulation of visual responses under vection perception; 3) exploring the 

modulation of visual responses during vection in narrower CVF.  
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Drawbacks of isolated localization methodology  

Furthermore, another limitation of previous studies is that all of them have employed 

traditional localization methodologies. While most of the previous studies try to identifying 

associate brain areas by correlating subjective reporting or behavioral conditions with the 

signal recording from each measuring unit (voxels, channels etc.) one by one (Thilo et al. 

2003; Brandt et al. 1998; Kleinschmidt et al. 2002; Kovács, Raabe, and Greenlee 2008; 

Dieterich et al. 1998, 2003; Indovina et al. 2005; Jong et al. 1994), this methodology may 

cause inconsistencies or failures in capturing the actual neural activities underlying vection.  

First of all, some recent functional brain studies (Haxby et al. 2001; Norman et al. 2006) have 

proved that the traditional localization analysis could underestimate or distort the cortical 

activity involved in the complicated cognitive tasks due to the network cancelation or sparse 

coding in the neural activities.  

Furthermore, as shown above, the generation of vection is obviously not achieved by one 

particular isolated functional area, but rather a complicated network. The fact that vection is 

shaped by a complicated network where widely distributed brain areas are involved and 

interact with each other, makes the shortcoming of previous methods which mainly focus on 

identifying isolated local brain activities becomes salient. The crucial neural mechanism 

behind vection should have a higher possibility to lies in the information integration and 

coordination between those multiple brain areas, rather than in the activeness of one or two 

isolated brain areas. To better capture the issue, new solutions that can better grab the 

dynamic connectivity changes between brain areas need to be explored. 

2.1.3 Objective indicators for vection 

As introduced in section 1.3, in addition to uncovering the neural basis of vection, another 

important topic in vection study is to identify practical vection measures. Here we summarize 

current behavioral and neurological vection covariates and explorations on those covariates 

as the vection indicator (both the qualitative indicators that only reveal the existence of 
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vection and the quantitative indicators that can indicate the intensity of vection; see Table 2.2 

for a summary). 

Behavioral vection indicators 

To reveal the presence of vection, there are various behavioral indicators can be utilized, 

including the heading judgements and the postural adjustment (e.g. body tilt and postural 

sway) (Carpenter-Smith et al. 1995; Kuno et al. 1999). Although those behavioral indicator 

usually are easy to measure (e.g. body tilt), they shared a common drawback: insensitive to 

the strength of vection. Only reporting the existence of vection does not achieve the main 

targets of objective measures, as it contributes very little to weak vection detection, inter-

study and inter-subjects comparisons, or quantitative vection model establishment. Thus, it is 

important to further explore quantitative indictors. 

However, very limited studies have tried to address this challenge, where most of the 

attempts are somewhat unsatisfactory. For example, the postural sway, defined as the human 

body movement to keep balance of the body during the changes in the body center of gravity, 

is one of the first quantitative objective measures for vection (Dichgans and Brandt 1978; 

Stoffregen 1985). However, the limitations of posture sway have also been revealed soon. It 

was reported that postural sway is only sensitive to the visual acceleration but attenuated 

during the persistence of constant-velocity visual motion (Carpenter-Smith et al. 1995; 

Lestienne, Soechting, and Berthoz 1977). Moreover, the occurrence of vection and postural 

sway is not always consistent: previous studies showed that postural sway can exist without 

the experience of vection, and vice versa (Palmisano et al. 2015; Previc and Mullen 1990; 

Warren 1995).  

Other potential measures emerged later also came in the similar situation. They are either 

requiring too complicated task and procedures [e.g. Inertial nulling paradigm, which is 

measuring vection via the level of body acceleration required in opposite direction to null the 

perception of self-motion (Carpenter-Smith et al. 1995; Zacharias and Young 1981)], or non-
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effective and inconsistent in various conditions [e.g. eye-movements (Kim and Palmisano 

2010; Webb and Griffin 2003)]. We summarize their drawbacks and merits in the Table 2.2. 

Neurological indicators 

In addition to behavioral indicators, the investigations on neural basis of vection also yield 

several potential neurological indicators. Previous studies have showed that the activation or 

suppression activity in several brain areas is correlated with vection perception and vection 

strength (e.g. PIVC, VIP, MST, CSv and PcM; see Table 2.1 for a summary). Applying 

multi-voxel pattern analysis in those areas can classify the viewing of vection-inducing 

stimuli with accuracies at 60-80% (Wada et al. 2016). However, although those brain 

imaging methods (e.g. PET and fMRI) can provide abundant multi-dimensional information 

and help us to better locate the source of neural activity, the limitation of those methods as 

the vection indicator is obvious: the limited time resolution (depending on hemodynamic 

responses), the expensive brain scans, the huge and importable scanning machine and 

complicated scanning protocols/procedures make it currently quite impractical to be simply 

served as a measurement for vection.  

Compared with other neurological measurements, EEG has been put forward as a more 

promising candidate recently (Barry et al. 2014; Keshavarz, Campos, et al. 2015).  
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Table 2.2 Pros and Cons of current and potential vection measures. 

Measures 
Qualitative/ 
Quantitative 

Type Pros Cons 

Body tilt Qualitative Behavioral Easy to obtain 

Individual variation; 
difficult to obtain in 

sitting/supine position; 
subject to motion plane   

Heading 
judgement 

Qualitative Behavioral - 

Need explicit response, 
additional cognitive load, 
difficult to obtain in weak 

vection condition  

Inertial nulling 
paradigm 

Qualitative/ 
Quantitative 

Behavioral 
Can measure 

vection intensity 
Difficult to measure; 

complicated procedures 

Postural sway  
Qualitative/ 
Quantitative 

Behavioral 
Correlated with 
vection intensity 

Weak/attenuate during 
constant-velocity visual 
motion stimulation; can 
occur without vection 

Eye-movements 
Qualitative/ 
Quantitative 

Behavioral 
Correlated with 
vection intensity 

Non-effective if eye 
movement is restricted,  

Non-effective in forward 
translation/roll/pitch/ 

vection; onset lag  

EEG 
Qualitative/ 

Quantitative? 
Neurological 

High time 
resolution; multi-

dimensional; 
portable 

Limited exploration; 
Lack of validations on 
individual variations 

MRI/PET 
Qualitative/ 
Quantitative 

Neurological 

Multi-
dimensional; 

Correlated with 
vection intensity 

Expensive; importable; 
complicated procedures; 

low time resolution; 
inconsistent results; 
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EEG indicators 

Being a non-invasive measurement that is capable to capture the tiny cortical activities, EEG 

stands out with several advantages in identifying bio-markers for self-motion perception. 

Firstly, EEG data can be collected without any explicit task or response, which will not only 

effectively eliminate most of the current training procedures and experiment demands on the 

capabilities of observers, but also enable the data collection under conditions where active 

behavioral response is not feasible. Secondly, as a measurement based on 

electrophysiological activities, EEG signal bears a rather high temporal resolution. This 

feature of EEG, along with the multi-dimensional information that can be collected 

simultaneously, would actually empower researchers to better probe into the dynamic and 

transient changes accompany with the initiation and persistence of vection, which can 

facilitate the identification of desirable sensitive indicators for vection intensity. Finally, 

compared to other non-invasive neural methods such as fMRI and functional Near Infrared 

Spectroscopy (fNIRS), EEG is portable, easy to manipulate, time-saving and inexpensive, 

which makes it a very practical measuring apparatus.  

However, despite all of those superiorities discussed above, very few attempts have been 

made on approaching the neural covariates through EEG methodology. Among most of those 

limited works, vection-inducing stimuli (optic flow) are either presented for too short time 

period (less than 4s) that usually unable to generate vection (Keshavarz and Berti 2014; 

Vilhelmsen et al. 2015), or simply compared with motionless baseline using frequency 

analysis (Barry et al. 2014; Tokumaru et al. 1999) with not well-controlled confounding 

factors, such as the optokinetic nystagmus, the local visual motion processing and VIMSS.  

Moreover, as discussed in above section 2.1.2, EEG vection studies also suffer from similar 

dilemma that most of identified covariates are not synchronized with vection perception but 

the presence of visual stimuli. The only one exception work was conducted by Thilo (2003). 

Thilo and his colleagues presented roll rotating radial pattern in the PVF and reversing 

checkerboard in the CVF (see Table 2.1 for details) to provoke VEP. They found that the 
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peak amplitude of N1(N70) was significantly reduced during vection (Thilo et al. 2003) as 

compared with periods without vection but under same visual stimulation.    

However, N1 is a very small ERP component that usually requires high contrast stimulation 

and large numbers of repetitions to obtain effective data (Luck 2005). Furthermore, the N1 

component is sensitive to various factors and sometimes are even entirely absent in many 

individuals (>50%, see Souza et al., 2013). Furthermore, the effect size was not reported to 

correlate with the vection strength. These all hamper the stability and utility of N1 as a 

quantitative objective indicator for vection. Further sufficient investigations on more reliable 

EEG indicators are needed to better develop quantitative indicators for vection (Table 2.2 

showed bold and underlined summary).            

2.1.4 Current challenges 

In summary, there are two big topics in vection studies (a. developing objective measures; b. 

exploring neural basis of vection). Both of them require more explorations on the vection 

covariates (especially with EEG) with carefully controlled confounding variables. We will 

summarize all the gaps, challenges and our solutions for exploring objective vection 

covariates in chapter 3.      

2.2 Review on VIMSS 

2.2.1 VIMS theories 

As introduced in section 1.4, with prolonged exposure to a moving visual scene, most of 

stationary observers would report VIMS with varying severity (Griffin 2012; Stanney et al. 

2002). VIMS is usually addressed as a member of the general family of motion sickness, 

except that physical motion is absent in VIMS (Hettinger et al. 1990; Keshavarz, Riecke, et 

al. 2015; Zhang et al. 2015). VIMS has been frequently reported in various virtual motion 

environments. However, the etiology and neurobiological mechanism of VIMS are still 

vague (So and Ujike 2010; Zhang et al. 2015).  



 

33 
 

  
 
 

Several theories have been proposed to explain the origin of VIMS (or general motion 

sickness): the sensory conflict theory (Reason 1978), which addresses motion sickness as the 

consequence of conflict sensory information and neural mismatch; the postural stability 

theory (Riccio and Stoffregen 1991), which emphasizes that the crucial role of postural 

instability in causing motion sickness; and the eye movement theory (Ebenholtz 1992), which 

argues at the optokinetic nystagmus (OKN) provoked by optic flow can innervate the vagal 

nerve and thus lead to VIMS.      

2.2.2 Neurological study 

Currently, none of the motion sickness theories have been supported by conclusive 

neurobiological evidence. Among them, the ‘sensory conflict theory’ is believed to be the 

most promising and has supported by a large number of empirical evidence (Keshavarz, 

Riecke, et al. 2015; Miyazaki et al. 2015). Although ‘sensory conflict’ has been criticized as 

unmeasurable (Griffin, 2012), recent advances in brain imaging have shed lights on it 

(Deutschländer et al. 2002; Keshavarz, Riecke, et al. 2015; Zhang et al. 2015). Moreover, in 

support to theory assumptions on the processing of sensory input, several recent animal 

studies have added new evidence by pinpointing the cerebellum and vestibular nuclei 

neurons that selectively response to passive motion but not motion anticipated by internal 

models (Angelaki and Cullen 2008; Cullen 2012; Oman and Cullen 2014). Nevertheless, 

human brain activity is far more complicated even only under visual stimulation. We still do 

not have a clear idea about how inconsistent sensory inputs lead to neural mismatches, not to 

mention to locate the neural mismatches that responsible for MS.  

What complicate the situation might be the nature and ability of human brain to coordinate 

and integrate sensory information, even when the sensory input is in conflict with each other. 

For example, according to Brandt’s theory, visual and extra-visual modalities tend to interact 

with each other in a reciprocal inhibition manner to reduce the sensory conflicts (Brandt et al. 

1998, 2002). As the susceptibility to MS under the same physical stimulation varies a lot in 

the population (Golding 1998, 2006), it is highly possible that what is crucial in triggering 
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MS is not the external motion stimulation, but how those motion information is perceived 

and processed by each individual.   

Lack of screening on VIMSS 

In the case of VIMS, vection provoking stimuli is usually presented to stationary viewers for 

a prolonged period, thus visual input is continuously in conflict with other senses (Brandt et 

al. 1998; Dichgans and Brandt 1978; Reason 1978). These conflicts, if accumulated, should 

cause VIMS among susceptible individuals, while individuals who are resistance to VIMS 

should be capable to coordinate and resolve sensory conflicts between visual and extra-visual 

modalities.  

Therefore, previous works which focus on exploring neural covariates for the vection-

inducing stimuli (Braddick et al. 2001; Brandt et al. 1998; Deutschländer et al. 2004; 

Dieterich et al. 1998, 2003; Indovina et al. 2005; Previc et al. 2014; Shipp et al. 1994; Uesaki 

and Ashida 2015), would contribute very little to theories on VIMS if the experimenter did 

not examine participants who are highly susceptible to VIMS and compared their response 

with VIMS resistant people.  

Unfortunately, as the VIMSS is usually not the research interest for this track of researchers, 

actually no studies have reported the VIMSS of their participants, neither did they screen 

their participants based on VIMSS.   

Confounding with VIMS symptoms 

For another research track, which mainly focuses on exploring neural covariates for VIMS 

(MS), researchers usually present their motion sickness provoking stimulation for a very long 

period until they induced VIMS in participants (see Table 2.3 for summary). However, in 

those studies, prolonged stimulation only provoked severe nausea symptoms in susceptible 

participants (Farmer et al. 2015; Miyazaki et al. 2015; Napadow et al. 2013). Since visual 

induced nausea is linked to massive increases in cortical hemodynamic response (Le et al. 

2017; Wilkins 2016), it is unable to ensure that the severe nausea symptoms in susceptible 
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group would not pollute the BOLD signal and introduce differences between susceptible and 

resistant groups. Thus, it is possible that the increased BOLD responses of brain regions 

(Farmer et al. 2015; Napadow et al. 2013) as well as the inter-hemispheric 

desynchronizations (Miyazaki et al. 2015) revealed in VIMS susceptible group are caused by 

VIMS symptoms, rather than the process underlie the generation of VIMS. 

Therefore, in order to eliminate the interference of nausea symptoms, it is important for 

future work to control the severity of VIMS symptoms and avoid nausea during the 

procedure of collecting neurological signals.   

Confounding with cognitive states 

In order to isolate the cortical coordination associated with VIMSS, there is another 

important confounding factor that needs to be measured and controlled, that is, the sensation 

of vection. As introduced in section 2.1.1, the onset latencies of individuals vary (Chen, 

Chow, and So 2011; Keshavarz, Riecke, et al. 2015), and could be different between VIMS 

resistant and susceptible group.  

The onset of vection might indicate a different stage of sensory integration that our inner 

model has updated toward visual input, and indeed demonstrate different patterns of neural 

activities in former findings (Kleinschmidt et al. 2002; Stróżak et al. 2016; Thilo et al. 2003). 

Unfortunately, in this track of previous studies working on VIMS/MS (Table 2.3), no study 

reported the vection perception of their participants, neither did they verify whether the 

vection experienced by their VIMS susceptible and resistant group are different or not.   

Hence, it is necessary for future works to compare the stage before and after onsets of vection 

and control it between VIMS resistant and susceptible groups, to ensure that differences 

between the two groups are not simply caused by their different vection perception stage. As 

the vection perception changes dynamically in a short time scale, looking for indicators with 

higher time resolution is the crucial challenge.  
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Limitation of localizing methodology in approaching VIMS 

Most former studies have focused on the localization of VIMS associated brain areas. They 

identified local BOLD signals or EEG oscillating components correlated with VIMS ratings 

(Chen et al. 2009; Chuang et al. 2016; Napadow et al. 2013), or searched for cortical areas 

showing differential responses between VIMS susceptible and resistant groups (Farmer et al. 

2015). However, little has been reported on the coordination map between cortical regions 

for groups of different VIMS susceptibility, and how this map changes in space and time 

under the visual stimulation that potentially causes VIMS. Miyazaki et al. (2015), as the only 

exception work, restricted their exploration to the inter-hemispheric synchronizations within 

visual sensitive cortices.  

VIMS is believed to be associated with very complicated cortical interaction where plenty of 

previously identified functional areas are involved (Brandt et al. 1998, 2002; Miyazaki et al. 

2015). For instance, as intact vestibular apparatus is one of the prerequisites for MS 

generation (Lackner 2014; Zhang et al. 2015), vestibular signal processing and vestibular 

cortex are revealed to be closely related to VIMS/MS. While no particular primary vestibular 

cortex is found, the cortical areas that receive vestibular afferent are actually broadly 

distributed in somatosensory, premotor, posterior parietal cortex, precuneus, temporal-

parietal junction cortex and insular lobe (Lopez and Blanke 2011). What’s more, since 

visual-vestibular interaction is widely accepted to the major conflicts existing in VIMS 

provoking environments (So and Ujike 2010), visual motion perception and optic-flow 

related areas (V6/V6A, MT/V5, MST) should also play an unneglectable role in the neural 

mismatch generation. In addition, many studies have revealed that activities or lesion in 

emotion and memory associated areas such as the hippocampus (Uno et al. 2000) or anterior 

cingulate cortex (Napadow et al. 2013) can also correlate with the severity of MS.   
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Table 2.3 Summary on neural covariates with VIMS and general motion sickness (MS). (For 
participants, the group number is demonstrated by: total=resistant + susceptible; if no number 
for group member, then this study only conducted correlation analysis; for visual stimuli, the 
FOV is illustrated by: horizontal FOV × vertical FOV; MT+: human middle temporal 
complex; FIC: right frontoinsular cortex; secondary (SII) and primary (SI) somatosensory 
cortices; ACC/PCC: anterior/posterior cingulate cortex; PFC: prefrontal cortex; OM: 
occipital midline; ICA: independent component analysis; mar sig.: marginal significant) 

Literature 

(Participant 

numbers) 

Stimuli 

(FOV, Duration) 

Vection 

report 

VIMS/MS covariates 

Positive Negative 

Chelen et al, 1993 
(10,correlation) 

Yaw rotating chair+ 
head tilts 
(5-15min) 

- 
delta/theta 
band EEG 

power 
 - 

Miller et al., 1996 
(no report) 

vestibular stimulation 
(side-to-side head 
movements during 

yaw-axis rotation) or 
ingest ipecac syrup 

- 
inferior 

frontal gyrus 
 - 

Chen et al., 2009 
(24,correlation) 

driving simulator: 
visual & vestibular 

stimuli 
(full FOV, 40min) 

- 

EEG ICA component: 

Parietal area 
left/right motor, 
occipital, OM 

areas 

Napadow et al., 
2013 

(24,correlation) 

Vertical stripes, yaw 
circular rotation at 

62.5°/s 
(150°×150°, 20min) 

No 

dorsal lateral 
PFC, FIC, SI, SII, 

middle ACC, 
premotor cortex 

No found 

Farmer et al., 
2015 

(28=11 + 17) 

Landscape video, 
rotate at 72°/s  

(28.5°×16.4°, 10min) 
No 

left inferior PFC, 
middle occipital 

area 

ACC, PCC, 
cuneus, lingual 

gyrus  

Miyazaki et al., 
2015 

(14=6+8) 

Room scene video, 
rotate at 60°/s + 

translation movement 
(50°×36°, 6min) 

No 
MT+ 

desynchronization 

Local activity 
mar sig. 
MT+/V1 

Chuang et al., 
2016 

(19,correlation) 

virtual-reality driving 
environment 

- 

EEG components 
covering motor, 

parietal, occipital 
areas 

- 
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As the process underlying VIMS might locate in a complicated network where widely 

distributed brain areas are involved and interact with each other, the localization methods 

which mainly focus on identifying isolated local brain activities becomes inappropriate. The 

crucial neural mechanism behind VIMS should have a higher possibility to lies in the 

information integration and interaction between visual and other sensory modalities, than in 

the activeness of one or two isolated brain areas. To better capture the issue, new solutions 

that can better grab the whole brain activity at a system level need to be explored.  

In summary, the detail neural mechanisms underlying VIMS have not yet been clearly 

examined. Further explorations taking those challenges and confounding factors into account 

are desirable. 

2.2.3 Factors affecting VIMSS 

There are generally two types of factors that can affect the VIMS: a) factors related to the 

stimuli properties (e.g. FOV, contrast, frequency, duration); b) factors related to individual 

person (e.g. adaptation, individual difference (VIMSS), drugs uses) (Golding 2006; So et al. 

1999). As introduced in section 1.4, we will focus on the VIMSS in this research.  

Many demographic factors have been found out to correlate with VIMSS. Gender and age are 

reported to be two demographic factors, where female and children are generally more 

susceptible (Golding 2006; Paillard et al. 2013). Other procedure factors, including 

adaptation, previous similar experiences, experiment instructions (provide eye fixation or not) 

(Guo 2010; Ji et al. 2009), also can influence the VIMSS of individual. 

As confounding factors may introduce spurious group and correlation effects, it is very 

important to control and balance those factors (especially age and gender) in experiment 

design. 
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2.2.4 Objective predictors for VIMSS 

The most common method for assessing VIMSS is through the subjectively reported 

questionnaires (Guo et al. 2017). Among them, the simulator sickness questionnaire (SSQ) 

(Kennedy et al. 1993), the nausea rating (Golding and Kerguelen 1992) and the motion 

sickness susceptibility questionnaire (MSSQ) short form (Golding 1998) are the three top 

choices. Since both SSQ and nausea rating can only obtain after participants develop VIMS 

symptoms which means they cannot serve as a real predictor, in this research, we choose 

MSSQ-short to be a bench mark to validate our new objective predictors. 

Although subjective questionnaires are popular due to inexpensive and convenience, it still 

relies heavily on the ability of participant to correctly assess and report they feelings. This 

hinders the inter-study comparison and restricts the use of VIMSS predictors among people 

who have difficulties in self-description and evaluating themselves. Therefore, developing 

objective VIMSS predictors is desirable both for academic research and industry (Guo et al. 

2017; IWA 3 2005). 

Among the track of developing predictors for individual MS susceptibility predictors, there 

are generally three directions (Zhang et al. 2015): a) measuring vestibular related functions 

[e.g. the vestibular-ocular reflex (VOR) (Gordon et al. 1996; Nachum et al. 2002), 

optokinetic after-nystagmus (OKAN) (Guo et al. 2017), caloric stimulation and vestibular-

evoked myogenic potential (VEMP) (Fowler, Sweet, and Steffel 2014; Tal et al. 2013), eye 

blinks (Dennison, Wisti, and D’Zmura 2016)] ; b) measuring postural instability (e.g. body 

sway or body tilt) (Koslucher, Haaland, and Stoffregen 2016; Varlet et al. 2015); c) 

measuring other sense related functions [e.g. odor (Paillard et al. 2014) and taster sensitivity 

(Sharma et al. 2008)]. Most of those attempts are unsatisfactory due to tedious measuring 

procedures, low prediction power and unable to assess in many participants (e.g. high 

dropout rate) (see table 2.4 for a thorough summary).    
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Table 2.4 Pros and Cons of current and potential VIMSS predictors. 

Predictors 
Qualitative/ 
Quantitative 

Type Pros Cons 

Vestibular 
related 

functions 
Qualitative 

Electro-
physiology 

Correlated with 
VIMS severity 

Individual variation; 
difficult to measure; high 

dropout rate (>=30%)  

Postural 
instability 

Qualitative Behavioral - 
Usually cannot predict 

VIMS/MS severity; Low 
prediction power 

Other sense 
related functions 

Qualitative/ 
Quantitative 

Mainly 
behavioral 

- Low prediction power 

EEG 
Qualitative/ 
Quantitative 

Mainly 
cortical 

Multi- 
dimensional; 

portable; 
inexpensive; 

Correlated with 
VIMS severity 

Limited exploration; 
pollution of nausea 

symptoms; no control on 
vection perception 

MRI/PET 
Qualitative/ 
Quantitative 

Mainly 
cortical 

Multi-
dimensional; 

Correlated with 
VIMS severity 

Expensive; importable; 
difficult to measure; 
pollution of nausea 

symptoms; inconsistent 
results 

 

The whole brain activities, which reflecting both local activities and interaction between 

multiple sensory modalities might be a promising potential candidate for predicting the 

VIMSS. Among another track of explorations focusing on identifying VIMS cortical 

covariates using EEG or neural imaging methods, the local activities of many brain regions 

have been revealed to be correlated with VIMS (see table 2.3). However, as mentioned in 

section 2.2.2, most of those studies present prolonged stimuli until participants develop 
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various symptoms. Therefore, currently we are still lack of real cortical predictors for VIMS. 

As EEG is more portable and inexpensive than other methods to be utilized in various 

scenarios, this research mainly focuses on searching EEG predictors for VIMSS.  

2.2.5 Current challenges 

In summary, further exploring the neural covariates for VIMSS with higher temporal 

resolution (e.g. EEG) at a system level (e.g. network analysis), while controlling confounding 

factors (e.g. vection perception state, nausea symptoms) is important both for investigating 

the neural basis of VIMSS predictors. Detail research gaps and our solutions in this work will 

be described in chapter 3 (the main drawbacks with EEG are showed in bold and underlined 

words in Table 2.4). 

2.3 Previous works on both vection and VIMSS 

In fact, the track of vection studies usually tries to prevent their participants from any 

uncomfortable feelings or even exclude VIMS susceptible participants, while the track of 

VIMS studies usually does not care about the vection perception. Thus, only a few studies 

have reported both vection intensity and VIMS (Keshavarz, Riecke, et al. 2015). Although 

none of those works has clarified the relationship between the vection and VIMS, it does 

provide some valuable hints for future explorations. 

Firstly, it has been revealed that sensation of vection is not a sufficient condition for VIMS. 

As introduced above in section 2.2.3, many other factors, including intra-individual 

differences, the motion profile (e.g. constant or oscillation, translation or rotation, and axles 

etc.) and the previous experience all have some influence on the occurrence and severity of 

VIMS. And it is quite possible to for people to experience vection without suffering from any 

VIMS (Chen et al. 2015; Diels and Howarth 2011; Hettinger et al. 1990; Keshavarz, Riecke, 

et al. 2015; Nooij et al. 2017; Zhao 2017). 
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Secondly, previous results revealed that the magnitude of vection and VIMS is not positively 

correlated. Conditions introducing more vection does not also lead to more severity VIMS 

(Prothero et al. 1999; Webb and Griffin 2003), and vice versa (Chen et al. 2011; Keshavarz 

and Hecht 2011). Moreover, individuals who report stronger vection do not also report 

stronger VIMS symptoms (Chen et al. 2015; Keshavarz and Berti 2014) or more susceptible 

to VIMS (Wei et al. 2018). 

Finally, it is possible to develop VIMS symptoms without the perception of vection (Ji et al. 

2009). Although currently only one study has explored this topic, it implies that the 

perception of vection might not be a prerequisite for VIMS.  

2.3.1 Current challenges 

All of the facts above suggested that there might be some intermediary factors between the 

psychical stimulation and the development of the vection and VIMS. This not only re-

emphasizes the importance of exploring vection together with VIMSS, but also imposes 

higher requirements on exploring the dynamic development of vection perception rather than 

treat vection as a state attributes under certain visual stimulation. In this research, we explore 

more indicators with high time resolution to cope with this challenge (see section 3 for detail 

solutions).  
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CHAPTER 3  RESEARCH GAPS AND SOLUTIONS 

3.1 GAP1: Vection covariates with well-controlled confounding factors  

3.1.1 Explore vection covariates by method with a higher time resolution 

As introduced in section 2.1, the rapid variation in vection perception state requires higher 

time resolution on the objective measurement as vection indicator. As EEG possesses higher 

time resolution as compared with other neural imaging methods, we cope with this challenge 

by searching for EEG indicators in study two-4.  

3.1.2 Explore vection covariates while controlling VIMSS 

As described in section 2.1, one current gap in identifying vection covariates is that the 

confounding VIMSS of participants is not controlled. There are several ways to both control 

and observe the effect associated with VIMSS. In this research, we apply two approaches: 1) 

explore how the vection indicators vary according to VIMSS, and add them as covariates 

when we analyze the vection indicators; 2) separate participants into susceptible group and 

resistant group based on their VIMSS, and explore whether vection indicators behave 

differently between the two groups.  

The biggest challenge of screening VIMSS is to carefully balance or control other external 

factors which highly correlated with VIMSS (e.g. gender, age, training and experience) of 

participants to avoid the interference of confounding factors. In this research, gender is 

balanced in all study; while age and experiences are controlled by recruiting healthy 

university students who are free from any vestibular diseases or experiences with large FOV 

video games.   
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3.1.3 Separate & compare vection covariates originated from CVF and PVF 

As it is mentioned previously, another visual factor that needs to be controlled is the 

difference between CVF and PVF.  

The biggest challenge of separating CVF and PVF is that we need the measures that are more 

dominant in one part of the visual field than other parts. Moreover, this response can be 

marked or differentiated from each location when we recorded the data (e.g. behavioral 

performances or EEG signal).  

SART task 

In study one, we try to cope with this challenge by testing the performance of Sustained 

Attention to Response Test (SART) in CVF and PVF separately (see chapter 4). As a valid 

and frequently used measure for sustained visual response (Dillard et al. 2014; Head et al. 

2013; Van Schie et al. 2012), by varying the size and location of SART targets, its 

performance can reflect the sustained visual processing resource (or attention resource) 

assigned to a particular visual location (Manly et al. 1999; Robertson et al. 1997). This 

property is very useful for experimenter to separate and compare the visual response 

originated from different visual locations (PVF vs. CVF). Moreover, SART can be conducted 

superimposed on other visual stimuli (Dillard et al. 2014), and hence it is applicable to be 

assessed while participants are also exposed to vection-inducing stimulation. Finally, 

performance in SART is measured by response time and accuracy (Manly et al. 1999), which 

can be obtained from quick and simple paradigms (Manly et al., 1999; Robertson et al., 1997). 

During a typical SART, a series of targets would appear sequentially within an uninterrupted 

time period called a ‘block’ (usually shorter than 5 min). Within each block, the presence of 

each target is called a trial. For each trial, the time period that a target preserves on the screen 

after its appearance is called the trial duration. The inter trial interval (ITI) in this research is 

defined as the time period between the presence of two consecutive targets. To conduct 

SART, subjects should respond to a common target (e.g. red disc) and withhold their 
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response to a rare target (e.g. green disc). Figure 3.1 shows the typical procedure of two 

consecutive trials in SART. 

 

Figure 3.1 Procedure a typical SART used in this research. (In this illustration, the trial 
duration of targets is 500ms, while the inter trail interval is randomized from 1s to 1.5s. A red 
disc shows up in the first frame as an illustration of target presentation in PVF. A green disc 
shows up in the third frame as an illustration of target presentation in CVF. Note that the 
ratio of screen and target size is not according to real parameters, since the sizes of targets 
have been exaggerated for illustration) 

 

SSVEP and frequency tag 

In study three, we explore another solution by utilizing the properties of VEP. We explore the 

possibility of using different frequencies of flickering stimuli to mark specific visual location 

and extract the visual response information from SSVEP energy at different frequencies 

respectively (see chapter 6). 
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Figure 3.2 Comparing SSVEP and transient VEP (This is an illustrations obtained from 
Vialatte, F. B., Maurice, M., Dauwels, J., & Cichocki, A. (2010). Steady-state visually 
evoked potentials: Focus on essential paradigms and future perspectives. Progress in 
Neurobiology. http://doi.org/10.1016/j.pneurobio.2009.11.005) 

 

As introduced above in section 1.7, the SSVEP reflect the sustained response of visual 

system under repeated periodic visual stimulation. Compared to the commonly adopted 

transient VEP that reflected a single sudden perturbation to the visual system, the SSVEP 

possess many advantages:  a) more resistant to EEG artifacts (e.g. eye movement, which is 

the biggest concern under vection-inducing stimulation); b) when adopted as a measurement, 

it preserves higher signal to noise ratio; c) the SSVEP can be clearly observed in frequency 
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or time-frequency domain, with local peaks at the specific frequency of visual stimulation 

and its 2nd harmonic; d) the processing emphasis of visual system can be reflected by the 

peaks in frequency domain that correspond to stimuli frequencies (Camfield et al. 2012; Keil 

et al. 2005; Müller et al. 1998).  

With all of the merits above, we can record SSVEP and tag different visual locations (PVF 

and CVF) with stimuli flip at a different frequency. Then, by analyzing the SSVEP response 

in frequency domain we can better separate and compare the visual responses that originated 

from different visual locations (see detail in chapter 6).    

Separate task triggers and optic flow in PVF 

Another challenge of this issue is that under the vection-inducing stimulation, the optic flow 

which triggered vection is also presented to PVF. So if we apply additional response 

measures or evoker in PVF to examine vection covariates, it is often blended or interfered 

with the processing of optic flow in PVF. In study one, we use series of experiments with 

restricted stimuli FOV to separate the optic flow and task targets (see detail in chapter 4). 

Moreover, in study three, we try to implement SSVEP trigger and optic flow in different 

domain to reduce the interference between them: optic flow is perceived by participants in 

time domain with rather slow changes (rotating velocity: 32°/s, frequency<0.1Hz), while 

SSVEP trigger is the flip of the contrast in PVF at higher alpha band frequency (12Hz).    

3.1.4 Explore vection covariates with synchronization method and network analysis 

The last research gap we aim to bridge in vection studies is the utilization of synchronization 

method and network analysis. As introduced in section 2.1, traditional localization methods 

may not capable to capture the dynamic interactions between multi-modalities and central 

integration on the perception of self-motion. In study four, we try to cope with this challenge 

by exploring the phase synchronization of EEG signals and the dynamics of network 

properties based on graphic metrics. 
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EEG Phase synchronization 

EEG demonstrates excellent temporal properties and has been proved to be particularly 

useful in addressing temporal relationships among brain areas (Kawasaki, Kitajo, and 

Yamaguchi 2010). It is supported that the dynamic links of cell assemblies serves for a 

particular function can be reflected by EEG oscillations, while multi-functional interaction 

and integration can be reflected by large-scale synchronization of EEG rhythms (Murray et al. 

2018; Varela et al. 2001). Hence, by probing into the phase synchrony of EEG oscillations 

under vection-inducing stimulation, we can capture new connectivity-based neural covariates 

for vection.  

Graph theoretical analysis 

With the growing of connectivity researches and the explosion of data in brain network 

modelling, the newly introduced graph theory is a very promising approach owning to its 

simplified and powerful capability in quantifying the topological organization with the 

language of math (Bullmore and Sporns 2009; Fornito, Zalesky, and Breakspear 2013; He 

and Evans 2010). Since graph theoretical analysis can serve as a perfect method in better 

qualifying and indicating the network differences at the system level, it can be used to reveal 

the differences in dynamic connectivity network organization between different VIMS 

groups. In particular, we will adopt the node degree and node density to evaluate the dynamic 

network properties in this research. 
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3.2 GAP2: Objective predictors for VIMSS 

3.2.1 Explore objective VIMSS predictors (without making participants sick) 

As described in section 2.2, one gap in VIMS research is the lack of control on confounding 

nausea symptoms. Moreover, for the research track of predicting VIMSS, we are still lack of 

good objective VIMSS predictors that are able to indicate the susceptibility of participants 

without the prerequisite of observing VIMS symptoms.  

Thus, exploring new objective (EEG/behavioral) indicators that correlated with current bench 

mark of VIMSS predictors (e.g. MSSQ-short) with meticulously controlled VIMS symptoms 

would contribute to the bridge of both two gaps. The biggest challenge for this target is the 

control of symptoms in VIMS susceptible group, as they tend to experience more serious 

nausea symptoms when exposed to same physical stimuli as compared with VIMS resistant 

group. In all of our following studies, we cope with this challenge by presenting very short 

periods of vection-inducing stimulation (less than 5 min) with sufficient rest between 

repetitions to avoid nausea and any other unpleasant feelings. The symptoms are monitored 

by pre-/post questionnaires (SSQ) and self-report of participants throughout the experiments.  

Moreover, we also collect, assess, compare and rank all of the potential VIMSS predictors 

obtained in our studies to provide an overview picture for the quality of our new VIMSS 

predictors (see Chapter 8). 

3.2.2 Explore VIMSS predictors while controlling the perception of vection  

Another gap in VIMS research is the lack of control on confounding cognitive states (vection 

perception).  To bridge this gap, there are two biggest challenges: 1) the record of vection 

state; 2) indicators with higher time resolution as the vection state changes dynamically.   

Since in this research, we explore objective covariates for vection and VIMSS together, our 

study design would be capable to handle these two challenges naturally.  
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3.2.3 Separate & compare VIMSS predictors originated from CVF and PVF  

3.2.4 Explore VIMSS predictors with synchronization method and network analysis 

Similar to the track of vection studies, the separation of CVF and PVF was almost missing in 

the exploration of VIMS studies. Moreover, most of previous VIMS studies focus on the use 

of traditional localization methods. The biggest challenge of coping with those two gaps is 

also similar to the explorations on vection. Therefore, the methodologies and measurements 

introduced in section 3.1.3 and 3.1.4 also apply to the exploration on VIMSS predictors.  

Procedures of all experiments are approved by the university ethics committee and performed 

in accordance with the Declaration of Helsinki. All of subjects were recruited in HKUST 

campus by advertisements post on the Clear Water Bay BBS with full consent regarding the 

procedures and purpose of our experiments. Note that as we focus on the health university 

students in this research, therefore all of our conclusions shall be constrained to this targeted 

group. Researchers need to be cautious when addressing other demographic groups in the 

population (e.g. children, elderly, etc…), as more validations are needed. As our targeted 

group is restricted to healthy university student, the sample size of all experiments (N: 14~27) 

are chosen based on the validation and suggestions from previous works on the methodology 

of EEG (Luck 2005), as well as the sample size adopted in previous EEG studies focus on 

vection (Barry et al. 2014; Keshavarz and Berti 2014; Thilo et al. 2003; Tokumaru et al. 1999; 

Vilhelmsen et al. 2015) and motion sickness (Chelen, Kabrisky, and Rogers 1993; Chen et al. 

2009; Chuang et al. 2016).   
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CHAPTER 4  STUDY ONE – PERFORMANCE OF 

BEHAVIORAL VISUAL TASKS UNDER VECTION-

INDUCING STIMULATION 

4.1 Introduction 

To explore the performance of behavioral visual attention tasks under vection, this study test 

SART under the roll vection-inducing stimulation among participants with various degrees of 

VIMS susceptibility. We presented a coherent rotating dot pattern to introduce roll vection 

and examined the changes of SART performance in the PVF and CVF during vection. In 

Experiment 1a (Exp.1a), static targets were used for SART, while in Experiment 1b (Exp.1b) 

we adopted targets rotating at five different speeds to further examine the properties of the 

effects of the regulation under vection-inducing stimulation. Furthermore, to further explore 

the effect of task guided attention allocation on vection perception and to better guide VR 

applications, the Experiment 2 (Exp. 2) was conducted to explore whether subjects can be 

trained by visual tasks to regulate their visual response in CVF and PVF separately, and how 

the vection perception was affected. The result of study one was published in Ergonomics 

2018 (see Appendix A). 

4.2 Experiment 1a  

4.2.1 Hypothesis 

As introduced in chapter 2, Brandt extended and complemented the sensory-conflict theory 

by introducing a conflict-reducing mechanism, the reciprocal inhibitory interaction between 

the visual and vestibular systems (Brandt et al. 1998, 2002). This mechanism facilitates 

negative regulation on the vestibular system and positive regulation on the visual system 

during vection resulting in an effective reduction of conflicting self-motion neural signals. 

Accordingly, individual VIMS susceptibility should depend on the strength of visual-
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vestibular reciprocal regulation of the person. Therefore, we expect the visual response 

regulation during vection to vary according to individual VIMS susceptibility.  

Moreover, as explained in chapter 1&2, the peripheral vision contributes more to self-motion 

perception than central vision. Hence, the regulation on visual response is expected to be 

mainly directed toward self-motion cues in the PVF. We hypothesized that the influence of 

visual response regulation measured by SART performance in the presence of vection 

depends on whether the visual targets are in the PVF or CVF (H1). In particular, we expect 

the SART performance in the PVF shall be improved with vection (H1a) and weakened in 

the CVF (H1b). Moreover, as the regulation of visual response is supposed to be a part of the 

‘sensory conflict’ reduction mechanism, the magnitudes of individual effect measured by 

SART performance during vection would vary depending on VIMS susceptibility (H2).  

4.2.2 Methods 

Participants 

Fourteen right-handed university students (8 male and 6 female; Age range: 19-27, mean 

23.31, SD 2.02), with 20/20 (or corrected) eyesight and normal color vision, were recruited 

with complete informed consent (see Appendix D for the template example). This group of 

participants exhibited a large variation in VIMS susceptibility [measured using the Motion 

Sickness Susceptibility Questionnaire (MSSQ) Short-form; see Golding 1998], which in 

general follows the percentile distribution in the population (See Appendix F). All 

participants are free of any vestibular injury or medical treatment. None of them were heavy 

video game players or had rich experience with large-screen visual motion stimuli. 

Apparatus and stimuli 

Grey dots (luminance: 0.27cd/݉ଶ; contrast: 58.8%; FOV diameter: 0.5~1.3) were randomly 

generated on a black background (luminance: 0.07cd/݉ଶ ) to provoke roll vection. The 

stimuli were presented using a 46-in LCD monitor (Screen size: 102.1×57.5cm; FOV: 93.5°× 

61.8°; View distance: 48cm). To investigate the visual response regulation associated with 
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vection rather than local motion or visual complexity, two types of stimuli were designed: 

coherently rotating stimuli (CRS) and incoherently rotating stimuli (IRS). For CRS, all dots 

rotated anticlockwise coherently around the center of the LCD screen at 32°/s. For IRS, each 

dot had a different center of rotation and the dots were randomly distributed inside a central 

window (size: 33.3° of FOV). They had the same angular velocity (32°/s) as dots in CRS and 

the radius was similarly distributed. During the whole experiment, the dot pattern was 

randomly distributed on a canvas larger than the screen window, with 600~650 dots visible 

during each moment. Parameters of stimuli were chosen based on our pilot study and 

previous findings (Chen et al. 2015; Zhao 2017). The visual stimuli were programmed with 

Matlab incorporated with Psychtoolbox-3. 

A grey disc (FOV size: 5°) was presented at the center of the screen as the fixation marker. 

All participants were trained to fix their eyes on the disc to suppress optokinetic nystagmus 

(OKN) (Ji et al. 2009; Wyatt et al. 1995) and control other types of eye movement. Eye 

movement was monitored using an eye tracker (Eyetech, TM3) in a separate session to 

ensure that participants were capable to keep their eyes on the fixation marker during the 

experiment block for most of the time.  

Procedures 

As introduced in section 3.1.3, the commonly applied SART paradigm (Manly et al. 1999) 

was used to explore the regulation on behavioral visual performance during vection in the 

PVF and CVF respectively. In this study, for each trial, one target (red/green disc, 

randomized at a ratio of 4/1) was presented on the screen and kept static for 500ms. The 

interval between two successive trials was randomized in the range 1000~1500 ms so that 

subjects would not be able to predict the appearance of a target. Subjects were instructed to 

press a response button as soon as they saw the red disc and do nothing when the green disc 

appeared. The SART performance of subjects under CRS and IRS conditions was examined. 

To compare the effects in the PVF and CVF, targets would randomly appear either inside the 

foveal central area (FOV: 0~2.1°) or in the peripheral area (FOV: 7.9°~24.9°; see Figure 4.1a) 
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(O’Connell et al. 2017; Webb and Griffin 2003). Total 200 trials were divided into two 

blocks.  In each block, fifty repetitions of the SART trial were conducted for each type of 

target location (CVF and PVF) under one type of stimulus condition (CRS or IRS). Types of 

target location were randomized in each block (half CVF and half PVF), while the order of 

blocks was randomized for subjects. 

All subjects received sufficient training on SART and vection onset judgement before taking 

part in the actual experiment. Throughout the whole experiment, subjects were required to 

conduct the SART with their left hand, while pressing another vection report button with 

their right hand to indicate a change in their perception state (i.e. whether experiencing 

vection or not).  SART Trials completed under CRS during the period of vection perception 

were kept as valid vection trials, while trials completed under IRS during the period of no 

vection perception were kept as valid control trials. Similar to previous studies, trials 

conducted within 2 s of a change in perception state were excluded to eliminate the influence 

of an intermediate state (Kleinschmidt et al. 2002). Total percentage of valid trials was over 

88% with no significant differences across blocks. To validate the manipulation of vection 

strength in the two stimulus conditions (CRS vs. IRS), subjects were trained to report vection 

intensity after each block based on a 5-point vection magnitude scale revised from previous 

studies (1=no vection; 5=saturated vection; Webb & Griffin, 2003). To ensure SART 

performance was not impeded by VIMS symptoms, the block exposure time was kept short 

(<3 min) with sufficient rest between blocks. We used a chinrest to restrict head and body 

movement. To reduce environmental influences, ceiling lights were switched off, earplugs 

were used, and a black curtain was used to cover the monitor and the head of subjects. 
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Figure 4.1 Illustration of the stimuli and target positions for study one. (W indicates the half 
length of screen vertical width; r indicates the radius of central black area in Exp.1b; Green 
shadow is only for illustration of CVF/PVF areas and was not presented in actual stimuli; 
target diameter is 0.53 cm in Exp.1a and 1.06 cm in Exp.1b; target luminance: 5.86 ܿ݀/݉ଶ 
for red disc and 10.80 ܿ݀/݉ଶ for green disc) 
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Dependent measures 

Response time (RT) of each type of condition was calculated by averaging corrected valid 

responses made within 200ms~1500ms after the onset of target. The accuracy of each 

condition was calculated by dividing the number of corrected responses by the total number 

of valid trials (correct response: press button for red target; no response for green target). 

VIMS susceptibility data of all participants were assessed using Motion Sickness 

Susceptibility Questionnaire (MSSQ) Short-form (Golding, 1998), which has been widely 

adopted and shown to be a proper indicator of VIMS susceptibility (Zhao 2017). The score of 

the child scale and that of the adult scale were calculated, while adding up the two scores 

yielded the total score. 

4.2.3 Results 

A repeated-measures MANOVA (RMANOVA) was conducted for each of RT and accuracy, 

with vection (vection or control trials) and visual location (CVF or PVF) as within-subject 

factors and individual MSSQ-Short scores (MSSQ_C for the child scale and MSSQ_A for 

the adult scale) added as two covariates in the model. Interaction effect of vection × location 

was found to be significant both for RT [ܨሺ1,11ሻ ൌ 16.715, ݌ ൌ 0.002 ] and accuracy 

ሺ1,11ሻܨ] ൌ 22.204, ݌ ൌ 0.001], showing different patterns of performance for the PVF and 

CVF during vection from those of the controls (supporting H1; see Figure 4.2a). Moreover, 

the interaction terms of vection × MSSQ_C [Fሺ1,11ሻ ൌ 7.614, p ൌ 0.019] and vection × 

location × MSSQ_A [Fሺ1,11ሻ ൌ 4.919, p ൌ 0.049] were also significant for RT (supporting 

H2). For all comparisons, significant changes in RT were found to be in accordance with 

accuracy, which ensures the effects were not due to a speed-accuracy trade off. Also, the 

main effects of location were significant both for RT and accuracy (p<0.001), where subjects 

generally reacted more quickly and accurately in the CVF than the PVF. 
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Figure 4.2 Effects of visual response regulation reflected in Exp. 1a and Exp. 1b and their 
correlation with MSSQ scores illustrated in scatter plots. a. Interaction effect of vection and 
visual location on SART performance in Exp.1a; note that the effect direction of RT in CVF 
is subjected to individual MSSQ scores (see Figure 4.2b); ACC=Accuracy; 
*_vection=averaged from vection trials in CRS condition; *_control=averaged from control 
trials in IRS condition; b. Correlation of RT effects and MSSQ scores illustrated by scatter 
plots; MSSQ_T=MSSQ total scale; MSSQ_C=MSSQ child scale; TRT=total effect; 
DRT_C=delay of RT in CVF 
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Effects in the PVF 

In the PVF, further simple effect analysis showed that SART performance was improved 

with vection, both for RT [Fሺ1,11ሻ ൌ 3.628, p ൌ 0.083] and accuracy [Fሺ1,11ሻ ൌ 11.0, p ൌ

0.001] (supporting H1a). Note that the simple main vection effect of RT is only marginally 

significant, possibly due to the significant interaction between vection × MSSQ_A 

[Fሺ1,11ሻ ൌ 4.884, p ൌ 0.049], which showed a larger RT improvement for subjects with 

smaller MSSQ_A scores (supporting H2). No significant interaction term was found for 

accuracy. 

Effects in the CVF 

In the CVF, the RT performance in the SART was impaired during vection [Fሺ1,11ሻ ൌ

8.895, p ൌ 0.012]. Moreover, not only the magnitude but also the direction of the CVF 

effect was different from those of the PVF effect (see Figure 4.2a, supporting H1b). The 

interaction term of vection × MSSQ_C [Fሺ1,11ሻ ൌ 7.691, p ൌ 0.018] is also significant, 

which suggests a larger delay in response for subjects with smaller MSSQ_C scores (support 

H2). No significant effect was found for accuracy. 

Correlation of effect magnitudes and MSSQ scores 

Since the interaction between SART performance and MSSQ was only found for RT, we 

focused on RT and further analysed whether individual RT changes are correlated with 

MSSQ scores. To quantify the magnitude of individual effect in the PVF, a decrease in RT in 

the PVF (DRT_P) was calculated as RT (ms) of controls minus the RT during vection. Note 

that effects in the CVF are opposite to effects in the PVF, so we used the delay in response in 

the CVF (DRT_C), calculated as the RT during vection minus the RT of controls, while the 

total RT effect (TRT) was calculated by subtracting the DRT_P from the DRT_C (Note that 

the direction of peripheral and central effect is in opposite). Pearson correlations between 

MSSQ-Short scores (total, child and adult scales: MSSQ_T, MSSQ_C, MSSQ_A; a higher 

score indicates a higher VIMS susceptibility; see Golding, 1998) and the indicators of effect 
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magnitude (DRT_P, DRT_C and TRT) were negative (see Table 4.2 for coefficients and p-

values; see Figure 4.2b for scatter plots).  

Vection and nausea report  

Reported vection intensity and duration were significantly stronger and longer under CRS 

than IRS (See Table 4.1). No participants experienced nausea, vomiting or other severe 

discomfort.  

 

Table 4.1 Vection report in Experiments 1a and 1b 

Vection 
Indicators 

Exp. 1a Exp. 1b 

CRS IRS T/Z-value* CRS IRS T/Z-value* 

Intensity 
2.54 

(0.96) 

1.50 

(0.52) 

4.315 

(p=0.001) 

2.62 

(0.40) 

1.76 

(0.62) 

6.194 

(p<0.001) 

Duration# 
8.83 

(1.30) 

0.72 

(1.15) 

15.116 

(p<0.001) 

7.12 

(1.99) 

2.54 

(2.68) 

6.314 

(p<0.001) 

Occurrence 
Ratio^ 

14/14 7/14 
2.449 

(p=0.014) 
15/15 10/15 

2.236 

(p=0.025) 

* Paired T-test was conducted for intensity/duration; Wilcoxon signed-rank test was conducted for 
vection occurrence, with Z-value reported. ^ The occurrence ratio represents the number of subjects 
reporting vection to the total number of subjects. # For Exp. 1a, vection duration was calculated as the 
length of vection time period divided by the total length of time and transformed into an 11-point 
scale (see Exp. 1b) to facilitate comparison. 
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4.2.4 Discussion 

Results support hypothesis H1 that vection and visual location of targets have significant 

interaction effects on SART performance. More specifically, data indicate that vection 

perception is associated with improved SART performance in the PVF and impaired 

performance in the CVF. Since SART usually reflects sustained visual attention or vigilance 

(Manly et al. 1999), our results suggest that more attention is directed toward the PVF than 

the CVF during vection. This finding is consistent with a former study that reported a 

delayed response of the oddball task in the CVF during horizontal vection (Stróżak et al., 

2016). As the total attention resource for visual information processing is limited (Kahneman, 

1973; Marois & Ivanoff, 2005), assigning more resource to the PVF for processing self-

motion cues could result in less resource directed toward the CVF and thus impaired 

performance in this field. This difference in changes during vection is consistent with 

Brandt’s (2002) hypothesis on visual response regulation under vection-induced stimulation.    

Furthermore, correlations between MSSQ scores and SART performance levels suggest that 

these effects vary according to VIMS susceptibility (H2). Data indicate that effect in the PVF 

is associated with the MSSQ adult scale, while effect in the CVF is closely associated with 

the child scale (Table 4.2). As the child scale can be used as a pre-morbid indicator of motion 

sickness susceptibility in patients with vestibular disease (Golding 1998), a closer 

examination of SART in the CVF might lead to useful new assessment tools for clinical 

consideration. Further correlation analysis showed that the magnitude of visual response 

regulation is greater for participants who are less susceptible to VIMS, which is consistent 

with Brandt’s theory (1998; 2002). It is worth noting that the effects measured in the CVF 

showed better predictive power for MSSQ scores (DRT_P is only marginally significant), 

possibly because improvements in PVF performance had reached the ceiling for most of the 

subjects (see Figure 4.2a). In addition, as SART targets in the PVF were superimposed on the 

background with a random dot pattern that possessed a higher visual complexity than the 

central grey disc (see Figure 4.1a), the visual performance might also be affected by 
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background visual complexity (Caroux et al. 2013). More investigations controlling for this 

confounding factor are desirable.   

 

4.3 Experiment 1b 

4.3.1 Hypotheses 

Experiment 1b (Exp.1b) is a follow-up experiment designed to explore in depth the 

characteristics of visual response regulation when different SART targets are used during 

vection while controlling for the confounding factors. As discussed above, it is possible that 

regulation on visual response is achieved by reallocating one’s attention from the CVF to the 

task of processing self-motion cues in the PVF. Therefore, the benefits of visual response 

regulation in the PVF are expected to be more evident with targets moving at similar speeds 

to the self-motion cues (H1c), while the impairment of visual response in the CVF should 

affect tasks equally regardless of the moving speeds of targets (H1d). Also, as this 

mechanism is supposed to facilitate sensory conflict reduction, individuals with stronger 

effect magnitude are expected to be less susceptible to VIMS (same as H2 in Exp. 1a).  

4.3.2 Method 

Participants 

A different group of 15 participants (9 male; Age: 20-27 years old, mean 24.6, SD 2.06) who 

have attained all of the requirements for Exp. 1a were recruited (see Appendix F for VIMS 

susceptibility distribution).  

Apparatus and stimuli 

Targets moving at different speeds were used in SART. Targets would appear for 500 ms and 

rotate around the screen center at one of five rotating speeds (0, 16, 32, 64, -32°/s; 0=static, 

positive value=anticlockwise). Moreover, to better control the background of targets and 
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reduce the interference of rotating dot pattern, a black area (occupying 0~12.5° of FOV) was 

adopted to separate targets from peripheral vection-provoking stimuli. All targets only 

appeared within the black area and a white cross was used for fixation (Figure 4.1b). The 

same apparatus and procedures as those in Exp. 1a were applied to present stimuli and to 

restrict eye, head, and body movement and other environmental influences. 

Procedures 

The same SART paradigm from Exp. 1a was adopted. Sixty repetitions were conducted for 

each stimulus condition (CRS or IRS), each target location (CVF: 0~1.4° or PVF: 6.3~9.4° of 

FOV; see Figure 4.1b) and each of the five target speeds. This gave 1200 trials (60×2×2×5). 

The trials were conducted in eight blocks (each containing 150 trials, length: 3~4 min). 

Repeated trials for each stimulus condition spanned more than four blocks and the 

combinations of target location and speed were randomized within each block. The order of 

blocks was randomized for each subject. The SART trial started 3 s after the vection-

provoking stimulation to allow time for vection onset. To ensure performance was not 

affected by VIMS symptoms, participants took enough rest (3~5 min) between blocks. To 

reduce task difficulty for the sake of developing simple visual response regulation measures, 

subjects only needed to complete SART with their right hand and verbally report the duration 

of vection they experienced, based on an 11-point scale (0=experienced no vection; 

10=experienced vection the whole time) after each block, as well as reporting the vection 

intensity. Reported vection intensity and duration were significantly stronger and longer 

under CRS than IRS (See Table 4.1).  

Dependent measures 

The RT and accuracy data obtained from all trials were averaged for the two types of 

stimulus conditions (CRS and IRS). Individual VIMS susceptibility is also measured using 

MSSQ-Short (Golding 1998) with two sub-scales (adult and child). 
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4.3.3 Results 

An RMANOVA was conducted for each of RT and accuracy, with vection stimulus (CRS or 

IRS), location (CVF or PVF) and speed (0, 16, 32, 64, or -32°/s) as within-subject factors and 

individual MSSQ-Short scores (MSSQ_C and MSSQ_A) added as two covariates in the 

model. For RT, the interaction of vection × location × speed × MSSQ_A was significant for 

the cubic term [F(1,12)=5.489, p=0.037] and the interaction of vection × location × speed × 

MSSQ_C was marginally significant for the linear term [F(1,12)=3.538, p=0.084]. Due to the 

complicated interaction introduced by target speed, vection × location (p=0.090) and vection 

× location × MSSQ_C (p=0.098) were only marginally significant. As in Exp. 1a, subjects 

generally reacted more quickly in the CVF than PVF (p=0.001). No significant accuracy 

differences were found, which ensures that no effect was due to a speed-accuracy trade off.  

Effects in the PVF 

Effects in the PVF diverged for different target speeds. The quadratic term of speed × 

MSSQ_C [F(1,12)=5.435, p=0.038] was significant and speed × MSSQ_A [F(1,12)=4.139, 

p=0.065] was marginally significant, while the cubic term of vection × speed × MSSQ_A 

was significant [F(1,12)=5.891, p=0.032]. Specifically, strong vection demonstrated 

significant modulation on RT for targets moving at different speeds. The simple main effect 

of speed was significant under CRS [F(4,56)=3.303, p=0.017, see Figure 4.3] with the 

shortest RT for speed 32°/s and the longest RT for speed -32°/s, while no difference was 

found under IRS. Figure 4.3 better illustrates the effect of vection: participants reacted more 

quickly when targets were moving at similar speeds to the self-motion cues (especially for 

speed 32°/s, which was the same speed and direction with vection-inducing stimuli that 

providing self-motion cues), while more slowly when targets were moving at other speeds 

(especially for -32°/s, which was in the opposite direction to self-motion cues). In summary, 

specific improvement in SART performance was found in the PVF under strong vection 

condition (CRS), which mainly focus on targets that were similar to self-motion cues 

(supported H1a).  
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Effects in the CVF 

Similar to Exp. 1a, the vection × MSSQ_C term is significant [ܨሺ1,12ሻ ൌ 5.634, ݌ ൌ 0.035]. 

Likewise, vection simple main effect is marginal [ܨሺ1,12ሻ ൌ 4.006, ݌ ൌ 0.068], showing a 

longer RT in vection trials than control trials. Admittedly, the pure effect of vection was 

anticipated to be attenuated compared with that in Exp. 1a (simplified tasks might have made 

it impossible to exclude mixed vection trials under CRS/IRS). To further show that the 

delayed RT (DRT) in the CVF was associated with vection perception, we calculated the 

Pearson correlation between the vection duration (VD) difference (ܸܦ஼ோ௦ െ  ூோ௦) and DRTܦܸ

(ܴ ஼ܶோ௦ െ ܴ ூܶோ௦) of subjects. Results showed that subjects experienced vection for a longer 

period of time demonstrating larger performance impairments. The correlations were 

significant for all speeds (speed 0: r=0.689, p=0.002; speed 16: r=0.684, p=0.002; speed 32: 

r=0.700, p=0.002; speed 64: r=0.548, p=0.017; speed -32: r=0.502, p=0.028). Moreover, the 

simple interaction effect of vection × speed and the simple main effect of speed were not 

significant. In summary, general SART performance in the CVF was impaired under strong 

vection-inducing stimulation, regardless of target speed (supported H1b). 

Interaction effects with speeds similar to those in Exp. 1a 

To validate the findings in Exp. 1a, we further analyzed that the data with speeds similar to 

Exp.1a (also similar to self-motion cues as explain above: 0, 16, and 32°/s) included in the 

model. Both vection × location [F(1,12)=5.173,p=0.042] and vection × location × MSSQ_C 

[F(1,12)=7.256,p=0.020] were significant with no speed interaction, showing the exactly 

same pattern as in Exp.1a. 

Correlation of effect magnitudes and MSSQ scores 

As in Exp. 1a, to quantify the visual response regulation effects during vection, the delayed 

RT in the CVF (DRT_C), decrease in RT in the PVF (DRT_P) and total RT effects (TRT) 

were calculated for three speeds (0, 16, and 32°/s) that showed the same pattern as in Exp. 1a. 

To examine the relationship between effect magnitudes and MSSQ scores, negative Pearson 
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correlations between MSSQ-Short scores (MSSQ_T, MSSQ_C, and MSSQ_A) and the 

magnitude of effects (DRT_C, DRT_P, and TRT) were tested (see Table 4.2 for coefficients 

and p-values; see Figure 4.2b for scatter plots). 

 

 

Figure 4.3 The modulation of strong vection on RT for target in PVF moving at different 

speed in Exp.1b (notice that there is no significant difference across all speed under IRS 

condition) 
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Furthermore, to evaluate the predictive power of effect magnitudes for MSSQ scores, we 

standardized and pooled the effects of static targets from all 29 subjects (including those in 

Exp. 1a and Exp. 1b). Three linear regression models (Model 1: central effects; Model 2: 

total effects; Model 3: central and total effects) for MSSQ_T and one model for MSSQ_C 

were tested using the stepwise method, where independent factors that contributed 

insignificantly were excluded (Table 4.2). Model 3 demonstrated the highest predictive 

power [ܴଶ ൌ 0.396; ܨ	 ൌ 8.535, ݌ ൌ 0.001]. 

In summary, visual response regulation effects were negatively correlated with MSSQ scores, 

where VIMS-resistant subjects showed stronger effects than their susceptible counterparts 

(supporting H2).  

Vection and nausea report  

Reported vection intensity and duration were significantly stronger and longer in CRS than 

IRS (See Table 4.1). No participants reported nausea, vomiting or other severe discomfort.  
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Table 4.2 Correlations and regression models for visual response indicators predicting MSSQ scores. 
Visual Response Indicators MSSQ Scale Score 

Experiment Location Target  MSSQ_C MSSQ_A MSSQ_T 

Exp.1a 

DRT_C 

Static 

-0.628* 
(p=0.011) 

- 
-0.505* 

(p=0.039) 

DRT_P - 
-0.573* 

(p=0.020) 
- 

TRT - 
-0.595* 

(p=0.012) 
-0.479* 

(p=0.042) 

Exp.1b 

DRT_C 

S0 
-0.688** 
(p=0.002) 

- 
-0.543* 

(p=0.018) 

S16 
-0.468* 

(p=0.039) 
- 

-0.431^ 
(p=0.055) 

S32 
-0.527* 

(p=0.022) 
- 

-0.353^ 
(p=0.098) 

DRT_P 

S0 
-0.534* 

(p=0.025) 
- 

-0.423^ 
(p=0.066) 

S16 - - - 

S32 
-0.413^ 

(p=0.068) 
- - 

TRT 

S0 
-0.468* 

(p=0.039) 
- 

-0.393^ 
(p=0.074) 

S16 - - - 

S32 
-0.476* 

(p=0.037) 
- 

-0.303 
(p=0.136) 

Regression Model Summary 
Models Predictors Beta R ܴଶ F 

1 SDRT_C 
-0.307 

(p=0.105) 
0.307 0.094 

2.813 
(p=0.105) 

2 STRT 
-0.434* 

(p=0.019) 
0.434 0.188 

6.249* 
(p=0.019) 

3 

STRT 
-0.575** 
(p=0.001) 

0.630 0.396 
8.535** 

(p=0.001) SDRT_C 
-0.478** 
(p=0.006) 

SDRT_P Excluded 

4 
SDRT_P 

-0.455* 
(p=0.013) 0.455 0.207 

7.034* 
(p=0.013) 

SDRT_C Excluded 
Two-tailed p-value: ** p<0.01; * p<0.05; ^ p<0.1; S0, S16, and S32 represent the speeds of 0, 16, and 
32°/s respectively. DRT correlation coefficients had controlled for individual overall RT; only 
marginal/significant results are included. SDRT_C, SDRT_P, and STRT represent standardized 
DRT_C, DRT_P and TRT respectively pooled from Exp. 1a and Exp. 1b. Model 1, 2 and 3 predict 
the MSSQ_T score; Model 4 (including SDRT_C & SDRT_P) specifically predicts MSSQ_C to 
address clinical concerns.  
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4.3.4 Discussion 

Firstly, results of Exp. 1b confirmed the vection × location interaction findings from Exp. 1a 

with 15 different subjects and with tighter control of the background visual complexity. 

Furthermore, results support H1c and H1d, showing a general performance impairment in the 

CVF and specific improvement in the processing of self-motion cues in the PVF during 

vection. Note that this specific improvement also ensured that PVF effects were not due to 

the PVF targets blending in with the rotating dot pattern, or opposite results would have been 

obtained. As discussed in the section on Exp. 1a above, diverging SART performance 

suggests the reallocation of attention from the CVF to the PVF during vection. Increasing 

attention assignment can increase neuron reliability of the current visual input (Martínez-

Trujillo and Treue 2002; Mitchell, Sundberg, and Reynolds 2007). According to previous 

studies, increased visual reliability would facilitate the weight shifting from vestibular to 

visual modality (Fetsch et al. 2012; Gu et al. 2008), which may yield less sensory conflict 

between the inner model and the visual input (Brandt et al. 2002; Reason 1978) under 

ambiguous vection-inducing conditions. This is also consistent with former studies reporting 

that VIMS is worse when vection is changing (less reliable) rather than stable (more reliable) 

(Bonato et al. 2008; Bonato, Bubka, and Story 2005). In summary, individuals who are able 

to reallocate their attention may be more resistant to VIMS, while those who fail to do so 

may be more vulnerable to optokinetic stimulation. This may explain the correlations we 

identified between visual response effects and MSSQ scores.   

In addition, Exp. 1b also validated the negative correlation between individual VIMS 

susceptibility and magnitude of visual response regulation effects (H2). Although the 

simplified procedure mixed vection and no-vection trials which reduced the absolute effect 

size that could be measured, it still revealed that effect magnitudes and MSSQ_C scores were 

significant correlated. Note that the use of static targets generally produced higher correlation 

coefficients, suggesting that this SART paradigm can be a promising candidate for VIMS 

susceptibility measurement. We explored the potential of static targets by pooling the results 

from Exp. 1a and Exp. 1b and obtained acceptable predictive power for MSSQ scores.  
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4.4 Experiment 2 

4.4.1 Hypotheses 

As the previous two experiments suggested that visual regulations on CVF and PVF is 

associate with VIMSS, we went on to explore whether the top-down visual regulation could 

be guided using a revised SART and how it interact with individual vection perception. We 

hypothesize that: when participants are only allowed to react to PVF targets while ignoring 

CVF targets, their vection experience is stronger and more stable, as compared with the 

vection experience when they are only allowed to do opposite reactions (response to CVF 

targets while ignoring PVF targets ) (H3); the enhancement of vection is stronger when the 

PVF targets are moving at the same speed as the visual self-motion cues, as compared with 

the enhancement when targets are moving in conflict with the visual self-motion cues  (H4).       

4.4.2 Method 

Participants 

Thirteen of the 29 subjects who participated in Exp. 1a or Exp. 1b were invited to join Exp. 2 

(7 male; Age: 19-27 years old).  

Apparatus, stimuli and procedures 

The same set of apparatus as that used in Exp. 1a and Exp. b was adopted. The same coherent 

rotating stimuli (CRS) used in Exp. 1a were presented. To test H3, two modified SARTs 

were used to facilitate and control visual attention allocation in accordance to conditions. 

Such manipulation is a common paradigm for visual attention studies (Eggemeir and Wilson 

1991; Morgan et al. 1996; Müller et al. 1998). For the central-focused (CF) condition, 

subjects were instructed to press the response button as soon as targets appeared in the CVF, 

while ignoring targets appearing in the PVF. For the peripheral-focused (PF) condition, 

subjects were instructed to attend to the peripheral targets and ignore the central targets. The 

targets were all red discs (CVF/PVF ratio: 1/1). To test H4, two types of targets were 
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designed: Self-motion cue targets which rotated at the same speed and in the same direction 

as coherent rotating stimuli; and non-cue targets (targets that do not provide self-motion cues) 

which rotated at the other speeds tested in Exp. 1b with equal probability. Target duration, 

trial interval and fixation were kept the same as in Exp. 1a. A total of 12 blocks (each 

containing 30 trials) were conducted, with three repetition blocks for each of the four 

experimental conditions in a randomized sequence (factorial combinations: 2 attention 

conditions ×2 target types×3 repetitions=12 blocks). All subjects received sufficient training 

before the actual experiment to ensure their response accuracy reached manipulation 

requirement (>95%). An eye tracker was used during the training session and throughout the 

actual experiment to ensure all subjects kept their eyes on the fixation circle for most of the 

time (>80%). 

Dependent measures 

Subjects were required to report their vection intensity and duration after each block based on 

the scales used in Exp. 1b.  The ratings were averaged for each condition. 

4.4.3 Results 

All subjects accomplished responses for the two types of targets (attended targets/non-

attended) with overall accuracy exceeding 95%. The main effect of attention allocation 

condition is significant for vection duration [F(1,12)=11.164, p=0.006] and marginally 

significant for vection intensity [F(1,12)=4.125, p=0.065], with subjects demonstrating 

stronger and a longer period of vection in the PF condition than the CF condition (supporting 

H3). Further simple effect analysis showed that the vection duration was only significantly 

different between PF and CF when self-motion cue targets were used [F(1,12)=7.341, 

p=0.019], but not when non-cue targets were used (supporting H4). Admittedly, the 

interaction between task type (PF or CF) and target type (self-motion cue or non-cue) is not 

significant [vection duration: p=0.218; vection intensity: p=0.425] (Figure 4.4), possibly due 

to the large individual variations. 
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Figure 4.4 Effects of SART-guided attention reallocation on vection intensity and duration. 
(Task type: CF=central focused, PF=peripheral focused; Targets type: SC=self-motion cues, 
NC=non-cues; Vection intensity measured by self-report scale: 1=no vection; 5=saturated 
vection; Vection duration measures by self-rating scale: 0=no experience of vection; 
10=experiencing vection all the time) 
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4.4.4 Discussion 

This exploratory work demonstrated the promising effectiveness of SART training for 

attention reallocation under vection-inducing stimulation. Moreover, a more reliable and 

stable perception of vection was achieved during peripheral focused task, which is appealing 

for VR applications (e.g. video games). This suggests the possibility of redesigning visual 

tasks that are superimposed on a moving background to strengthen the vection perception. 

Moreover, this approach may also prevent VIMS, since more reliable and stable vection 

actually cause less VIMS (Bonato et al. 2008, 2005; Reason 1978). Future studies exploring 

more direct evidence with a larger group sample are desirable.    

 

4.5 Summary 

4.5.1 New findings and contributions 

This study concludes that performance of visual tasks changes in the presence of vection. In 

particular, we find that the performance of visual tasks is impaired in the central visual field 

(CVF) and improved in the peripheral visual field (PVF). As discussed above, the current 

results and Brandt et al.’s (2002) findings on the activation of visual cortices during vection 

suggest that people direct more attention to the PVF and less attention to the CVF when 

perceiving vection. Most importantly, the effect size of this attention reallocation is 

negatively correlated with VIMS susceptibility. In other words, individuals who are able to 

shift more of their attention to the PVF are also more resistant to VIMS. The shift in visual 

attention may imply an enhanced reliability of visual inputs and a relative reduction of 

vestibular weightings in the sensory integration, which, in a sensory conflicting situation, can 

reduce the conflicts (Brandt et al. 2002; Bremmer et al. 2016; Martínez-Trujillo and Treue 

2002) and reduce VIMS (Reason 1978).  
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It is worth mention that, the mechanism uncovered in this study focus on stabilizing the 

visual motion input, which is different from traditional perspective that aiming to attenuate 

the motion input. As the self-motion perception and objective-motion (viewer stationary) 

perception are bi-stable states during vection-provoking stimulation (Kleinschmidt et al. 2002; 

Thilo et al. 2003), to reduce sensory conflict based on Reason’s theory (1978), it should exist 

two optimization directions: one traditional way is to reduce the peripheral visual motion and 

stabilize the stationary perception, which inevitably hurt the vection experience (Bonato et al. 

2015; Golding et al. 2012; Stern et al. 1990); the other solution is to preserve the self-motion 

input and stabilizing the self-motion perception (at the constant speed). The phenomenon 

revealed in this study might be following the second direction, which can be quite promising, 

since it does not hurt the vection experience.      

Moreover, results showed that attention re-allocation can be trained, which agreed with 

previous findings (Szalma et al. 2017). Moreover, our results showed that this attention re-

allocation can lead to a more reliable and stable perception of vection under exactly the same 

visual stimuli. Since a more stable perception of vection may cause less VIMS (Bonato et al. 

2008, 2005), it is possible to redesign practical visual tasks in a VR environment to reduce 

motion sickness while maintaining the vection experience in VR. Follow-up studies to 

validate and further explore the relationship between VIMS and cognitive attention 

reallocation are appealing. 

4.5.2 Raised further questions and focus of follow-up works 

One prominent attribute of explicit behavioral performance indicators is that they are general 

indicators reflecting the accumulated effects from a sequence of multiple basic cognitive 

procedures and even the motor functions (if a response button is required for collecting the 

performance) with one single dimension index. Therefore, the delayed response (or decreased 

accuracy) uncovered in CVF during vection could be result of the impairment of various 

basic visual procedures. With behavioral performance indicators, it is very difficult to answer 

the question regarding more detail procedures of visual information processing (e.g. does the 
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earlier visual processing functions such as contrast detection being regulated during vection? 

Or all the visual functions are general impaired for CVF?).  

Moreover, owning to this accumulating and imprecise attribute, the behavioral indicators are 

susceptible to many external and internal interference factors (e.g. the motor function) which 

might introduce more noises and variations than more pinpointed and well-directed indicators. 

As we reported in study one, the changes in reaction time and accuracy can only reflect the 

existence of vection, but not the individual magnitude of vection intensity perceived by each 

participant. What’s more, behavioral performances usually required the explicit response, 

which cost additional cognitive resources of participants and thus hinder the measurement in 

various scenarios. Therefore, although the SART task might serve as a rough indicator for the 

existence of vection, it is not very favorable to develop quantitative measures for vection 

with indicators simply relying on behavioral performance.  

Since high dimension EEG data with good time resolution can better handle these issues, we 

move on and focus on explore EEG indicators in followed studies by adopting the roll-

vection stimulation validated by study one.  
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CHAPTER 5  STUDY TWO – PATTERN-REVERSAL AND 

MOTION-ONSET TRANSIENT VEP RESPONSES UNDER 

VECTION-INDUCING STIMULATION  

5.1 Introduction 

To further investigate how vection shaped the basic visual responses using EEG, study two 

measured transient VEP under vection-inducing stimulation among participants with various 

VIMS susceptibility. We present the same random dots rotating pattern adopted in study one 

to PVF to provoke roll vection.  In the meantime, checkerboard is presented to CVF with two 

procedure paradigms to evoke two types of transient VEP: pattern-reversal VEP (PRVEP) 

and motion-onset VEP (MOVEP). Peak amplitudes and peak latencies of VEP components 

(N1, P1, P3 from PRVEP; N2 from MOVEP) collected from occipital electrodes are explored 

as vection covariates respectively.  

5.2 Objective and hypotheses 

The objectives of this study are: 1) replicate the EEG results from previous vection study 

(Thilo et al. 2003) to validate our EEG set-ups and procedures; 2) explore PRVEP and 

MOVEP with carefully controlled confounding factors to identify proper EEG indicators for 

vection; 3)  explore how the modulation of vection on visual responses varies corresponding 

to individual VIMS susceptibility and identify EEG predictors for VIMS susceptibility. Thus 

in study two, we focus on exploring EEG indicators mainly evoked from CVF for two 

reasons: 1) to follow previous paradigm and design for validation purpose; 2) it is revealed in 

study one that CVF effect has better prediction power for MSSQ scores. 

Based on Brandt’s theory (1998) and our findings in study one, we expect the visual 

information processing system should withdraw resource from other visual functions (e.g. 

contrast, object detection) to motion processing in order to facilitate the self-motion 
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perception. Hence, The influence of visual response regulation under vection reflected VEP 

components depends on the intrinsic functions and properties of VEP components (H5): the 

earlier VEP components, which are observed around 100ms and more responsible to contrast 

processing (N1 and P1 from PRVEP), shall be suppressed during vection (H5a); the N2 

component, which is observed around 200ms and more closely associated with motion 

processing, shall be strengthened during vection (H5b). Furthermore, as it is hypothesized 

that this visual response regulation is part of the mechanism for sensory conflict reduction, 

we expected the magnitudes of regulation effect reflected by peak amplitude and peak 

latency of VEP components should be negatively correlated with VIMS susceptibility (H6).  

5.3 Methods 

5.3.1 Participants 

Fourteen right-handed university students (8 male; Age: 20-27 years old, mean 23.07, SD 

2.27), with 20/20 (or corrected) eyesight and normal color vision, were recruited with 

complete informed consent. This group of participants exhibits a large variation in VIMS 

susceptibility [measured using the Motion Sickness Susceptibility Questionnaire (MSSQ) 

Short-form; see Golding 1998] from 0-96% in percentile, which in general follows the 

percentile distribution in the population (See Appendix F). All participants are free of any 

vestibular injury or medical treatment. None of them were heavy video game players or had 

rich experience with large-screen visual motion stimuli.  

5.3.2 Stimuli, apparatus, task and procedures 

Stimuli and task 

Same as study one, grey dots with exactly same parameters (luminance: 0.27cd/݉ଶ; contrast: 

58.8%; FOV diameter: 0.5~1.3°) were randomly generated on a black background and all 

grey dots coherently rotated anticlockwise (angular velocity: 32°/s) to provoke roll vection. 

Achromatic checkerboard (occupied 29.8× 22.6°of FOV; contrast: 92.4%) was presented in 
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the central screen to evoke VEPs, while the dots pattern in PVF was either static or rotating 

(see Figure 5.1). Similar to Exp.1a in study one, subjects were trained to indicate their 

vection perception state continuingly under the ROT condition by pressing response buttons 

using right hand. In order to distinguish the effect associated with stimuli motion (STM) and 

the effect with vection perception (VEC), we designed two types of contrast: the stimuli-

motion contrast is compared between the trials recorded when PVF dots pattern is either 

static (STA) or rotating (ROT), while the vection-perception contrast is compared between 

the trials recorded under same ROT condition but within time periods indicated by 

participants as different perception state (ROT during vection: RV; or no-vection: RN). 

 

Figure 5.1 Illustration on the visual stimuli. (the averaged luminance for black cells in 
checkerboard are 0.70	ܿ݀/݉ଶ, and for white cells are 17.75 ܿ݀/݉ଶ, so the contrast is 92.42%; 
Note that checkerboard is encircled by grey bar with luminance of 0.35	ܿ݀/݉ଶ and width of 
2.1cm; for PRVEP, checkboard has 48×36 cells with size of 0.53cm; for MOVEP, 
checkboard has 24×18 cells with size of 1.06cm which is twice larger than PRVEP cells) 

 

Procedures 
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For each pattern-reversal VEP (PRVEP) trial, the black and white cells in the checkerboard 

flip their positions. The flipping frequency is 2Hz, so the trial length of PRVEP is 500ms. For 

each motion-onset VEP (MOVEP) trial, the checkboard texture would move rightward or 

leftward randomly for 200ms (speed: 12.6° of FOV/s) inside the checkboard window (the 

area within the grey bars) with a duty cycle of 200/1200ms, so the trial length is 1200ms for 

MOVEP. Both PRVEP and MOVEP had conducted for 400/1000 trials under the STA/ROT 

condition respectively. Trials with the same stimuli-motion type (STA/ROT) and same VEP 

type (MOVEP/PRVEP) were grouped into short blocks at similar length (4-5 min, see Table 

5.1 for illustration on the trial numbers contained in each block and block numbers for each 

condition). The sequence of each block is randomized among participants with sufficient rest 

between successive blocks (see Table 5.1 for detail parameters). Same as study one, trials 

which recorded within 2s of each perception state changes (from vection to no-vection, or 

vice versa) were excluded to eliminate the influence of intermediate state and hand 

movement artifacts. All procedures were approved by the ethics committee of the Hong 

Kong University of Science Technology and performed in accordance with the Declaration 

of Helsinki. 

Apparatus and EEG recording 

The stimuli were presented using the same 46-in LCD monitor (Screen FOV: 93.5°× 61.8°; 

View distance: 48cm) with the same setups to control the head/body movement and eliminate 

environment visual cues as study one (Appendix B). Participants were instructed to fix their 

eyes on a center red dot (diameter: 0.6° of FOV) to suppress OKN and other eye movements. 

Visual stimuli were synchronized with EEG recording by sending TTL level triggers to the 

amplifier through a parallel port. EEG from eight channels (Fz/AFz/Cz/A1/A2/O1/Oz/O2, 

Ag/AgCl sintered, QuikCaps, Compumedics Neuroscan, USA) complying the 10-20 system 

(Appendix H) were recorded together with four EOG channel (for eye movement control and 

eye artifacts rejection). Impedances between all channels and ground channel (AFz) were 

kept below 5kΩ for a DC-coupled, 22 bit, monopolar amplifier (Nuamps, Compumedics 
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Neuroscan). All stimuli and EEG synchronization triggers are programmed by the Matlab 

using the Psychtoolbox-3 extensions (Brainard 1997; Pelli 1997).  

5.3.3 Response measures 

Subjective vection and VIMSS reports 

Same as in study one, participants were trained to report their vection intensity based on a 5-

point vection magnitude scale revised from previous studies (1=no vection; 5=saturated 

vection; Webb & Griffin, 2003; see Appendix G). The percentage of vection duration under 

each condition can be obtained from the response from participants. VIMS susceptibility data 

were assessed using Motion Sickness Susceptibility Questionnaire (MSSQ) Short-form 

(Golding, 1998), which included two subscale (child scale: MSSQ_C; adult scale: MSSQ_A). 

EEG signal 

EEG data were digitized at a sampling rate of 1000 Hz, filtered in bandpass range from 1.6 

Hz to 30 Hz and segmented into epochs starting from 100ms prior to the onset of each trial 

and ending at 400ms after it. Baseline was removed based on pre-onset 100ms. According to 

previous studies, PRVEP epochs were referenced to channel Fz (Thilo et al. 2003), while 

MOVEP epochs were referenced to linked mastoids (Kubová et al. 1995). Saccade artifacts 

were removed by rejecting epochs based on step-like artifacts test in HEOG channel (window 

width: 400ms; step: 50ms; threshold: ±30 µV). Epochs polluted by other eye movement, eye-

blinks and other artifacts were rejected using moving window peak-to-peak method (window 

size: 200ms; step: 50ms; threshold: ±100 µV) for all channel. Remaining valid epochs were 

averaged for four conditions (STA: static condition; ROT: rotating condition; RN: ROT 

without vection; RV: ROT with vection; note that ROT=RN+RV) respectively (see Table 5.1 

for mean epoch numbers included for each type of VEP at each condition). The peak 

amplitude and peak latency of N1/P1/P3 in PRVEP and N2 in MOVEP were measured from 

averaged VEP waves of each participant. The selection of VEP components are based on the 

common dominant components of each VEP type (Bach and Ullrich 1997; Kubová et al. 
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1995) and previous reported VEP components associated with vection [N1: (Thilo et al. 

2003); P1: (Stróżak et al. 2016); N2: (Keshavarz and Berti 2014; Stróżak et al. 2016; 

Vilhelmsen et al. 2015); P3: (Stróżak et al. 2016)].   

Table 5.1 Trial and block summary for each VEP types 

VEPs 
Reversing 

Rate 
Duty 
Cycle 

Trial 
length 

Trials 
per block 

Block 
length 

Total 
Blocks 

Mean (SD) for 
Valid epoch 

PRVEP 2Hz - 500ms 
STA 400 200s 1 367.5 (37.6) 

ROT 500 250s 2 
RN 407.9(284.1) 
RV 550.6(334.3) 

MOVEP - 0.2/1.2s 1200ms 
STA 

200 240s 
2 373.1 (18.8) 

ROT 5 
RN 365.3(139.7) 
RV 489.5(172.7) 

Total - 10 2553.8 (443.9) 
 

5.4 Data analysis and result 

Peak amplitudes (PAmp) and peak latencies (PLat) of each VEP component (N1, P1 & P3 of 

RPVEP; N2 of MOVEP) were measured from the average EEG epochs of each subject at 

each condition. Repeated measures MANOVAs were then conducted separately for each 

component indicator with the paired contrast factors (stimuli-motion: STA/ROT; vection-

perception: RV/RN) and laterality factor (O1-left/Oz-middle/O2-right).  

5.4.1 PRVEP 

For RPVEP, significant vection-perception main effect was found in both the peak amplitude 

of N1 [ܨሺ1,13ሻ ൌ 5.599, ݌ ൌ 0.034] and P1 [ܨሺ1,13ሻ ൌ 11.396, ݌ ൌ 0.005ሿ, where RV 

(vection) condition in general showed smaller peak amplitude than RN (no-vection) 

condition (Figure 5.2). Results supported the H5a. Moreover, marginal significant laterality 

main effect was found for P1 [ܨሺ2,26ሻ ൌ 2.654, ݌ ൌ 0.078], with Bonferroni-corrected post 

hoc comparisons revealed that O1 peak amplitude was smaller than Oz (݌ ൏ 0.05). It is 

noteworthy that no stimuli-motion main effect was found for either N1 or P1 peak amplitude. 
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However, for P3 peak amplitude, there was significant main effect of stimuli-motion 

[ ሺ1,13ሻܨ ൌ 14.537, ݌ ൌ 0.002 ] rather than vection-perception (Figure 5.2), with STA 

condition larger than ROT condition and no difference between RN & RV.  

 

 

Figure 5.2 Comparisons of VEP for vection-perception contrasts for all three occipital 
electrodes. (The red markers indicated the significant/or marginal simple effects for each 
electrode and their p-values; note that with vection the P1 and N1 are significantly smaller, 
while the P3 is not significantly different between RN and RV; note that all PRVEP is 
referenced to Fz channel based on previous studies). 

 

 

Figure 5.3 Comparisons of VEP for stimuli-motion contrasts for all three occipital electrodes. 
(The red markers indicated the significant simple effects for each electrode and their p-values; 
note that the P1 and N1 are no significant difference, while the P3 is significantly larger in 
STA and ROT). 
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As for peak latency, no significant difference was found between all conditions for N1or P1. 

For P3 latency, significant stimuli-motion main effect [ܨሺ1,13ሻ ൌ 11.792, ݌ ൌ 0.004] and 

marginal significant vection-perception main effect [ܨሺ1,13ሻ ൌ 3.424, ݌ ൌ 0.087 ] were 

revealed, with STA shorter than ROT condition and RN shorter than RV condition. No 

interaction effect and laterality effect were identified for peak latency. 

5.4.2 MOVEP 

For MOVEP, N2 peak amplitude was neither significant for the stimuli-motion or vection-

perception contrast, but the peak amplitude in STA condition is marginally larger than ROT 

condition [ܨሺ1,13ሻ ൌ 3.534, ݌ ൌ 0.083]. Moreover, it is worth mentioning that N2 peak 

latency of Oz tended to be shorter during vection (RV<RN). This peak latency difference was 

significantly positively correlated with the individual vection duration ( ݎ ൌ 0.467, ݌ ൌ

0.046), where subjects who experienced longer vection demonstrate larger advances of peak 

latency. Results are in line with the H5b. Furthermore, we found significant main effect on 

laterality for stimuli-motion contrast model [ܱ1 ൏ ݖܱ ൏ ܱ2; ሺ2,26ሻܨ	 ൌ 3.407, ݌ ൌ 0.049], 

where N2 peak amplitude demonstrated a right hemispheric emphasis. 

5.4.3 Models with MSSQ scores 

Similar to study one, as we are interested in how the regulations on VEP during vection 

varied according to the VIMS susceptibility of participants, we also conducted separated 

MANOVA models with MSSQ scores (MSSQ_A; MSSQ_C) added as covariates. The 

interaction term with MSSQ scores was revealed significant in peak amplitude of N2 from 

MOVEP and child scale of MSSQ [N2୔୅୫୮ ൈ :஼ܳܵܵܯ ሺ1,12ሻܨ ൌ 5.635, ݌ ൌ 0.035], where 

resistant people generally showed larger N2 peak amplitude during vection than no-vection 

period and susceptible people demonstrated opposite effects. This significant interaction term 

explains why no main effects of vection were revealed in peak amplitude of N2 in vection-

perception contrast without adding MSSQ scores in the model (see 5.4.3) and also supports 

the H6. 
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Figure 5.4 Comparisons of VEP under all conditions for three occipital electrodes. (Note that 
the peak amplitude is larger in right hemisphere, with O2>O1; No peak amplitude difference 
was revealed for all contrast, but STA is marginally larger than ROT condition; note that all 
MOVEP are referenced to linked mastoid indicated as A1A2 based on previous studies) 

 

Moreover, in consistent with the positive correlation between vection and advanced N2 peak 

latency, the vection main effect was found to be significant in the model with MSSQ_A 

added as covariates [vection-perception :	ܨሺ1,12ሻ ൌ 5.503, ݌ ൌ 0.037], where RV showed 

advanced Plat than RN. This supported the H5b. The interaction term is also significant for 

vection-perception contrast and adult scale of MSSQ: [ N2୔୐ୟ୲ ൈ ሺ1,12ሻܨ	:஺ܳܵܵܯ ൌ

7.587, ݌ ൌ 0.017], with resistant people showing facilitated N2 while susceptible people 

showing delayed N2 during vection. This significant interaction term explains why no 
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significant effects of vection were revealed in peak latency of N2 in vection-perception 

contrast without adding MSSQ scores in the model (see 5.4.3) and also supports the H6. 

To quantify the effect size in N2 peak amplitude for each participant, we calculate the 

increment of N2 peak amplitude (N2୔୅୫୮_୧୬ୡ) by using peak amplitude in RV condition 

subtracting peak amplitude in RN condition (N2୔୅୫୮_୧୬ୡ ൌ N2୔୅୫୮_ୖ୚ െ N2୔୅୫୮_ୖ୒). For 

the effect size of N2 peak latency, we calculate the advance of N2 peak latency (N2୔୐ୟ୲_ୟୢ୴) 

by using peak amplitude in RN condition subtracting peak amplitude in RV condition 

(N2୔୐ୟ୲_ୟୢ୴ ൌ ܰ2௉௅௔௧_ோே െ ܰ2௉௅௔௧_ோ௏).  

Further correlation and regression analysis revealed that the N2୔୅୫୮_୧୬ୡ and N2୔୐ୟ୲_ୟୢ୴ from 

different occipital electrodes are significantly negatively correlated with MSSQ scores (see 

Table 5.2 for the coefficient and Figure 5.5 for scatter plot). To evaluate the prediction power 

of identified predictors, we conduct a separate regression model for the raw score and 

percentile score of two MSSQ subscales. Results showed that the N2୔୅୫୮_୧୬ୡ from the O1 

electrode showed the best prediction power for the raw score of MSSQ_C, and N2୔୐ୟ୲_ୟୢ୴ 

from the Oz electrode showed the best prediction power for the percentile score of MSSQ_A 

(see table 5.2), which supports the H6. 

EEG data analyses were validated using both Curry 7.0.8 signal processing package 

(Compumedics Neuroscan, USA) and Eeglab/Erplab (Delorme and Makeig 2004; Lopez-

Calderon and Luck 2014) with various commonly applied pre-processing and artifacts 

removing/rejecting methods. All results remain robust regardless of different EEG pre-

processing procedures.   
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Table 5.2 Correlations and regression models for VEP indicators predicting MSSQ scores  

Visual Response Indicators MSSQ Scale Score 
VEP 

indicators 
Electrodes MSSQ_C MSSQ_C_P MSSQ_A MSSQ_A_P 

 ܋ܖܑ_ܘܕۯ۾૛ۼ

O1 
-0.598* 

(p=0.024) 
-0.499^ 

(p=0.069) 
- - 

Oz 
-0.579* 

(p=0.030) 
-0.519^ 

(p=0.057) 
- - 

O2 - - - - 

 ܞ܌܉_ܜ܉ۺ۾૛ۼ

O1 - - - 
-0.438^ 

(p=0.117) 

Oz - - - 
-0.540* 

(p=0.046) 

O2 - - - 
-0.414^ 

(p=0.141) 
Regression Model Summary 

Models Predictors Beta R ܴଶ F 

1. MSSQ_C 
N2୔୅୫୮_୧୬ୡ_୓ଵ -0.598* 

(p=0.024) 
0.598 0.358 

6.693* 
(p=0.024) N2୔୅୫୮_୧୬ୡ_୓୸ Excluded 

N2୔୅୫୮_୧୬ୡ_୓ଶ	 Excluded 

2. MSSQ_A_P 

N2୔୐ୟ୲_ୟୢ୴_୓ଵ Excluded 

0.540 0.292 
4.938* 

(p=0.046) N2୔୐ୟ୲_ୟୢ୴_୓୸ 
-0.540* 

(p=0.046) 
N2୔୐ୟ୲_ୟୢ୴_୓ଶ Excluded 

Two-tailed p-value: ** p<0.01; * p<0.05; ^ p<0.15. MSSQ_C, MSSQ_C_P represent the raw 
and percentile score of MSSQ child scale; MSSQ_A, MSSQ_A_P represent the raw and 
percentile score of MSSQ adult scale; N2୔୅୫୮_୧୬ୡ_୓ଵ, N2୔୅୫୮_୧୬ୡ_୓୸	 and N2୔୅୫୮_୧୬ୡ_୓ଶ 
represent the increment of peak amplitude of N2 component at O1, Oz and O2 electrodes 
respectively. N2୔୐ୟ୲_ୟୢ୴_୓ଵ, N2୔୐ୟ୲_ୟୢ୴_୓୸ and N2୔୐ୟ୲_ୟୢ୴_୓ଶ represent the increment of peak 
amplitude of N2 component at O1, Oz and O2 electrodes respectively; only 
marginal/significant correlation results are included. Model 1 predicts the MSSQ_C score; 
Model 2 predicts MSSQ_A. Note that no predictor is found to be significant for the total 
scale of MSSQ.  
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Figure 5.5 Scatter plot for the visual response indicator (increment of N2 peak amplitude at 
O1 electrode) and child scale of MSSQ (In general, for resistant participants the increment 
N2 during vection period is positive, while for susceptible people the increment is negative). 

 

Figure 5.6 Scatter plot for the visual response indicator (advance of N2 peak latency at Oz 
electrode) and percentile score of MSSQ adult scale (Note that for resistant people N2 peak 
latency tend to be shorter during vection, while for susceptible people the Plat tend to be 
longer during vection) 
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5.4.4 Vection and VIMS reports 

Additionally, we also conducted repeated measures MANOVAs for vection intensity and 

duration separately. There is no significant difference in vection intensity and the percentages 

of vection duration for PRVEP and MOVEP under the ROT condition, so the vection data 

are pooled together for each participant. The mean and SD for vection intensity and the 

vection duration (in percentage) are 2.64±0.84 and 55.42±16.61 (%). The percentile score 

of VIMSS varies among participants from 0 to 96% (see Appendix F). Since the block 

exposure time was controlled to be short (<=250 s) with sufficient rest between blocks, no 

subjects experienced nausea, vomiting or other severe unpleasant feelings. 

5.5 Discussion 

This study examined the regulation on two types of VEP responses (PRVEP and MOVEP) 

under vection-inducing stimulation. We found earlier VEP components from PRVEP (N1/P1) 

to be suppressed during vection perception, while the N2 components from MOVEP to be 

facilitated with the experience of vection. Moreover, the magnitudes of effects on N2 are 

negatively correlated with the susceptibility to motion sickness.       

For PRVEP, both the peak amplitudes of N1 and P1 were found to be significantly decreased 

during vection as compared with no vection perception period under same roll vection-

inducing stimulation. Those findings are agreed with our results in study one that visual 

performances in CVF are generally impaired (see chapter 4), as well as previous related EEG 

findings which adopted radial or straight stripe stimuli (Stróżak et al. 2016; Vilhelmsen et al. 

2015). Thilo (2003) reported reduced N1 amplitudes of PRVEP for occipital channels during 

self-motion perception when subjects were exposed to peripheral optokinetic stimulation. In 

another recent study, the amplitudes of P1 and P3 event-related potential triggered by oddball 

task were found to be smaller in horizontal moving condition than static controls (Stróżak et 

al. 2016). In this study, we designedly separated the comparison for stimuli-motion and 

vection-perception conditions. As the N1/P1 amplitude reduction only occurred with 
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subjective perception of vection (under same visual stimulation) instead of the rotating of 

peripheral dot pattern (Figure 5.2), our findings suggested that the N1/P1 suppression effect 

shall be mainly attributed to vection perception rather than the stimuli motion as well as the 

nystagmus introduced by optokinetic stimulation. Moreover, as the amplitudes of P3 

component showed significant difference for stimuli motion contrast instead of the vection 

perception contrast (Figure 5.3), researchers should be more conservative regarding the 

suppression effects reported with later VEP components (P3), since it might be largely due to 

stimuli motion rather than vection. In sum, results suggested that the regulations during 

vection perception are mainly direct at earlier VEP components, which are responsible for 

primary and fundamental visual functions (e.g. contrast processing), than later components 

which are responsible for more complicated cognitive functions (e.g. pattern recognition; 

object detection) (Luck 2005).   

More interestingly, for MOVEP, instead of suppression effect, shorter latency of N2 was 

found to be positively correlated with vection perception duration. Moreover, significantly 

larger N2 amplitudes were revealed in vection period for VIMS susceptible people. Those 

results are also consistent with previous horizontal vection studies (Keshavarz and Berti 2014; 

Stróżak et al. 2016; Vilhelmsen et al. 2015), where enhanced N2 components were found for 

conditions that capable to introduced stronger vection. Since most of previous study did not 

present vection-inducing stimulation for a period long enough to introduce vection perception 

when collecting VEPs (Keshavarz and Berti 2014; Vilhelmsen et al. 2015), our study is 

actually the first work that found peak latency of N2 to be correlated with the individual 

subjective vection reports. According to former studies, N1/P1 potential generated from 

PRVEP can serve as an indicator for the contrast processing, while the N2 potential 

generated from MOVEP could be more associated with the motion-processing (Bach and 

Ullrich 1997; Kubová et al. 1995; Souza et al. 2013). Furthermore, it was revealed by 

considerable studies that the modulation on VEP components can reflect the shift of 

processing emphasis of our visual system (Hillyard, Vogel, and Luck 1998; Mangun 1995). 

For example, P1 amplitude is decreased when stimuli are unattended, while shorter N2 

latency was found when more attention resource is directed to process the stimuli (Correa et 
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al. 2006; Kempel et al. 2003). Therefore, it is possible that the opposite modulation effect on 

N2 could due to a general processing emphasis from other functions to motion processing 

during vection.  

Note that in this study, the N2 amplitude is significantly different between RV and RN only 

after controlling the VIMS susceptibility, which suggested that more emphasis shall be put 

on the association between this regulation effect and susceptibility to VIMS. Further 

correlation and regression analysis supported our hypothesis H2 that the regulation on VEP 

components should depend on the susceptibility to VIMS. We found that resistant people 

tend to facilitate N2 during the perception of vection, while susceptible people showed an 

opposite trend. This might suggest that resistant people better achieved the direction of 

processing emphasis to motion processing than susceptible people. Admittedly, since the 

percentile of VIMS susceptibility is widely distributed in our participant group, we have very 

limited participants (<6) who are extremely susceptible or extremely resistant to VIMS. 

Moreover, since this effect is obtained by the relative difference between vection and no 

vection period, we have no idea whether this effect is due to susceptible people produce 

larger N2 under RN condition or they generate smaller N2 under RV condition, as compared 

to resistant people. New motion baseline that unable to induce vection (with the local motion 

and visual complexity controlled) to serve as contrast for both RV and RN condition is 

necessary for clarify this ambiguity. Therefore, further explorations should explore how N2 

signatures are differently organized in VIMS susceptible and resistant people (with a more 

representative group of subjects), while they are exposed to vection-inducing stimulation and 

new motion baseline.     

5.6 Summary 

5.6.1 New findings and contributions 

In this study, we further explored the impaired visual response in CVF revealed by SART in 

study one. More specifically, we have mainly explored the temporal properties of visual 
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regulations under vection-inducing stimulation which marked by various VEP components 

evoked at different time stamp. Results suggested that the impairment of visual performance 

during vection actually has started as earlier as the N1 component (see Figure 5.2, evoked 

around 140ms) and P1 component (see Figure 5.2, evoked around 170ms). Moreover, as the 

P3 (see Figure 5.3, evoked around 310ms) component has been revealed to be associated 

with stimuli motion rather than vection perception (see Figure 5.2), this implies that the 

negative regulation of visual response during vection is mainly focused on primary visual 

functions, rather than more complicated cognitive functions.  

Moreover, we also found the enhancement of N2 component during vection and the 

magnitude of this effect is closely associated with VIMS susceptibility. This result is in line 

with our main hypothesis that during vection there is a processing emphasis shift from other 

visual function to motion processing to facilitate and stabilize the vection perception, which 

contributes to the sensory conflict reduction and thus prevent VIMS.   

Furthermore, study two has identified new EEG signatures (peak amplitude of P1/N1/N2 and 

peak latency of N2) as vection indicators, as well as the N2 signatures (peak amplitude and 

peak latency) as VIMS predictors. As the first EEG study in this research, our replications on 

previous experiment findings also validate the EEG set-ups and recording procedures for our 

following EEG studies. 

5.6.2 Raised further questions and focus of follow-up works 

Admittedly, we did not found any correlation between identified EEG signatures and vection 

intensity perceived by individuals. Therefore, those vection indicators can only reflect the 

presence of vection, rather than the magnitude of vection intensity, which are less promising 

to be developed into quantitative vection measures.  

This might due to the drawbacks of transient VEP—vulnerable to motion artifacts and all 

kinds of other noise (e.g. eye and head movements, EKG). Because of its relatively low SNR, 

we need to average plenty of trials to obtain the transient VEP indicators, which also make 



 

91 
 

  
 
 

those vection indicators impractical and less sensitive to the variation of vection experiences. 

Also, the large individual variation introduced by VIMS susceptibility might also hide the 

effects related to vection. Future explorations with a larger and more representative group of 

subjects are desirable. 

Moreover, in study two we only focus on occipital electrodes to explore the temporal 

properties and replicate the results from Thilo (2003). Further explorations with higher 

dimensional spatial detectors (e.g. EEG signal collected from electrodes widely distributed 

over occipital, temporal, parietal and frontal areas) could better assistant us to capture the 

spatial properties on the visual response regulation during vection. This can also facilitate the 

identification of more reliable EEG indicators, because we might be able to search for better 

electrode or location on the scalp or even make use of multiple electrodes as vection 

indicators.  

Last but not least, study two focused on VEP mainly evoked from CVF and investigated the 

modulation of those VEPs under vection-inducing stimulation in PVF. As we discussed in 

chapter 2, further explorations that are capable to simultaneously measure and differentiate 

the response both CVF and PVF is more desirable for vection indicators. 

Therefore, in the follow up works, we go further to explore the spatial properties of VEP 

response with higher dimensional EEG channel system (32-channel quick cap) and well-

directed indicators that capable to explore and compare response originated from CVF and 

PVF. Particularly, in study three, we examine the steady-state VEP (SSVEP) and its 

topography under vection-inducing stimulation. As introduced in chapter 3, SSVEPs preserve 

better SNR and is less vulnerable to motion artifacts than transient VEPs. Moreover, as 

described in section 3.1.3, we utilize the frequency tags in visual stimulation to differentiate 

the SSVEP indicators that are responsible for the CVF and PVF respectively. Furthermore, in 

following study four, we also try to recruit screened and more representative VIMS 

susceptible and resistant participants to better explore the N2 signatures and how it 

differently organized for two VIMS groups.       
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CHAPTER 6  STUDY THREE – STEADY-STATE VEP 

RESPONSES UNDER VECTION-INDUCING 

STIMULATION 

6.1 Introduction 

This study focuses on investigating the spatial properties of regulation on SSVEP during 

vection. Specifically, we examine the changes of SSVEP topography under vection-inducing 

stimulation and searches for EEG covariates with vection among participants with various 

VIMS susceptibility. Similar stimuli adopted in study two were applied to study three. The 

dots pattern in PVF and checkerboard in CVF were flickered at two specific frequencies of 

alpha band (12 and 8.6Hz) respectively to generate SSVEP, while the dots pattern in PVF 

was rotating to induce vection. The frequency power at two frequency tags was calculated as 

SSVEP indicators. To explore the vection associated effects, electrodes of interest (EOIs) are 

selected based on topography of frequency power. Moreover, as the top-down attention 

regulation can modulate both the perception of vection and SSVEP topography, we design 

three types of attention allocation task and explore how top-down regulation interaction with 

the vection and SSVEP effects. Then, those identified effect indicators are further explored as 

VIMS predictors by analyzing the prediction power for MSSQ scores. 

6.2 Objective and hypotheses 

The objectives of this study are: 1) explore the topography of SSVEP indicators (two 

frequency marker: 12 and 8.6Hz) to locate electrode of interest (EOIs) which response 

strongest to PVF and CVF stimulations for future and follow-up works; 2) explore how the 

identified SSVEP indicators from EOIs changes with the perception of vection to evaluate 

their potential as effective vection indicators; 3) explore the interaction between the top-
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down attention regulation, vection perception and SSVEP indicators to better understand the 

properties of SSVEP indicators. 

Based on the nature of SSVEP (see section 3.1.3 for introduction), we expected to observe 

peaks at the flickering frequency of stimulation (8.6Hz for CVF; 12Hz for PVF) and their 2nd 

harmonics (17.2Hz for CVF; 24Hz for PVF) in the power spectrum of SSVEP (H7). 

Moreover, as the cortical region which primarily responsible for processing the CVF and 

PVF stimuli shall be different, we expect the power topography for two marked frequencies 

(8.6 and 12Hz) should be significantly different (H8a), where the EOIs produce strongest 

frequency power should be different (H8b).  

According to Brandt’s theory (1998) and our findings in study 1&2, it is anticipated that 

people direct more processing resource from CVF to PVF during vection, hence we expected 

that vection is associated with a power shift from CVF stimuli EOI to PVF stimuli EOI (H9). 

Furthermore, as we assume this effect can facilitate the sensory conflict reduction and 

prevent VIMS, we expected that the magnitudes of the effects are negatively correlated with 

the MSSQ scores of individual participants (H10). Moreover, we expected the top-down 

attention regulation should have interaction effect on both vection perception (H11a) and the 

vection associated effects (H11b).  

6.3 Methods 

6.3.1 Participants 

Fifteen university students (9 male; Age: 24-27 years old, mean 25.40, SD 1.40; 14 right-

handed), with 20/20 (or corrected) eyesight and normal color vision, were recruited with 

complete informed consent. This group of participants exhibits a large variation in VIMS 

susceptibility [measured using the Motion Sickness Susceptibility Questionnaire (MSSQ) 

Short-form; see Golding 1998] from 0-85% in percentile, which in general follows the 

percentile distribution in the population (See Appendix F). All participants are free of any 
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vestibular injury or medical treatment. None of them were heavy video game players or had 

rich experience with large-screen visual motion stimuli.  

6.3.2 Stimuli, apparatus, task and procedures 

Stimuli and task 

Same as study two, grey dots (FOV diameter: 0.5~1.3°) were randomly generated on a black 

background and all grey dots coherently rotated anticlockwise (angular velocity: 32°/s) as the 

ROT condition. To focus on more narrowly defined CVF (as we introduced in section 1.5 

and 2.1.2), an achromatic checkerboard occupied 11.4 × 15.1°of FOV (smaller than the one 

in study two) was presented to CVF (see Figure 6.1). To evoke the SSVEP, the random dots 

in PVF were alternated between strong (contrast: 91.62%; dots luminance: 1.6	ܿ݀/݉ଶ) and 

weak (contrast: 26.32%; dots luminance: 0.12	ܿ݀/݉ଶ) contrast condition at a frequency of 

12Hz, while the checkerboard in CVF was reversed at a frequency of 8.6Hz (luminance: 

10	ܿ݀/݉ଶ for white cell; 0.62	ܿ݀/݉ଶ for black cell; contrast: 88.32%). To provide a general 

control for the local visual stimuli motion, a control (COT) condition without flickering is 

formed by letting the grey dots moved toward randomized directions, while keeping linear 

velocity paralleled with angular velocity as former studies employed (Brandt et al. 1998; Wei, 

Fu, and So 2017). Similar to study two, subjects were trained to indicate their vection 

perception state continuingly under the ROT condition by pressing response buttons using 

right hand. Similarly, the vection-perception contrast is compared between the SSVEP 

recorded under same ROT condition but within time periods indicated by participants as 

different perception state (ROT during vection: RV; or no-vection: RN). Same as study two, 

SSVEP recorded within 2s of the perception state changes (from vection to no-vection, or 

vice versa) were not included in RV/RN conditions as they were conducted within the 

transition state. Moreover, in this study, we collected SSVEP recorded within 2s of the 

vection onset (from no-vection to vection, indicated by button pressing of participants) and 

assigned them into a separate vection onset (VEON) condition to explore the transition state 

before and after vection onset.  
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Procedures 

Each trial started with a 1.5s-baseline black background (BAS), followed by 15s ROT stimuli. 

Participants were trained to press a key button with right hand index finger to indicate the 

onset or offset of roll vection (all participants watched one trial of stimuli demo and received 

sufficient training on how to identify the state of self-rotational vection). After the ROT 

stimulation with another 3s-BAS, COT stimuli would last for 3s and this trial end with a 

1.5s-BAS (see Figure 6.2).  

 

Figure 6.1 Illustration on the visual stimuli. (The averaged luminance for black cells in 
checkerboard are 0.62	ܿ݀/݉ଶ, and for white cells are 10 ܿ݀/݉ଶ, so the contrast is 88.32%; 
Note that checkerboard is encircled by grey bar with a luminance of 1.54	ܿ݀/݉ଶ and a width 
of 0.53cm; the highlighted grey area is just for illustration, so it is larger than actual stimuli; 
checkboard has 24×18 cells with a size of 0.53cm) 

 



 

96 
 

  
 
 

Hence, each trial cost 24 seconds. And each block consisted of 8 trials (24 × 8 = 192 sec per 

block). Before next block, participants rested for 3-10min, until no fatigue or discomfort was 

reported.   

 

 

Figure 6.2 The procedure of each trial. (Note that participants are required to indicate their 
vection perception state by pressing the response button under the ROT stimulation) 

 

To explore the interaction of vection and top-down attention regulation, three types of 

attention task were conducted with different instructions: 1) stationary focus (STA: 

participants are instructed to focus on the stationary cues and ignore any self-motion cues to 

suppress the self-motion perception); 2) self-motion focus (SMO: participants are instructed 

to focus on the self-motion cues and imagine that they were sitting inside a space ship and 

looking at the rotating stars in the sky to facilitate the self-motion perception); 3) no focus 
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requirement (NOF: participants are instructed to assign the attention to whole screen without 

any particular focus). All participants finished three STA blocks, three SMO blocks and six 

NOF blocks. The sequence of each block is randomized among participants with sufficient 

rest between successive blocks (see Table 6.1 for summary).  

Apparatus and EEG recording 

The stimuli were presented using the same 46-in LCD monitor (Screen FOV: 93.5°× 61.8°; 

View distance: 48cm; refreshing rate: 60Hz) with the same setups to control the head/body 

movement and eliminate environment visual cues as study one (Appendix B). Participants 

were instructed to fix their eyes on a center red dot (diameter: 0.6° of FOV; luminance: 

5.05 	ܿ݀/݉ଶ ) to suppress OKN and other types of eye movements. During stimuli 

presentation, the EEG was recorded together with two horizontal EOG (left and right) and 

two vertical EOG (upper and lower) channels using a NuAmps Amplifier (DC-coupled, 22 

bit, monopolar) from 36-channel Ag/AgCl sintered electrodes (Quik-Cap, Compumedics 

Neuroscan) based on the international 10-10 system (Appendix H) referenced to linked 

mastoid electrodes. Impedances between all channels and ground channel (AFz) were kept 

below 5kΩ. Same procedures and protocols validated in study two for EEG recording and 

synchronization triggers with visual stimuli were applied in this study. 

6.3.3 Response measures 

EEG signal preprocessing 

Raw EEG data were digitized at a sampling rate of 1000 Hz and a bandwidth of DC-260Hz, 

and then filtered offline with FIR filter at a band-pass of 1.6-45Hz. Data were segmented into 

1167ms-epochs for each type of condition (see Table 6.1 for detail), based on the length of 

two concessive cycles of the visual flickers --the refreshing rate of monitor is 60Hz, hence 

the PVF dots pattern flickers at every fifth screen flip (12Hz) and the CVF checkerboard 

flickers at every seventh screen flip (8.6Hz); so one complete cycle of visual flicker is 5 × 7 

= 35 screen flips (each flip ≈16.7ms, total ≈583ms).  
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Independent components analysis (ICA) was then applied to these epochs using EEGLAB 

(Delorme and Makeig 2004), and components identified as eye movement artifacts were 

removed using automatic toolbox ADJUST (Mognon et al. 2011). The epochs contaminated 

by other artifacts were rejected based on moving window peak-to-peak method (window size: 

200ms; step: 50ms; threshold: ±100 µV) and extreme value of remaining components 

(threshold: ±20 µV). The average epochs remained for each condition and their standard 

deviations were listed in the Table 6.1. The averaged epochs were then transformed into 

power spectrum at frequency domain.  

 

Table 6.1 Summary for block, trial and epoch numbers in experimental conditions 

 Attention Allocation Task Total 

Stationary focus 
(STA) 

Self-motion focus 
(SMO) 

No focus 
(NFO) 

Block/Trial numbers 3 B/24 T 3 B/24 T 6 B/48 T 12 B/96 T
Mean clean epochs (SD) 227.6 (50.4) 220.5 (46.3) 625 (199.3) 1073.2 

(233.9) 
Vection conditions     

ROT 

RV 77.7 (47.5) 96.2 (47.8) 351.4 (124.3) 
173.9 
(91.1) 

RN 150.0 (71.0) 124.3 (58.2) 273.7 (137.6) 
274.2 

(119.5) 

VEON - 
163.7 
(47.8) 

COT  - 
180.3 
(27.3) 

  

Subjective vection and VIMSS reports  

Participants were trained to report their vection intensity after each block, based on a 5-point 

vection magnitude scale revised from previous studies (1=no vection; 5=saturated vection; 

Webb & Griffin, 2003; see Appendix G). The percentage of vection duration under each 

condition can be obtained from the response from participants. VIMS susceptibility data were 
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assessed using Motion Sickness Susceptibility Questionnaire (MSSQ) Short-form (Golding, 

1998), which included two subscales (child scale: MSSQ_C; adult scale: MSSQ_A). 

6.4 Data analysis and result 

6.4.1 Vection and VIMS reports 

Repeated measures MANOVAs were conducted separately for the vection intensity and 

percentage of vection duration across different attention allocation tasks. The mean and SD 

of these subjective vection measures are reported in Table 6.2 and demonstrated in Figure 6.3. 

Results revealed significant main effect of attention task in the percentage of vection duration 

[ ሺ2,28ሻܨ ൌ 4.269, ݌ ൌ 0.024 ], where pairwise comparisons only revealed that SMO 

condition is larger than STA condition [p=0.016]. No significant main effect of attention task 

was found in vection intensity. The percentile score of VIMSS varies among participants 

from 0 to 85% (see Appendix F). Since the block exposure time was controlled to be short 

(192 s) with sufficient rest between blocks, no subjects experienced nausea, vomiting or other 

severe unpleasant feelings. Results suggested that top-down attention allocation to self-

motion perception can actively introduce longer duration of vection, even when participants 

were exposed to same physical stimulation, which supported H11a. 

Table 6.2 Mean and SD of subjective vection measures 

Attention task Stationary focus 
(STA) 

Self-motion focus 
(SMO) 

No focus 
(NFO) 

Averaged 

Vection intensity 2.33  
(0.63) 

2.66 
(0.86) 

2.40 
(0.55) 

2.40 
(0.47) 

Vection duration* 
(%) 

39.32% 
(20.22) 

48.57% 
(15.48) 

47.22% 
(17.04) 

45.04% 
(15.95) 

* Note that the percentage of vection duration is used to facilitate the comparison between conditions 
with different total stimuli exposure time; calculated by using the length of vection period dividing 
the length of total stimuli exposure time; the standard deviations are provided in the brackets. 
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Figure 6.3 The comparison of vection duration among different attention tasks. (Note that 
pairwise comparisons only reported a significant difference between SAT and SMO; the 
error bars are standard errors calculated based on repeated measures model) 

 

6.4.2 SSVEP results 

Firstly, we conducted initial analysis on the properties of SSVEP by using the data under 

NFO condition to eliminate the effect due to attention manipulation.  As expected, we found 

four peaks in the frequency power spectrum of averaged SSVEPs, which are corresponding 

to the PVF stimuli frequency (12Hz), the 2nd harmonic of the PVF stimuli frequency (24Hz), 

the CVF stimuli frequency (8.6Hz) and the 2nd harmonic of the CVF stimuli frequency 

(17.2Hz) in all participants (see Figure 6.4 for illustration on group averaged power spectrum 

at frequency domain), which supported the H7. 

To explore the spatial distribution of the SSVEP power at stimuli frequencies we plot the 

topography of the power at 12Hz (PVF stimuli) and 8.6Hz (CVF stimuli) respectively. As 

showed in Figure 6.4a, the electrode which response strongest to PVF stimulation (12Hz) is 

the Pz electrode, while the Oz electrode has showed strongest responses to CVF stimulation 

(8.6Hz), which supported the H8b. Based on this, Pz and Oz were selected as EOIs for 

further analysis. 
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Figure 6.4 Topography of SSVEP power at stimuli frequencies and the power spectrum of 
EOIs. a. Topography of SSVEP power at stimuli frequencies. (Left graph shows the 
topography for CVF stimulation frequency at 8.6 Hz; right graph shows the topography for 
PVF stimulation frequency at 12Hz) b. The comparison on power spectrum at EOIs between 
the control (COT) condition and dots pattern rotating (ROT) condition (left graph shows the 
power spectrum of Oz electrode which is the EOI for CVF stimuli; right graph shows the 
power spectrum of Pz electrode which is the EOI for PVF stimuli; Note that the ROT showed 
significant larger power than COT at all stimuli frequencies and their 2nd harmonics in both 
Oz and Pz) 

 

Moreover, further analysis with the SSVEP power at each stimuli frequency and EOI, also 

confirmed the statistical significance of the observed effects. We conducted one two-level 
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three factor (Stimuli: ROT/COT; Position: Oz/Pz; Frequency: 8.6/12Hz) repeated measures 

MANOVA with MSSQ total score added as covariates (similar to previous study). We found 

power in ROT condition was significantly larger than COT condition [ܨሺ1,13ሻ ൌ 21.912,

݌ ൏ 0.001 ]. Moreover, the frequency also showed significant main effect [ܨሺ1,13ሻ ൌ

18.667, ݌ ൌ 0.001 ], where power is stronger at 8.6Hz than 12Hz. The interaction for 

Stimuli × Frequency [ܨሺ1,13ሻ ൌ 18.747, ݌ ൌ 0.001], Position × Frequency [ܨሺ1,13ሻ ൌ

5.174, ݌ ൌ 0.041], and the triple term Stimuli × Position × Frequency [ܨሺ1,13ሻ ൌ 5.048,

݌ ൌ 0.043 ] were also significant (see Figure 6.5& 6.6 for illustration on interactions).  

Results suggested that the power at CVF and PVF stimuli frequency are differently 

distribution on EOIs, which supported H8. Note that we also found complicated significant 

terms with MSSQ scores, which will be further explored and demonstrated in section 6.4.4.   

 

Figure 6.5 Interaction of power between stimuli condition and frequency 
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Figure 6.6 Interaction of power between stimuli EOI position and frequency 

 

6.4.3 Vection covariates 

To explore the effect associated with vection perception instead of visual stimulation, we 

generate the vection difference topography by subtracting the power of RN condition from 

the power of RV condition (Diffୖ୚ିୖ୒). The topography of Diffୖ୚ିୖ୒ for each frequency 

was showed in Figure 6.7. As demonstrated in the figure, there is a shift of SSVEP power 

from occipital to parietal region during vection, especially for 8.6 Hz frequency.    

To test the statistical significance of the vection effect, we conducted another two-level three 

factor (Vection: RV/RN; Position: Oz/Pz; Frequency: 8.6/12Hz) repeated measures 

MANOVA with MSSQ total score added as covariates. We found significant main effect for 

Frequency [8.6Hz>12Hz;	ܨሺ1,13ሻ ൌ 18.720, ݌ ൌ 0.001] and Vection [RN>RV; ܨሺ1,13ሻ ൌ

5.821, ݌ ൌ 0.031], with marginal significant main effect for Position [Oz ൐ Pz; ሺ1,13ሻܨ ൌ
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ሺ1,13ሻܨ] ൌ 10.904, ݌ ൌ 0.006 ], Vection × Frequency [ܨሺ1,13ሻ ൌ 6.709, ݌ ൌ 0.022 ], 

Frequency × Position [ܨሺ1,13ሻ ൌ 5.172, ݌ ൌ 0.041], and Vection × Position × Frequency 

ሺ1,13ሻܨ] ൌ 10.911, ݌ ൌ 0.006]. The binomial and trinomial interaction effects associated 

with vection are showed in Figure 6.8-6.10.  Results supported that the observed power shift 

from occipital to parietal is also statistically significant, which supports the H9. Note that 

simple main effects under the interaction effects are not significant (see Figure 6.8-6.10). 

Moreover, further analysis suggested that the increment of SSVEP power under vection at Pz 

electrode ( ୧ܲ୬ୡ_୮୸ ൌ ோ௏_௉௭ݎ݁ݓ݋ܲ െ  ோே_௉௭) is positively correlated with the individualݎ݁ݓ݋ܲ

vection intensity within the period collected SSVEP [significant for 8.6Hz: r ൌ 0.554, p ൌ

0.032; marginal significant for 12Hz: r ൌ 0.494, p ൌ 0.061], while the SSVEP indicators 

from Oz fail to achieve this (similar as the transient VEP indicators from Oz electrodes which 

identified in study two).  

 

 

Figure 6.7 Difference topography obtained by subtracting the power of RN condition from 
the power of RV condition (Diffୖ୚ିୖ୒). 
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Figure 6.8 Interaction on power between vection and position of electrode. 

 

Figure 6.9 Interaction on power between the vection and frequency. (Note that this group 
averaged effect is hid by the significant interaction with individual MSSQ scores) 
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Figure 6.10 Simple interaction on power illustracted for the trinomial interaction between the 
vection, position and frequency. a. the simple interaction at 8.6Hz between the vection and 
position. b. the the simple interaction at 12Hz between the vection and position. (Note that 
the triple interaction ididcated that trend of power shift from Pz to Oz is consistant at the two 
frequencies, altough the dominance frequency for Pz and Oz is different) 
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6.4.4 VIMSS covariates 

As expected, we found that several interaction terms between vection associated effects and 

MSSQ score were also significant or marginal significant: vection × MSSQ [ܨሺ1,13ሻ ൌ

5.948, ݌ ൌ 0.030], vection × Frequency × MSSQ [ܨሺ1,13ሻ ൌ 6.284, ݌ ൌ 0.026], vection 

× Frequency × Position × MSSQ [ܨሺ1,13ሻ ൌ 4.424, ݌ ൌ 0.055]. This suggested that the 

vection effect varies according to the MSSQ score of participants, which is consistent with 

the H10.  

To further explore the direction of effects, the power at each vection condition and the 

decreased power during vection at each stimuli frequency and EOI, along with the combined 

effects of them, were obtained as the SSVEP indicators. Then we conducted regression 

models using the SSVEP indicators to predict the total (MSSQ_T) and the two subscales 

(MSSQ_A & MSSQ_C) scores. As illustrated in Table 6.3, we found that higher MSSQ 

score is associated with lower SSVEP power at RV (ROT without vection) condition. More 

importantly, the magnitude of the suppressed power at Oz and the power shift effects (from 

Oz to Pz) during vection is negatively correlated with MSSQ scores (especially the child 

subscale), which supported the H10. Furthermore, results also showed that the decrease of 

SSVEP power during vection at 8.6 Hz from the Oz electrode is correlated with the MSSQ 

scores with best prediction power (see Figure 6.11-12 for scatter plots) among all the 

predictors.  
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Figure 6.11 Scatter plot for the MSSQ_T score and the decrease of power during vection at 
8.6Hz from Oz electrode 

 

 

Figure 6.12 Scatter plot for the MSSQ_C score and the decrease of power during vection at 
8.6Hz from Oz electrode 
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Table 6.3 Correlations and regression models for SSVEP indicators predicting MSSQ scores 

Visual Response Indicators MSSQ Scale Score 
SSVEP 

indicators 
EOI Frequency MSSQ_T MSSQ_C MSSQ_A 

 ۼ܀ܚ܍ܟܗ۾
Pz 8.6Hz 

-0.454^ 
(p=0.089) 

- 
-0.444^ 

(p=0.097) 

Oz 8.6Hz 
-0.538* 
(p=.039) 

-0.558* 
(p=0.031) 

-0.461^ 
(p=0.084) 

 ܋܍܌ܚ܍ܟܗ۾
Pz 8.6Hz - - - 

Oz 8.6Hz 
-0.595* 

(p=0.019) 
-0.622* 

(p=0.013) 
-0.504^ 

(p=0.055) 

 Oz – Pz 8.6Hz ܋܍܌ܚ܍ܟܗ۾
-0.520* 

(p=0.047) 
-0.582* 

(p=0.023) 
- 

 Oz – Pz 8.6 +12 Hz ܋܍܌ܚ܍ܟܗ۾
-0.474^ 

(p=0.074) 
-0.546* 

(p=0.035) 
- 

Regression Model Summary 
Models Predictors Beta R ܴଶ F 

1. MSSQ_T 
 ܢ۽_܋܍܌_ૡ.૟ܚ܍ܟܗ۾

-0.595* 
(p=0.019) 

0.595 0.354 
7.118* 

(p=0.019) 
Other predictors Excluded 

2. MSSQ_C 
 ܢ۽_܋܍܌_ૡ.૟ܚ܍ܟܗ۾

-0.622* 
(p=0.013) 

0.622 0.387 
8.223* 

(p=0.013) 
Other predictors Excluded 

Two-tailed p-value: ** p<0.01; * p<0.05; ^ p<0.10. Powerୖ୒	represents the power of 
SSVEP at ROT condition without the perception of vection. Powerୢୣୡ	represents the 
decrease of power with vection as compared to period without vection but under same ROT 
stimulation; The ‘+’ symbol means adding together the effect in two frequency. The ‘-’ 
symbol means the effect of Pz and Oz is at opposite direction, so it is combined by 
subtracting the size of Pz effect from the size Oz effect. Only marginal/significant correlation 
results are included. Model 1 predicts the MSSQ_T score; Model 2 predicts MSSQ_C. Note 
that all predictors were stepwise added into the regression model, where predictors with less 
contribution power were excluded. No predictor is found to be significant for the adult scale 
of MSSQ.  
 

6.4.5 Interaction of attention allocation and vection  

To explore the interaction of top-down attention regulation and vection effects on the SSVEP 

indicators, we go on to analyze the data from STA and SMO condition. We generate the 
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focus difference topography by subtracting the power of STA condition from the power of 

SMO condition (Diffୗ୑୓ିୗ୘୅ ). The topography of Diffୗ୑୓ିୗ୘୅  for each frequency and 

vection perception state was showed in Figure 6.13.  

 

Figure 6.13 Difference topography obtained by subtracting the power of STA condition from 
the power of SMO condition (Diffୗ୑୓ିୗ୘୅). (Upper two topographies are ROT condition 
without vection perception; lower two are ROT condition with vection) 

 

As demonstrated in the figure, there is a general suppression of SSVEP power during the 

SMO condition. It is observed that occipital region is mainly suppressed for 8.6Hz, while the 
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central-parietal regions are suppressed for 12Hz. Moreover, the suppression at 12Hz showed 

bilateral patterns during vection, while the suppression was focused in parietal midline and 

right central parietal area for no vection periods. 

For further statistical analysis, we conducted a two-level four factor (Focus: STA/SMO; 

Vection: RV/RN; Position: Oz/Pz; Frequency: 8.6/12Hz) repeated measures MANOVA. The 

main effect of focus was found to be significant [ܨሺ1,14ሻ ൌ 12.809, ݌ ൌ 0.003], where 

SMO showed generally less power than STA condition. The interaction between the Focus × 

Frequency [ܨሺ1,14ሻ ൌ 10.098, ݌ ൌ 0.007] (Figure 6.14), the trinomial Focus × Frequency 

× Vection [ܨሺ1,14ሻ ൌ 5.217, ݌ ൌ 0.039] were also significant. As illustrated in Figure 

6.15-16, directing attention to self-motion perception from stationary perception has flipped 

the effect of vection at 8.6Hz, while does not affect the effects at 12Hz.  

 

 

Figure 6.14 Interaction of power between focus condition and frequency 
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Figure 6.15 Interaction of power between focus condition and vection at 8.6 Hz (Note that 
the simple interaction effect is marginally significant with p=0.064) 

 

Figure 6.16 Interaction of power between focus condition and vection at 12 Hz. (Note that 
the trinomial interaction term is significant, while the simple effect at 12 Hz is not significant) 
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Figure 6.17 Difference topography obtained by subtracting the power of RV condition from 
the power of RN condition (Diffୖ୚ିୖ୒). (Upper two topographies are STA condition; lower 
two are SMO condition) 

 

To better illustrate how the effect distributed in topography, we plot the same vection 

difference topography as we did for NFO condition in section 6.4.3 (Figure 6.17). Combining 

the Figure 6.17 and Figure 6.7, we can see that top-down attention allocation to self-motion 

perception during vection facilitates the suppression in Oz for CVF stimuli frequency (8.6Hz), 

and facilitates the enhancement in Pz for PVF stimuli frequency (12Hz). Moreover, top-down 

attention allocation to stationary perception during vection facilitates the enhancement of Pz 
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for CVF stimuli frequency (8.6Hz), but hindered the enhancement of Pz for PVF stimuli 

frequency (12Hz) and shifted more energy to bilateral central regions. 

Moreover, the main effect of Frequency [8.6Hz>12Hz; ܨሺ1,14ሻ ൌ 11.351, ݌ ൌ 0.005] and 

the other interaction terms revealed significant in NFO focus were also significant: the 

Frequency × Position [ܨሺ1,14ሻ ൌ 4.659, ݌ ൌ 0.049], the trinomial Frequency × Position × 

Vection [ܨሺ1,14ሻ ൌ 5.895, ݌ ൌ 0.029], which also agreed with results in section 6.4.3. 

6.4.6 Effect during vection onset  

To facilitate the development of vection indicators that can serve as vection onset detector, 

we also analyzed the SSVEP of epochs that indicated by participants as a transition period 

from no-vection to vection perception (the vection onset: VEON). We then generate the 

VEON difference topography by subtracting the power of RN condition (under NFO) from 

the power of VEON condition (Diff୚୉୓୒ିୖ୒ ). The topography of Diff୚୉୓୒ିୖ୒  for each 

frequency was showed in Figure 6.18. 

 

Figure 6.18 Topography of power difference between VEON and RV condition 
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As illustrated in Figure 6.18, vection onset is associated with enhancement of power in 

parietal-occipital region at 8.6Hz. For 12 Hz, we found the decrease in frontal region, with 

enhancement in left parietal regions. 

To validate the statistical significance of the effects, we obtained the SSVEP power from 

P4/Pz/Oz at 8.6Hz. A two-level two factor (Vection onset: VEON/RN; Position: Oz/Pz/P4) 

repeated measures MANOVA had revealed significant main effect for vection onset 

[VEON>RN; ܨሺ1,14ሻ ൌ 6.255, ݌ ൌ 0.025], with no other interaction or main effects. As 

for the 12Hz, we obtained the SSVEP power from Fp1/P3, and conducted a similar two-level 

two factor repeated measures MANOVA, where only a trend of interaction effect of vection 

× position was observed [݌ ൌ 0.17]. 

 

6.5 Discussion  

6.5.1 Differentiated response for CVF and PVF 

Firstly, the findings on the power spectrum of SSVEP supported our hypothesis H7 that 

predominant peaks shall be observed at the CVF (8.6Hz) and PVF (12Hz) stimulation 

frequency and their harmonics. This has validated the effectiveness of our SSVEP evoker, the 

stimuli presentation, the data collection and preprocessing procedures, which also confirms 

the reliability and effectiveness of our SSVEP indicators: the power at CVF (8.6Hz) and PVF 

(12 Hz) frequency. 

As the power of SSVEP at each marked frequency is able to reflect the visual processing 

emphasis on the visual location marked by this frequency (Morgan et al. 1996; Silberstein et 

al. 2001), the differentiated topography between these marked frequency can extract the 

spatial information in parallel which responsible for the process of visual stimulation at CVF 

and PVF respectively. Interestingly, we found that Oz electrode response strongest to the 

CVF stimulation, while Pz response strongest to the PVF stimulation (Figure 6.4), which 
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consistent with our H8. This differentiated EOI location for each stimuli frequency also 

agreed with previous knowledge and retinotopic mapping studies (Bridge 2011): the CVF 

checkerboard stimuli lead to strong activities in occipital regions (around the Occipital Pole 

& Calcarine Fissure) for the contrast processing (Bach and Ullrich 1997; Griffis et al. 2016; 

Di Russo et al. 2005), while the rotating PVF stimulation lead to more response in parietal-

occipital regions (Sabrina Pitzalis et al. 2013; Uesaki and Ashida 2015; Wada et al. 2016) for 

the PVF ambient information processing (e.g. large motion patterns). Therefore, our results 

suggested that the SSVEP indicators from Oz electrode are more responsible to the CVF 

stimulation, while indicators from Pz electrode are more responsible to the PVF stimulation.  

Moreover, we also found significantly stronger power for 8.6Hz than 12Hz. This effect could 

be explained by several reasons: firstly, the CVF stimulation usually provokes stronger VEP, 

as larger areas in visual cortex are occupied by CVF receptors (Bridge 2011; Pitzalis et al. 

2018). Moreover, the stronger contrast of flicker can lead to larger VEPs (Kubová et al. 

1995). As the CVF flicker has stronger contrast than PVF flick, it may also produce stronger 

SSVEP power. Thirdly, it was reported that the SSVEP at a lower frequency usually 

generates larger power (Herrmann 2001; Morgan et al. 1996). Since the CVF stimulation 

(8.6Hz) is smaller than PVF stimulation (12Hz), the power at 8.6Hz could be larger than 

power at 12Hz. The weaker effects revealed for 12Hz might also due to this prominent main 

effect.  

6.5.2 Vection effect: power shift from occipital to parietal 

Then we explored how those SSVEP indicators changed with vection. Interestingly, under 

vection, a power shift from occipital region to parietal region (Figure 6.7) was observed in 

the difference topography (especially for 8.6Hz). This effect is also confirmed by statistical 

test with the responses from Oz electrode (EOI for CVF stimulation) and Pz electrode (EOI 

for PVF stimulation), where we found a significant interaction effect on vection × position. 

Those finding supported our H9 --vection should be associated with the spatial shift of 

SSVEP power from cortical region more responsible for CVF stimuli to region more 
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responsible to PVF stimuli. It was also agreed with previous suppression effects reported for 

occipital electrodes both in our study two (chapter 5) and other EEG studies (Stróżak et al. 

2016; Thilo et al. 2003), as well as the activation effects reported for parietal electrodes 

(Schindler and Bartels 2018; Vilhelmsen et al. 2015).     

It is revealed by many previous works that the power strength of SSVEP can reflect the 

processing emphasis of our visual system: assigning more attention resource, increasing 

alertness and directed task requirement can strengthen the power of SSVEP, while 

withdrawing attention or ignoring the stimuli would reduce the power strength of SSVEP 

(Herrmann 2001; Keil et al. 2005; Morgan et al. 1996; Müller et al. 1998). Hence, the power 

shift from Oz to Pz may suggest that our visual system withdraw the processing emphasis 

from occipital region to parietal regions, which can facilitate the processing of self-motion 

cues in PVF, as many self-motion perception related brain areas located in parietal regions. 

Moreover, this effect was found to be significantly correlated with the individual MSSQ 

scores, where that people who are more resistant to VIMS demonstrated stronger effect 

(Table 6.3). This implied that VIMS resistance is associated with a successful mechanism of 

directing more processing emphasis from occipital region to parietal region. Therefore, this 

power shift is also quite consistent with our findings in study one &2 and the general 

hypothesis that the facilitation of self-motion processing should contribute to the prevention 

of VIMS. 

Interestingly, we found that the SSVEP power increase of the Pz electrode is significantly 

correlated with the vection intensity of each individual. This implied that the Pz electrode is 

not only more responsible to the processing of PVF stimulation, but also able to provide 

better quantitative indicators for vection perception. Although previous works found that the 

VEPs showed differentiate response to visual stimuli which can introduce different levels of 

vection (Keshavarz and Berti 2014; Stróżak et al. 2016; Vilhelmsen et al. 2015), this is the 

first EEG indicator found to be correlated with the individual vection intensity under 

exposure to same visual stimulation. Therefore, the SSVEP indicators in this study actually 

showed better the potential as quantitative vection measures.  
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Furthermore, we also explored the SSVEP indicators for the onset of vection. Interestingly, 

we identified a significant increase of SSVEP power at 8.6 Hz over right parietal-occipital 

regions during the onset of vection. Note that this activity is obtained by averaged all 

completed two cycles of visual stimulation that contained the onset of vection which 

indicated by the button pressing of participants, hence the window is not locked with the 

event of button pressing. Owning to this, we also did not observe obvious activity over left 

motor regions which responsible for the finger movement for pressing the response button. 

Moreover, the center of uncovered effect originated from the right parietal-occipital regions 

rather than left hemisphere. Therefore, it is very unlikely that the SSVEP effect revealed in 

this study was simply due to the right-hand finger movement. Admittedly, to develop a 

validate indicator for the onset of vection, further explorations on this effect with other 

experiment procedure designs (e.g. oral report) are necessary. But this study has at least 

provided valuable and promising information for future works on developing more punctual 

EEG indicator for vection onset.  

6.5.3 Top-down regulation: direct processing from CVF to PVF at frequency domain 

Another interesting result revealed in this study is the interaction between the top-down 

attention regulation and vection. As demonstrated in Table 6.2 and Figure 6.3, when our top-

down regulation put more emphasis on the self-motion perception, we experienced longer 

and more stable roll-vection than when we emphasis the stationary perception. This result is 

consistent with the finding in study one that re-direct the attention allocation can facilitate the 

strength of vection perception. According to the two-factor theory on attention mechanism 

(Egeth and Yantis 1997), the processing priority (or the processing resources) of our visual 

system can decide by two type of factors: the bottom-up factors (e.g. stimuli frequency, speed 

and size) and the top-down factors (e.g. experience, instruction and task requirement). In the 

past, most of EEG vection studies varied the bottom-up factors (e.g. the speed or direction of 

visual stimuli: Keshavarz, et al 2014; Vilhelmsen, et al 2015; Stróżak, et al 2016), thus very 

little have been reported how top-down factors modulate the vection effects on EEG 
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indicators. Hence, capturing the interaction of top-down regulation and EEG vection effects 

can shed light on the understanding of vection from a new perspective. 

By comparing the Figure 6.7 and 6.17, we can found that the top-down attention regulation 

actually supported and strengthen the shift of power effect with vection by refining the 

frequency domain. More specifically, focusing on self-motion perception can facilitate the 

suppression at the occipital region (Oz) for CVF stimuli frequency (8.6Hz), and the 

activation at parietal region (Pz) for PVF stimuli frequency (12Hz). As discussed in section 

6.5.2, the spatial power shift from occipital to parietal region implied the shift of processing 

emphasis from CVF to PVF in our visual system. As revealed in previous work, the 

decrease/increase of power at a particular frequency of the stimuli flicker, can indicate the 

impairment/enhancement of the processing emphasis at the particular visual field where the 

flick presented to (Morgan et al. 1996; Müller et al. 1998). Therefore, the top-down 

regulation actually facilitates this power shift of SSVEP by refining it in frequency domain, 

which shall further support the reallocation of processing emphasis from CVF to PVF and 

facilitate the perception of vection. Moreover, focus on stationary perception seems to 

enhance the enhancement of Pz only for the CVF stimuli frequency (8.6Hz), but hindered the 

enhancement of Pz for PVF stimuli frequency (12Hz) and shifted more energy to bilateral 

central regions during vection. This implied that top-down regulation reversed the power 

shift in frequency domain under stationary focus and hindered the processing of visual 

stimuli in PVF. In summary, the top-regulation effects were quite in line with the behavioral 

results that participants indeed experienced more vection period when focus on self-motion 

perception than stationary perception. 

As for the simple-main effect of attention focus demonstrated in Figure 6.13, strengthening 

the self-motion perception suppresses the power of SSVEP whole brain wisely. For the 

period without vection, we found that this suppression effect was mainly direct at the regions 

which primarily response to the visual stimulation: the occipital region of 8.6Hz and the 

parietal-occipital regions for 12Hz. This general power reduction could possibly due to a 

general drop of processing resource in the visual flicker stimuli during self-motion focus 
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condition, since more resources have been directed to the processing on the spatial 

information, ambient motion and even some somatosensory and proprioception functions 

related to body awareness. Interestingly, we found the suppression effect at 12Hz 

demonstrated a bilateral pattern (originated from the C3 and C4 electrode) with vection 

perception, which is different from the centralized pattern (centered at Pz electrode) in the 

absent of vection (Figure 6.13). Note that the C3 and C4 electrodes are reported to reflect the 

vestibular activity during similar visual stimulation (Zhao 2017). Therefore, this might imply 

that during vection, the focus of top-down suppression effects has been shifted to bilateral-

central regions which responsible for vestibular functions. Interestingly, this is also in line 

with Brandt’s theory (1998) and many previous studies which reported suppression of 

vestibular regions during the vection perception (Bense et al. 2001; Brandt et al. 1998, 2002; 

Deutschländer et al. 2002; Wenzel et al. 1996).  

6.5.4 Potential Limitations and Validations 

To exclude the potential influence of volume conduction, we also validate the results by 

applying current source density analysis (parameters: the order of spline, m=4; precision of 

1.0e-5) at each electrode position (Kayser and Tenke 2006b, 2006a) before transforming the 

averaged EEG data into power spectrum at frequency domain. All of the topography maps 

remained robust with the current source density analysis.   

Moreover, another concern is about the frequency selected for CVF and PVF stimulation. 

Although both 8.6 and 12 Hz are within the range of alpha band, different stimuli frequency 

may exhibit different baseline power and lead to different effect size introduced by top-down 

visual regulations under vection-inducing stimulation. However, reducing the PVF frequency 

(<12Hz) can disrupt the vection perception, as too slow flickering frequency interferes with 

the motion perception introduced by roll-rotation of random dots pattern. Future works with 

higher frequency in beta band and more counteract control procedures shall provide valuable 

validations and more insights on the mechanism of modulations on SSVEP during vection.  
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6.6 Summary 

6.6.1 New findings and contributions 

In this study, we further explored the visual responses regulation under vection identified in 

previous studies for CVF and PVF, using the more noise resistant steady-state VEP (SSVEP). 

More specifically, we have mainly explored the topography spatial properties of visual 

regulations at CVF and PVF, marked by different flickering frequency respectively. Results 

suggested that the processing of CVF stimulation mainly originated from occipital region and 

better captured by Oz electrode, while the processing of PVF stimulation mainly originated 

from parietal region and better captured by Pz electrode. Moreover, findings revealed a 

power shift of SSVEP from occipital region (marked by CVF stimulation) to parietal region 

(marker by PVF stimulation) during vection perception. This implies that the negative 

regulation of visual response during vection is mainly focused on the occipital visual cortex 

which response strongest to CVF stimulation, while the positive regulation mainly focused 

on the parietal visual areas which response strongest to PVF stimulation.  

Moreover, we also found the magnitude of this power shift of SSVEP power during vection 

(especially for the suppression effect at 8.6Hz obtained from Oz electrode) is closely 

associated with VIMS susceptibility. This result is in line with our main hypothesis that 

during vection there is a processing emphasis shift from CVF stimuli to the self-motion cues 

in PVF to facilitate and stabilize the vection perception, which then contributes to the sensory 

conflict reduction and thus prevent the VIMS.   

Furthermore, study three has identified new EEG signatures (SSVEP power at stimuli 

frequency from Pz electrodes) as quantitative vection indicators, as well as the SSVEP 

signatures (magnitudes on power shift from Oz to Pz electrode) as VIMS predictors. As the 

first EEG study adopted 32-channel covering the whole scalp, our findings are not only in 

line with previous experiment findings, also identified electrodes of interest (EOIs) for our 

following EEG study. 
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Last but not least, we move on with the practice of task-motivated attention re-allocation 

uncovered in study one. In this study, we not only confirmed that the top-down regulations 

on attention allocation can strengthen the intensity and stabilize the duration of roll vection 

perception, we also revealed that those regulations can facilitate the neurological vection 

effects reflected by the topography of SSVEP power. This further supports that we can use 

top-down task instruction to modulate the stability of vection perception and perhaps even 

the resistance to VIMS of viewer, without changing the properties of vection-inducing 

stimuli. Since this track of strategies does not hurt the experience of vection, these findings 

can provide good news for industry applications. 

6.6.2 Raised further questions and focus of follow-up works 

Admittedly, the prediction power of the EEG vection indicators and VIMSS predictors are 

limited (ܴଶ ൏ 0.4). This might due to the drawbacks of localization method: the analysis of 

VEP can only reflect the local activity within particular brain function regions. However, as 

we introduced in chapter 2&3, both the processing and integration of self-motion cues and 

the reduction of sensory conflict should heavily rely on the cortical coordination between 

visual and extra-visual regions. Therefore, exploring EEG indicators which can reflect these 

information integration and coordination under vection-inducing stimulation, is not only 

important for better understanding of vection, but also may contribute to more reliable and 

effective EEG indicators for vection and VIMSS.  

Moreover, both study two and three were explored with relatively small sample size with 

large variation in VIMSS (N<20). Firstly, the large individual variation introduced by VIMS 

susceptibility might hide the effects related to vection. Secondly, we also were lack of 

sufficient representative participants who are very susceptible or highly resistant to VIMS, 

which may make some features which are able to differentiate the VIMS group less 

prominent. Hence, future explorations with a larger and more representative group of 

subjects are desirable. 
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Therefore, in the follow up works, we go further to explore the cortical coordination between 

the visual regions (characterized by the EOIs identified in study three) and other widely 

distributed brain regions. Particularly, in study four, we examined the phase locking value 

(PLV) between EEG electrodes under the vection-inducing stimulation. As introduced in 

chapter 3, PLV can reflect the dynamic links responsible for the cortical coordination 

between different sensory modalities and the central integration during self-motion 

perception. Moreover, in study four, we also recruit more representative participants and 

assign them into different VIMS group (resistant vs. susceptible group) by screening 

participant with the score of MSSQ-short to ensure participants are either very susceptible to 

VIMS or highly resistant to it.  
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CHAPTER 7  STUDY FOUR – DYNAMIC LINKS AND 

CONNECTIVITY MAPS UNDER VECTION-INDUCING 

STIMULATION 

7.1 Introduction 

In this study, we focus on the functional connectivity and its dynamic changes between brain 

regions under vection-inducing stimulation. More specifically, we explored whether the 

strength and range of cortical coordination between visual and other regions are differently 

organized in VIMS susceptible and resistant participants, while controlling the onset of 

vection and nausea. In particular, we record EEG when VIMS susceptible or resistant 

participants were exposed to short periods of vection-inducing stimulation (similar to study 

one) until vection onset, with sufficient rest between repetitions to avoid nausea. Both the 

VEP and the phase locking value between electrodes during visual stimulation were analyzed. 

As theta-band synchronization is closely associated with self-motion sensory integration and 

conflict modulations (Aitake et al. 2011; Araújo, Baffa, and Wakai 2002; Jo, Malinowski, 

and Schmidt 2017; White et al. 2012) and reported to correlated with motion sickness 

(Chelen et al. 1993), we would focus on theta band in phase synchronization analysis.  

7.2 Objective and hypotheses 

The objectives of this study are: 1) explore the dynamic changes of functional connectivity 

under vection-inducing stimulation; 2) explore the dynamic changes of functional 

connectivity under vection-inducing stimulation before and after vection onset, and search 

for vection covariates; 3) explore functional connectivity signatures that differently organized 

between VIMS susceptible people and resistant people. 

Based on the sensory conflict theory and Brandt’s theory (Brandt et al. 1998; Reason 1978), 

processing vection-inducing stimuli requires more between-modality cortical coordination. 
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Hence, we expected that phase synchronization between electrodes over vection related areas 

and other extra-visual areas should be stronger under vection inducing-stimulation, as 

compared to the synchronization under control visual stimuli (H12a). Moreover, as enhanced 

phase synchrony is reflecting strengthen of cortical coordination (Murray and Wallace 2011; 

Varela et al. 2001), which can facilitate the reduction of sensory conflicts, we predicted that 

resistant participants should show stronger effects than susceptible participants (H12b). 

Furthermore, based on Brandt’s theory, the sensory conflict shall be effectively reduced or 

resolved in resistant participant after vection onset (which means viewer’s central integration 

model successfully updated toward visual system and suppressed other extra-visual systems 

after vection onset) (Deutschländer et al. 2002), so that the general activity in extra-visual 

systems shall be suppressed and sustained cortical coordination between central integration 

and those extra-visual systems shall be decreased. Therefore, reduced phase synchronization 

after vection onset can reflect the effectiveness of conflict reduction through cortical 

coordination. As we hypothesized that the sensory conflict reduction is more effective in 

resistant participants, we expect the reduction of phase synchronizations after vection onset 

shall be stronger in resistant participant (H13a). The magnitude of effect is negatively 

correlated with the susceptibility of participants (H13b).      

7.3 Methods 

7.3.1 Participants 

In total 27 right-handed university students, with 20/20 (or corrected) eyesight, were 

recruited with complete informed consent. Participants were screened by their VIMS 

susceptibility based on the score of Motion Sickness Susceptible Questionnaire (MSSQ-

Short), with child (MSSQ_C), adult (MSSQ_A) and total (MSSQ_T) scale (Golding 1998). 

Twelve participants scored over 70% percentile in MSSQ_T were included in VIMS 

susceptible (VSU) group, while fifteen participants scored below 30% percentile in MSSQ_T 

were included in VIMS resistant (VRE) group. All participants are free of any vestibular 

injury or medical treatment. None of them were heavy video game players or had rich 



 

126 
 

  
 
 

experience with large-screen visual motion stimuli. Gender was balanced in each group and 

there are no group age differences (Table 7.1).  

7.3.2 Stimuli, apparatus, task and procedures 

Stimuli and task 

Same as study three, grey dots (size: 0.5~1.3° of FOV) were randomly generated on a black 

background with 700-750 dots visible during all conditions. For vection-inducing stimulation, 

all grey dots coherently rotated anticlockwise (angular velocity: 32°/s) around screen center 

(ROT). For control (COT) condition, the dots moved toward randomized directions, while 

keeping linear velocity paralleled with the angular velocity in ROT (same as study three). 

Participants were instructed to fix their eyes on a center red dot (diameter: 0.6° of FOV; 

luminance: 5.05	ܿ݀/݉ଶ) to suppress OKN and other types of eye movements. 

 

Figure 7.1 The procedure of each trial. (Note that participants are required to indicate the 
onset of vection by pressing once the response button under the ROT stimulation) 

 

Procedure 

Each trial started with 3s baseline black background (BAS), followed by COT stimuli of 3s. 

Then the ROT stimuli started after a 2s-BAS. Participants were trained to press a key button 

with right hand index finger to indicate the onset of roll vection (they watched one trial of 

stimuli demo and received sufficient training on how to identify the onset of self-rotational 

vection). After the response, ROT stimuli would continue 3s for vection (VEC) condition 
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(see Figure 7.1). The maximum exposure time was set to 1min. If no response is made, the 

ROT ends after 1min (see Table 7.1 for response rate). Each block consists of 12 trials with 

sufficient rest in-between to avoid any nausea. Before next block, participants rested for 3-

10min, until no fatigue or discomfort was reported. Most participants completed total 12 

blocks (see Table 7.1 for summary). All procedures were approved by the ethics committee 

of the Hong Kong University of Science Technology and performed in accordance with the 

Declaration of Helsinki. 

Apparatus and EEG recording 

The stimuli were presented using the same apparatus (46-in LCD monitor; Screen size: 

102.1×57.5cm; FOV: 93.5°× 61.8°; View distance: 48cm), with the same setups used in 

former study to control the head/body movement and eliminate environment visual cues 

(Appendix B). Same as in study three, the EEG was recorded together during stimuli 

presentation with four EOGs (left and right horizontal; upper and lower vertical) channel 

using a NuAmps Amplifier (DC-coupled, 22 bit, monopolar) from 36-channel Ag/AgCl 

sintered electrodes (Quik-Cap, Compumedics Neuroscan) based on the international 10-10 

system (Appendix H) referenced to linked mastoid electrodes. Impedances between all 

channels and ground channel (AFz) were kept below 5kΩ. Same procedures and protocols 

validated in study three for the whole scalp EEG recording and synchronization triggers with 

visual stimuli were applied in this study. 

7.3.3 Response measures 

EEG recordings and preprocessing 

Raw data were digitized at a sampling rate of 1000 Hz and a bandwidth of DC-260Hz, and 

then filtered offline with an FIR filter at the band-pass of 1.6-47Hz. Data were segmented 

into epochs starting from 1.5s prior to the onset of each condition (COT/ROT/VEC) and 

ending at 3s with baseline corrected for pre-onset 1.5s. Independent components analysis 

(ICA) was applied to these epochs using EEGLAB (Delorme and Makeig 2004), and 
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components identified as eye movement artifacts was removed using automatic toolbox 

ADJUST (Mognon et al. 2011). The epochs contaminated by other artifacts were rejected 

based on moving window peak-to-peak method (window size: 200ms; step: 50ms; threshold: 

±100 µV) and extreme value of remaining components (threshold: ±20 µV). One participant 

(1 female, VSU group) was excluded due to extensive motion artifacts (> 50% epochs 

rejected). The average epochs remained for each condition and their standard deviations were 

as follow: COT (91.6 ± 22.2), ROT (105.5 ± 19.0) and VEC (101.0 ± 21.1). Current source 

density analysis (parameters: the order of spline, m=4; precision of 1.0e-5) was then applied 

at each electrode position to reduce the influence of volume conduction (Kayser and Tenke 

2006b, 2006a).  

VEP analysis 

To analyze the visually evoked potential (VEP), remained clean epochs were trimmed to 

smaller window (-0.5~1s) and averaged for the two types of visual stimulations (COT, ROT), 

respectively. Based on the topography of VEP results (see Figure 7.2), the P1, N1/N2 and P3 

components at parietal electrodes were analyzed. In detail, the mean amplitudes of the P1 

(time window: 135-195ms), the early N2 (time window: 195-250ms) and P3 (time window: 

250-395ms) at electrode Pz, the bilateral late N2 (time window: 260-335ms) at electrode 

P7/P8, and late P3 (time window: 330-410ms) at electrode P3/P4 were calculated for each 

individual.  

Phase synchronization and network analysis 

Wavelet analysis was conducted to obtain the instantaneous phase for each time point in 

clean epochs applying Morlet’s mother function. We applied a constant ratio f/σ୤= 6  with ݂ 

ranged from 2-46 Hz (1-Hz steps), where ߪ௙ ൌ  ௧ is the standard deviation of theߪ ௧ andߪߨ2\1

Gaussian window (Kawasaki, Kitajo, and Yamaguchi 2014; Lachaux, Jean-Philippe 

Rodriguez et al. 2000). The phase synchronization was evaluated between each electrode pair 

for each time point in the epoch (-1~3s) of all conditions (ROT,COT,VEC) by phase locking 

values (PLV) (Lachaux et al. 1999; Totah, Jackson, and Moghaddam 2013) to assess 
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functional connectivity mediating information integration between distant areas. For time 

point	ݐ , frequency	݂ , and electrode ݆	and	݇ , across the available ܰ  epochs, following the 

equation: 

ܮܲ ௝ܸ,௞ሺ݂, ሻݐ ൌ ܰିଵ| ∑ ݁௜ሾథೕሺ௧ሻିథೖሺ௧ሻሿே |, 

where	߶ሺݐሻ is phase at ݐ, ݅	is √െ1, and |	| is the complex modulus. As we focused on the 

theta band, PLV is averaged for theta-band frequency list (4-7Hz) and transformed into ܲܮ ௭ܸ 

according to Rayleigh's Z value (Fisher 1993; Totah et al. 2013) to correct for the bias of the 

number of epochs: 

ܮܲ ௭ܸ ൌ ܰ ൈ :ሺܰ	ଶܸܮܲ  .ሻݏ݄ܿ݋݌݁	݂݋	ݎܾ݁݉ݑ݊

Node density in dynamic phase synchrony network  

After obtaining the	ܲܮ ௭ܸ, we formed dynamical phase synchrony networks, where 30 EEG 

electrodes are nodes and the edge between each node pairs at every time point is weighted by 

the	ܲܮ ௭ܸ. In connectivity networks analysis, density of each node is calculated by averaging 

the weight of all connections of this node and high density nodes in the network is referred to 

as ‘hubs’ (van den Heuvel and Sporns 2013; Stam et al. 2007). These hubs can increase the 

communication efficiency of the network which facilitate the cortical coordination (van den 

Heuvel et al. 2013; Hilger et al. 2016; de Reus and van den Heuvel 2013). To demonstrate 

the dynamic changing of nodes density and hub regions under vection-inducing stimulation, 

we calculate the density of each node at each time point (see Figure 7.5 for the topography of 

nodes density distribution in ROT condition).  

Vection and VIMS reports  

Similar to former studies, participants were trained to report vection intensity after each trial 

based on a vection magnitude scale (1=no vection; 5=saturated vection; Webb & Griffin, 

2003; see Appendix G). The onset latency of vection was obtained by the time period from 

start of ROT stimuli to the key press for each trial. VIMS symptoms were monitored with 
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pre-exposure Simulator Sickness Questionnaire (SSQ) before the start of experiment and 

post-exposure SSQ (Kennedy et al. 1993) after the finish of all blocks.  

 

7.4 Result 

7.4.1 Behavioral results and subjective reports 

The mean and standard deviation of vection intensity, vection onset delay, strong vection trial 

percentage (trials with intensity > 2), MSSQ scores and pre-/post-SSQ scores of each VIMS 

group (VSU/VRE) are reported, along with p-value of between-group two-tailed 

independent-sample t tests in Table 7.1. Only the MSSQ scores of all scale are significantly 

higher for VSU group (P ൏ 0.001), no other significant difference is inherited with group, 

including the VIMS symptoms evaluated by SSQ. 

7.4.2 VEP results 

Two-way mixed measures ANOVAs including the factor of visual stimuli (ROT/COT) and 

VIMS groups (VSU/VRE) were conducted separately for middle components at Pz electrode 

(Figure 7.2 & 7.3). For the P1 peak at 178ms (P178), ROT condition showed significantly 

suppressed amplitude compared to COT [ܨሺ1,24ሻ ൌ 22.41, ݌ ൏ 0.001]. No interaction or 

VIMS group effects were found for P178. For N2 peak at 223ms (N223), amplitude was 

significantly increased in ROT compared to COT [ܨሺ1,24ሻ ൌ 31.21, ݌ ൏ 0.001]. Moreover, 

there is significant interaction for visual stimuli × VIMS groups, where VSU group showed 

stronger N223 increase compared to VRE group [ܨሺ1,24ሻ ൌ 5.92, ݌ ൌ 0.023, see Figure 

7.4]. The simple main effect for visual stimuli is significant both for VRE (p=0.011) and 

VSU group (p=0.001), while no main effect for VIMS group was significant, possible due to 

large individual variations. For P3 peak at 305ms (P305), amplitude in ROT was significantly 

larger than COT [ܨሺ1,24ሻ ൌ 31.48, ݌ ൏ 0.001], with no group and interaction effects. 
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Table 7.1 Group characteristics in demography, VIMS reports and vection perception 

 VIMS susceptible VIMS resistant P 

Age (years) 24.5 ± 1.2 24.3 ± 2.7 0.893 

Gender (% male) 54.5% 60% 0.791 

MSSQ score*    

Child (0-27) 17.4 ± 3.7 1.7 ± 1.3 <0.001 

Adult (0-27) 12.3 ± 5.7 1.3 ± 1.2 <0.001 

Total (0-54) 29.6 ± 8.0 3.0 ± 2.1 <0.001 

Pre-SSQ score (0-120) 0.5 ± 0.7 2.6 ± 3.8 0.073 

Post-SSQ score (0-120) 2.4 ± 2.6 4.6 ± 5.2 0.221 

Post-Pre paired T test P value 0.022 0.210  

Vection report    

Intensity (1-5) 2.9 ± 0.6 2.8 ± 0.6 0.666 

Strong trial percentage 
(% intensity>2 trials) 

75.0 ± 31.4 73.4 ± 30.7 0.900 

Onset delay (Sec) 9.7 ± 9.2 8.6 ± 4.3 0.716 

Individual 
onset delay Std. (Sec) 

4.1 ± 4.3 4.3 ± 4.4 0.926 

Response rate (%) 99.6 ± 1.3 99.3 ± 1.9 0.560 

Total trials completed 135.3 ± 21.9 139.9 ± 9.5 0.525 

Total clean epochs  282.9 ± 48.0 309.4 ± 51.5 0.195 

EEG quality (% clean epochs) 72.7% 76.8% 0.320 

* Except MSSQ score, all group comparisons are not significant with two-tail independent-
sample T-test; noted that, SSQ increased only for VSU group after experiments (two-tail 
paired-sample T-test, ݌ ൌ 0.022), but the severity of sickness was kept very low (2.4 in 120), 
with no severer than VRE group.  
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Three-way mixed measures ANOVAs including the factor of visual stimuli (ROT/COT), 

VIMS group (VSU/VRE) and laterality (left/right) were conducted separately for bilateral N2 

components at electrodes P7/P8 and P3 components at electrodes P3/P4 (Figure 7.2 & 7.3). 

For late N2 peak at 290ms (N290), ROT condition showed significantly enhanced amplitude 

compared to COT [ܨሺ1,24ሻ ൌ 32.46, ݌ ൏ 0.001], with no group and laterality effect. For 

late P3 peak at 350ms (P350), amplitudes in ROT condition was significantly suppressed 

compared to COT [ܨሺ1,24ሻ ൌ 8.24, ݌ ൌ 0.008], with no group and laterality effects. 

 

Figure 7.2 Averaged VEP for two stimuli conditions at electrodes of interest (shadowed area 
illustrate the time window for each components). 
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Figure 7.3 The topography map of VEP amplitude under ROT and COT condition. 

 

As N2 is the well-known motion-onset VEP (Anon 2007; Kubová et al. 1995; Pitzalis, 

Strappini, et al. 2012) and reported as self-motion related VEP in former studies (Keshavarz 

and Berti 2014; Vilhelmsen et al. 2015), we conducted linear regression models to predict 

reported vection intensity by adding absolute amplitudes (ROT condition) of N223 at Pz and 

N290 at P7/P8, along with their amplitude increments (ROT subtract COT condition) as 

predictors. To control other external factors, the vection intensity, onset delay, epoch 

numbers were also added in the model in stepwise manner. Results showed that only the 

increment of N223 amplitude (ܰ223௜௡௖, 	ܴଶ ൌ 0.27, ݌ ൌ 0.006 ) and the absolute N290 

amplitude at P8 (ܰ290௉଼_ோை், ܴଶ ൌ 0.16, ݌ ൌ 0.042) were positively associated with the 

averaged vection intensity of each participant (see Figure.2d for scatter plot). No significant 

effect was found for any model using predictors from P7. Moreover, ܰ223௜௡௖  was also 

positively associated with individual MSSQ_T (ܴଶ ൌ 0.22) and MSSQ_C (ܴଶ ൌ 0.29), 

either with or without controlling other external factors (Table 7.2). 
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Figure 7.4 VEP results for N=26 participants. a. demonstrate the interaction of VIMS group 
× visual stimuli on N223 amplitude (*** p=0.001; * p<0.05). b. the scatter plot for vection 
intensity and the increment of N223 (amplitude in ROT condition subtracting amplitude in 
COT condition). 
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7.4.3 Dynamic node density in phase synchrony networks 

For the calculated nodes density of the dynamic phase synchrony network, we conduct 

cluster-based permutation tests between COT and ROT condition for each VIMS group using 

Fieldtrip toolbox (Oostenveld et al. 2011). The alpha value of the permutation test for cluster-

level statistic is set at 0.025 (two-tailed) to control for the false alarm rate and 2000 times of 

random draws were conducted to approximate the permutation distribution with a within-

subject design (Genovese, Lazar, and Nichols 2002; Maris and Oostenveld 2007). For VRE 

group, two significant positive clusters were found (see Figure 7.6). First one is located over 

the parietal and central regions (time window: 208- 419ms, p=0.005), and later one is located 

over the right temporal-parietal regions (time window: 646-816ms, p=0.008). For VSU group, 

only one positive cluster was found (see Figure 7.6). It is located over parietal midline region 

(time window: 281-405ms, p=0.006). Note that no significant negative cluster was found 

either in VRE or VSU group. In summary, significantly enhanced phase synchrony was 

showed under vection-inducing stimulation, which supported H12a. Moreover, VIMS 

resistant participants demonstrated more and larger positive cluster than susceptible 

participants, which supported H12b.  

For the VEC condition, the event window is locked with button pressing response of 

participant to indicate the onset of vection. Therefore, the period starting from 1s prior to and 

0.5s after button pressing was excluded from the analysis to avoid the interference of button 

pressing and response delay. The density value is then average for a window of 500ms to 

represent the node density before vection (BVEC) onset and after vection (AVEC) onset 

under the same visual stimulation for each node (see Figure 7.7). Then cluster-based 

permutation tests were conducted between BVEC and AVEC for each VIMS group with 

same parameters (two-tailed, alpha=0.025, permutation numbers=2000, within-subject 

design). Only one significant negative cluster was found in VRE group, which is located over 

right central-frontal region (see Figure 7.8, p=0.006). No significant cluster was revealed in 

VSU group. In summary, the strength of phase synchronization is revealed to be reduced 
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after vection onset for VIMS resistant participants, while no reduction was found for 

susceptible people, which supported the H13.  

 

Figure 7.5 Topography illustrating the changes of node density in phase synchrony networks 
under ROT condition (Note that the nodes density reach peak at 200-400ms; and those nodes 
demonstrating the highest density are the dynamic hubs in the network). 

 

7.4.4 The distribution and range of phase synchrony 

In addition to the total averaged strength of phase synchronization connected to each node 

(node density), we selected several nodes of interest (NOIs) based on both the hub regions 

(see Figure 7.5) and significant cluster (see Figure 7.6 & 7.8) to further analyse the 

distribution and range of the phase synchrony: C4 (right central NOI), Cpz/Pz (parietal 

midline NOIs), P8 (right temporal-parietal NOI) and Fz/F4 (right central-frontal NOIs). 

We assessed the subnetworks connected to cluster NOIs within their cluster window (for 

ROT/COT, C4 and Cpz/Pz at win1 of 208-419ms; P8 at win2 of 646-816ms; for VEC, Fz/F4 

at win3 of 500-1000ms). Moreover, we also assessed the subnetwork of the hub NOIs (see 

Figure 7.5: Cpz/Pz, P8) within a sustained longer period (win4: 1000ms-2500ms), since this 

period can reflect the lasting information integration and cortical coordination under vection-

inducing stimulation. To obtain a threshold mask for each subnetwork, permutation tests 

(Sun, Hong, and Tong 2012; Winkler et al. 2016) were conducted for all edges (node pairs). 

In detail, we shuffled the condition labels (ROT/COT; BVEC/AVEC) of the edge weights 

(averaged ܲܮ ௭ܸ  of each window) within each subject and obtain group mean difference 
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between conditions for 2000 times to approximate permutation distribution under the null 

hypothesis (no condition difference) of our sample. Edges with the increment of weight 

(ROT subtract COT; BVEC subtract AVEC) that larger than 97.5% percentile or lower than 

2.5% percentile in the permutation distributions are marked as passing the positive or 

negative threshold mask (see Figure 7.10-7.13 for positive and negative averaged group 

subnetworks at each window for each VIMS group). By applying these threshold masks to 

each participant, we can obtain positive and negative binary subnetworks and calculated their 

total node degrees (number of connections) for each participant, where larger node degrees 

(more connections in the subnetwork) indicate a wider range of phase locking connections.  

 

Figure 7.6 Illustration for the significant positive clusters which showed higher nodes density 
in ROT than COT condition. [The line graphs demonstrate the averaged node density across 
all nodes for each VIMS group. The upper topographies show the two positive clusters in 
VRE group along with the distribution of connections to NOIs passing the positive threshold 
(indicating higher ܲܮ ௭ܸ in ROT than COT within each assessed window period). The lower 
topography shows the positive cluster in VSU group (Note the cluster is much narrower than 
VRE group)]. 
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As the node degrees in the subnetwork for each window period can reflect the wideness and 

range of phase synchrony in the subnetwork, to examine whether there are group differences 

in the range of phase synchronization, we conduct between-group independent-sample T-test 

for node degrees in each subnetwork. Significant higher node degrees were found for VRE 

group in positive subnetworks of right-central NOI (C4) at win1 [ݐ ൌ െ2.298, ݌ ൌ 0.031], 

right temporal-parietal NOI (P8) at win2 [ݐ ൌ െ2.800, ݌ ൌ 0.010], parietal midline NOIs 

(CPz/Pz) and right temporal-parietal NOI (P8) at win4 [ݐ ൌ െ2.770, ݌ ൌ 0.011] (see Figure 

7.6 & 7.8 for illustration of significantly different group subnetworks). Moreover, significant 

higher node degrees were also found for VRE group in negative subnetworks of right central-

frontal NOIs (Fz/F4) at win3 [ݐ ൌ െ3.022, ݌ ൌ 0.006]. In general, VIMS resistant group 

demonstrated wider range of strengthened phase synchronization than susceptible group 

under vection-inducing stimulation, which supported H12b. Moreover, after vection onset, 

VIMS resistant group showed wider range of reduction in phase synchronization than 

susceptible group, which supported H13. 

 

 

Figure 7.7 The changed of node density in phase synchrony network before and after the 
vection onset. (Note that the line graph shows the averaged node density across all nodes for 
VRE and VSU group with baseline corrected by BVEC period from -1500 to -1000ms). 
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Figure 7.8 The significant negative cluster in VRE group (indicating AVEC<BVEC) and the 
distribution of connections to right central NOIs passing the negative threshold (indicating 
smaller ܲܮ ௭ܸ  in AVEC than BVEC within assessed window period). 

 

Furthermore, we find these indexes for phase synchrony network (node degrees in positive 

subnetwork and negative subnetwork) are negatively correlated with the MSSQ score of 

participants (see Table 7.2), which supported H13. We construct a regression model for each 

potential indicator with other control variables (the vection intensity, onset delay, and epoch 

numbers) added in the model. Moreover, a generally model is constructed for each MSSQ 

scale by stepwise adding all the potential predictors to find the best predictors with highest 

prediction power and exclude those predictors with low contribution to the model. Table 7.2 

contained two coefficient columns for each predictor: the first one shows the coefficient in 

their simple models, while the second one indicates the contribution to general models. It is 

revealed that the right central-frontal NOIs and right temporal-parietal NOI (P8) produce the 
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highest prediction power for total scale [ܴଶ ൌ 0.52]. The results are robust with or without 

adding the vection intensity, onset delay, and epoch numbers in the regression model. 

 

Figure 7.9 scatter plot for MSSQ scores and the indicator calculated from degree of the right 
central NOIs (Fz/F4) in negative subnetwork (number links indicating smaller ܲܮ ௭ܸ  in 
AVEC than BVEC). 
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Table 7.2 Regression models for MSSQ scores with EEG signatures as predictors 

predictors 
MSSQ scores

Child scale Adult scale Total scale 

Single model ܽݐ݁ܤ ܴଶ ܽݐ݁ܤ ܴଶ ܽݐ݁ܤ ܴଶ 

 *0.474 ࢉ࢔ࡵ૛૛૜ࡺ
(p=0.014) 

0.22* 
(p=0.014) 

- - 0.474* 
(p=0.014) 

0.22* 
(p=0.014) 

 **૚ -0.521࢔࢏࢝_࡯࢘ࢋࢋ࢘ࢍࢋࡰ
(p=0.006) 

0.27** 
(p=0.006) 

- - -0.465* 
(p=0.017) 

0.22* 
(p=0.017) 

 **૛ -0.518࢔࢏࢝_ࡼࢀ࢘ࢋࢋ࢘ࢍࢋࡰ
(p=0.007) 

0.27** 
(p=0.007) 

-0.460* 
(p=0.018) 

0.21** 
(p=0.018) 

-0.543** 
(p=0.003) 

0.26** 
(p=0.003) 

 **૜ -0.559࢔࢏࢝_ࡲ࢘ࢋࢋ࢘ࢍࢋࡰ
(p=0.003) 

0.31** 
(p=0.003) 

-0.584** 
(p=0.002) 

0.34** 
(p=0.002) 

-0.590** 
(p=0.002) 

0.32** 
(p=0.002) 

 *૝ -0.486࢔࢏࢝_࢈࢛ࢎࢋࢋ࢘ࢍࢋࡰ
(p=0.012) 

0.24* 
(p=0.012) 

-0.391* 
(p=0.048) 

0.15* 
(p=0.048) 

-0.460** 
(p=0.018) 

0.21** 
(p=0.018) 

General model  
0.69*** 

(p<0.001) 
 

0.47** 
(p=0.001) 

 
0.52*** 

(p<0.001) 
 - ࢉ࢔ࡵ૛૛૜ࡺ

 

- 

 

- 

0.52*** 
(p<0.001) 

 *૚ -0.363࢔࢏࢝_࡯࢘ࢋࢋ࢘ࢍࢋࡰ
(p=0.011) 

- - 

 **૛ -0.427࢔࢏࢝_ࡼࢀ࢘ࢋࢋ࢘ࢍࢋࡰ
(p=0.002) 

-0.366* 
(p=0.026) 

-0.416** 
(p=0.010) 

 ૜ -0.244࢔࢏࢝_ࡲ࢘ࢋࢋ࢘ࢍࢋࡰ
(p=0.094) 

-0.518** 
(p=0.003) 

-0.515** 
(p=0.002) 

 *૝ -0.299࢔࢏࢝_࢈࢛ࢎࢋࢋ࢘ࢍࢋࡰ
(p=0.032) 

- - 

***p<0.001; ** p<0.01; * p<0.05.	ܰ223ூ௡௖= the increment of N223 amplitude in ROT condition 
after subtracting amplitude in COT condition. ݁݁ݎ݃݁ܦ௥஼_௪௜௡ଵ = the degree of right central NOI (C4) 
in positive subnetwork showing enhanced ܲܮ ௭ܸ	in ROT condition than COT condition at win1(208-
419ms). ݁݁ݎ݃݁ܦ௥்௉_௪௜௡ଶ = the degree of right temporal-parietal NOI (P8) in positive subnetwork at 
win2 (646-816ms).	݁݁ݎ݃݁ܦ௛௨௕_௪௜௡ସ = the degree of hub NOIs (Cpz/Pz; P8) in positive subnetwork at 
win4 (1000-2500ms). ݁݁ݎ݃݁ܦ௥ி_௪௜௡ଷ  = the degree of right frontal NOIs (Fz/F4) in negative 
subnetwork showing less ܲܮ ௭ܸ in AVEC period than BVEC at win3 (500-1000ms). All significant 
predictors for MSSQ scores remain robust after adding epoch numbers, vection intensity and onset 
delay in the regression model. Note that after adding synchronization based predictors into stepwise 
model will exclude localization based predictor	ܰ223ூ௡௖. 
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Figure 7.10 Positive and negative subnetwork connected to NOIs (Cpz/Pz and C4) calculated 
from group averaged PLV node density difference between ROT and COT condition at 208-
419ms (two left graphs showed the distribution of connection to NOIs which passed the 
positive threshold; two right graphs showed the connections to NOIs which passed the 
negative threshold; RE: the VIMS resistant group; SU: the VIMS susceptible group) 
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Figure 7.11 Positive and negative subnetwork connected to NOIs (P8) calculated from group 
averaged PLV node density difference between ROT and COT condition at 646-816ms (two 
left graphs showed the distribution of connection to NOIs which passed the positive 
threshold; two right graphs showed the connections to NOIs which passed the negative 
threshold; RE: the VIMS resistant group; SU: the VIMS susceptible group) 
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Figure 7.12 Positive and negative subnetwork connected to NOIs (Pz/Cpz and P8) calculated 
from group averaged PLV node density difference between ROT and COT condition at 1000-
2500ms (two left graphs showed the distribution of connection to NOIs which passed the 
positive threshold; two right graphs showed the connections to NOIs which passed the 
negative threshold; RE: the VIMS resistant group; SU: the VIMS susceptible group) 
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Figure 7.13 Positive and negative subnetwork connected to NOIs (F4/Fz) calculated from 
group averaged PLV node density difference between BVEC and AVEC windows (two left 
graphs showed the distribution of connection to NOIs which passed the positive threshold; 
two right graphs showed the connections to NOIs which passed the negative threshold; RE: 
the VIMS resistant group; SU: the VIMS susceptible group) 
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7.5 Discussion  

This study identified several EEG signatures for VIMS susceptibility: we found both 

excessive N223 amplitude and impaired theta-band phase synchrony in VIMS susceptible 

people. Particularly, results suggest that the strength and range of dynamic cortical 

coordination is generally impaired in VIMS susceptible group: when exposed to vection-

inducing stimuli, we found that parietal midline (PM), right temporal-parietal (rTP) and right 

central regions showed strengthened theta-band phase synchrony networks across electrodes 

over widely distributed brain regions (e.g. frontal, occipital and temporal areas) in VIMS 

resistant group -- those enhanced synchronization was weaker or disappeared in VIMS 

susceptible group. Moreover, after vection onset, the strength and range of phase 

synchronization under visual stimulation is reduced for VIMS resistant people, but not for 

susceptible people. This suggests that the cortical coordination and sensory conflict reduction 

is more effective in VIMS resistant people than susceptible people. The VEP results, the 

theta-band phase synchrony results, and their association with VIMS will be further 

discussed respectively in detail.  

7.5.1 VEP components 

Several VEP components with distinct spatial-temporal properties showed differentiate 

response to roll vection-inducing stimuli, as compared to randomized moving control. 

Particularly, we found increased amplitude for early N2 (N223) and P3 (P305) components 

distributed over parietal midline (PM) region (Figure 7.3). Note that the PM region is also 

suggested to be activated during forward vection-inducing stimulation in another EEG study 

(Vilhelmsen et al. 2015). There are rich functional areas distributed in PM region which are 

responsible for ambient visual motion processing: the parietal-occipital visual areas (V3A, 

V6) (Sabrina Pitzalis et al. 2013; Uesaki and Ashida 2015; Wada et al. 2016), the Precuneus 

motion area (PcM) (Kovács et al. 2008; Uesaki and Ashida 2015; Wada et al. 2016), and 

ventral intraparietal (VIP) multisensory area (Uesaki and Ashida 2015; Wall and Smith 2008). 



 

147 
 

  
 
 

The enhanced amplitudes of N223 and P305 might be associated with increased activities in 

those functional areas.  

Furthermore, we also identified increased amplitude for a bilateral late N2 (N290) component 

over the temporo-parietal (TP) region (see Figure 7.3). Bilateral N2 components from this 

region were frequently reported in EEG studies using ambient visual motion stimuli 

(Keshavarz and Berti 2014; Stróżak et al. 2016; Vilhelmsen et al. 2015). Similar results were 

found in those works with larger amplitude revealed in conditions that can provoke stronger 

vection perception (Keshavarz and Berti 2014; Stróżak et al. 2016). This N2 amplitude was 

addressed as reflecting motion processing (Vilhelmsen et al. 2015) or the integration of 

peripheral and central motion (Keshavarz and Berti 2014). Moreover, the macaque middle 

temporal complex (MT+) is a well-known visual motion processing region, and the human 

areas of MT+ (hMT+) is believed to locate in TP region (Hampson et al. 2004; Strong et al. 

2016) , which was reported to show increased response for vection-inducing stimuli (Kovács 

et al. 2008; Uesaki and Ashida 2015).  

It is noteworthy that the amplitude increments of N223 and absolute amplitudes of right 

N290 are positively correlated with the vection intensities perceived by participants. This 

suggested that these N2 components are not only related to process of ambient visual motion, 

but also associated with the perception of self-motion. Although recent works found that N2 

response varied under different type of visual stimuli (Keshavarz and Berti 2014; Stróżak et 

al. 2016; Vilhelmsen et al. 2015), this is for the first time to show that, N2 amplitude is 

correlated with individual vection intensity even under the same visual stimulation. Moreover, 

these N2 responses are recorded 200-300ms right after visual stimuli onset, while the onset of 

vection delayed a few seconds. This implies that the individual perception of vection can be 

influenced by some initial visual processing properties in a quite early stage. Since objective 

measures for vection is important (Palmisano et al. 2015), N2 components could be a 

promising EEG measures that facilitate comparison between individuals. Note that only 

right-side N290 is associated with vection perception – the laterality in self-motion 

perception was also reported in former findings (Keshavarz and Berti 2014; Kovács et al. 
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2008), which may relate to the specialization of right hemisphere in visuospatial processing 

(Ng et al. 2000).  

Additionally, we found decreased amplitudes in P1/P3 time window at electrodes over 

parietal-occipital regions (P178, P350), which is similar to vection studies that reported 

reduced mean P1/P3 amplitudes at parietal and occipital electrodes for vection-inducing 

horizontal moving strips (Keshavarz and Berti 2014; Stróżak et al. 2016). This deactivated 

visual response is addressed as shift of weighting from processing local visual properties to 

peripheral large field self-motion cues (Stróżak et al. 2016; Thilo et al. 2003). It is also 

consistent with some neural imaging works, where visual areas V1/V3/V4 (Braddick et al. 

2001; Kleinschmidt et al. 2002) or Brodmann area (BA) 17/18 (Brandt et al. 1998) were 

found to be deactivated during vection-inducing stimulation.    

7.5.2 Theta-band phase synchrony network 

In supporting to H12, we found strengthened theta-band phase synchronization under 

vection-inducing stimulation as compared to randomized control: the node density of 

dynamic phase synchrony network weighted by ܲܮ ௭ܸ was higher in ROT condition than COT 

condition. Moreover, this effect is stronger and wider in VIMS resistant group than 

susceptible group, and it can be divided into three stages.  

At the first stage of window period at 0.2-0.4s, a large cluster, covering plenty of nodes over 

central, parietal and temporal regions, demonstrated enhanced node density for VIMS 

resistant participants. For susceptible people, we only found a quite narrow cluster, covering 

just a few nodes over the central-parietal regions (see Figure 7.6). This suggests that the 

strength of dynamic information integration with other extra-visual cortical regions 

(especially the central region) is generally impaired in VIMS susceptible people. In the 

further NOI analysis, we assessed NOIs from two dominant regions: the PM (Pz/Cpz) and 

right central (C4) region. Results further suggested that although the wideness of phase 

locking with PM region (local activities of this region correlated with visual self-motion 

perception, as discussed in 4.1) is equivalent for two groups at this early stage, the range of 
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dynamic coordination with right central region is much narrow or even absent in susceptible 

people (see Figure 7.6 & 7.10). Interestingly, it is suggested by a work using functional Near-

Infrared Spectroscopy (fNIRS) that activities from C4 channel of 10-20 system can reflect 

the response from somatosensory and vestibular modality under similar visual stimulation 

(Zhao 2017). Moreover, this region is also covered by the hubs of vestibular network 

revealed in a recent fMRI study (Kirsch et al. 2018). Therefore, this impaired phase 

synchrony with right central regions in susceptible individuals might indicate a lack of 

coordination with somatosensory and vestibular regions in the initial stage of self-motion 

processing. 

At the second stage of window period at 0.6-0.8s, another positive cluster, covering right TP 

regions was found in resistant people, while no positive cluster was observed in susceptible 

people. In the further NOI analysis, we found the range of connections with right TP NOI (P8) 

in positive subnetwork is also significantly wider for resistant group, mainly distributed over 

occipital and contralateral temporal-parietal regions. Results suggested that the general 

strength and range of phase synchronization with right TP region is impaired in VIMS 

susceptible people at this stage. Theta oscillations in right TP region was reported to be 

correlated with correct navigation performances and addressed as reflecting integration of 

ego- and allo-centric representations (White et al. 2012). Moreover, our VEP result also 

revealed that the local activity of right TP region (P8) is correlated with vection intensity. 

Therefore, those enhanced long-range synchronization with right TP region found in resistant 

people might indicate the integration of self-motion information under the vection-inducing 

stimulation. Note that for susceptible group, we not only found less inter-hemispheric in 

positive subnetworks (indicating enhanced connections), but also marginally more links in 

negative subnetworks (indicating weakened connections) than resistant group ( ݐ ൌ

1.740, ݌ ൌ 0.095), where most of those dynamic links are connected to contralateral TP 

regions (see Figure 7.11). This is quite consistent with a recent fMRI works, where reduced 

inter-hemispheric synchronization of hMT+ located in TP region was reported to associated 

with VIMS (Miyazaki et al. 2015). It is possible that those dynamic links connected to right 
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TP region can reflect the self-motion integration network that facilitates the sensory conflict 

reduction.   

At the third stage of long lasting period at 1-2.5s, no overall node intensity difference was 

observed between vection-inducing stimulation and control condition for both VIMS groups. 

In the NOI analysis, we focused on hub NOIs (PM NOIs: Cpz/Pz; right TP NOI: P8) which 

have demonstrated the highest node density (see Figure 7.5) to explore the range and 

distribution of enhanced links with those hub regions during this sustained vection-inducing 

stimulation. Results suggested that enhanced connections during this period are mainly 

between PM region and frontal regions (see Figure 7.6 & Figure 7.12), where resistant group 

demonstrated significantly more connections than susceptible group. The theta rhythm in 

frontal areas are usually associated with detecting mismatched information (Liang, Hu, and 

Liu 2017) and sensory conflict modulations (Jo et al. 2017), while spatial navigation and self-

motion processing is related to theta oscillations from parietal regions (Araújo et al. 2002; 

White et al. 2012). Moreover, our VEP analysis showed that local activity of PM region (Pz 

electrode) is correlated with strength of self-motion perception. Therefore, enhanced theta-

band phase synchrony between PM and frontal regions might be associated with a sustained 

detection and coordination of sensory mismatch under lasting vection-inducing stimulation in 

resistant people, while this function is evidently impaired in VIMS susceptible people. 

Note that, after the onset of vection, the strength and range of dynamic links with frontal 

region (especially right frontal region) has been largely reduced only for resistant people 

(Figure 7.7-7.9 & 7.13). Moreover, in supporting to H13, we found that the number of 

reduced links is negatively correlated with the MSSQ score of participants (Figure 7.9). This 

effect shall not be explained by adaptation under a prolonged exposure time, since the 

vection onset delay is not significantly between the two groups (Table 7.1) and the number of 

links showing reduced phase locking is not correlated with the length of vection delay. 

According to Brandt, if our sensory integration is effective, the neural mismatching should be 

reduced after vection onset. And we should already update our central integration of self-

motion state toward our predominant visual input. Hence, the integration weighting for other 
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modalities has been reduced and the activities in brain regions responsible for extra-visual 

modalities (especially vestibular) has been suppressed during vection (Brandt et al. 1998, 

2002). Based on Brandt’s model, sensory modalities feed forward sensory information to our 

central integration, while central integration talk to sensory modalities through negative 

feedbacks. Therefore, both of the feedforward and feedback communication with central 

integration shall reduce after vection onset only for resistant participants. As previous studies 

also supported that lower connectivity with frontal region reflected less mismatched 

information (Jo et al. 2017; Liang et al. 2017), this may explain the drop of functional 

connectivity between frontal and other regions in resistant participants, which does  not 

observed in susceptible people. Moreover, the magnitude of this effect was also negatively 

correlated with the susceptibility of participants, which further support this possibility.       

7.5.3 EEG signatures correlated with VIMS susceptibility 

Increment of N223 amplitude before vection 

For the local VEP responses, only the N223 demonstrated different effects between VIMS 

susceptible and resistant group, with larger amplitudes increment for susceptible group 

(Figure 7.4). Moreover, individual increment of N223 (ܰ223௜௡௖) is also positively correlated 

with the MSSQ scores of the participant (Table 7.2). This agrees with Chen’s finding (Chen 

et al. 2009) that activity of parietal midline component was positively correlated with VIMS 

level. Note that although ܰ223௜௡௖ is also positively correlated with vection intensity report 

by participants, there are neither group difference on vection perception nor correlations 

between vection reports and MSSQ scores. Former findings also supported that vection 

magnitude is not correlated with VIMS magnitude (Keshavarz, Riecke, et al. 2015; 

Keshavarz and Berti 2014). When split the two group, we found that ܰ223௜௡௖ was correlated 

with vection intensity (ܴଶ ൌ 0.38) and MSSQ_C (ܴଶ ൌ 0.44) in susceptible group with even 

higher prediction power, while no longer significant in resistant group. It is possible that 

although local initial response to vection-inducing stimulation can indicate our perceived 

motion strength, other later mechanisms (e.g. sensory integration), especially in VIMS 
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resistance people, coordinate sensory inputs and further shaped our updates on self-motion 

perception. Therefore, it is possible that what resistant people achieve is to reduce the 

excessive initial N2 response provoked by vection-inducing stimulation before the vection 

onset, as the central integration have not undated toward visual stimulation yet and there 

would be large sensory conflict at this stage if the visual motion input is too strong at this 

initial stage.   

Note that this N2 effect is totally different from the effect N2 effect we uncovered in study 

two: in this study what we compared is the difference between ROT (VEP evoked by 

vection-inducing rotation stimuli; before vection onset) and COT condition (VEP evoked by 

random moving control; not vection-inducing), while in study two what we compared is the 

difference between RV (VEP evoked by checkerboard under rotation stimuli; during vection) 

and RN condition (VEP evoked by checkerboard under rotation stimuli; without vection; 

similar to ROT in study 4). Hence the direction of the two effects regarding VIMSS is 

actually in opposite direction, where the results from the two studies complement each other: 

1) resistant people showed less excessive initial N2 response, as the central integration state 

is stationary before vection onset (ROT-COT in study four); 2) resistant people demonstrated 

larger enhancement of N2 after vection onset, as central integration state is self-rotation (RV-

RN in study two). Both of the two mechanisms are in line with the principle for reducing 

sensory conflict between central integration state and visual input.       

Enhanced phase locking before vection and reduced after vection onset 

For the phase synchrony, as discussed in previous section, we found impaired strength and 

range of theta-band phase synchronization with PM, right TP and right central region during 

vection stimulation in susceptible group (Figure 7.6). Those indices reflecting the wideness 

of dynamic links are negatively correlated with the MSSQ scores of individual participants 

(Table 7.2), where the index indicating synchronization with right TP region shows strongest 

prediction power (Table 7.2). Moreover, we also found that the reduced strength and range of 

theta-band phase locking with right frontal region after vection onset is negatively correlated 
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with MSSQ scores with higher ܴଶ	than other predictors including ܰ223௜௡௖ in the regression 

model (Table 7.2). In the general model, the combine of index of right TP region and right 

frontal region produce the best prediction power for total scale. As discussed before, it is 

possible that the phase locking with right TP region reflects the strength of sensory 

integration for self-motion, while the reduced communication with frontal regions 

(responsible for conflict detection and modulation) after vection onset indicate the individual 

effectiveness of conflict reduction. This agreed with former findings that in addition to 

parietal-occipital regions, frontal activities were also associated with VIMS (Chen et al. 2009; 

Farmer et al. 2015; Napadow et al. 2013).  

It is worth mention that, we focus on searching for EEG signatures differentiate the 

susceptibility of individual before the symptoms occurred, so that none of the participants 

experienced any obvious VIMS symptoms (including eye fatigues, disorientation and nausea) 

in our study, even for the susceptible group. This validated that our findings were not caused 

by VIMS symptoms. Interestingly, we revealed that synchronization-based EEG signatures 

showed better prediction power than localization based signatures (ܰ223௜௡௖) in all of the 

MSSQ subscale, as the	ܰ223௜௡௖ is excluded from regression model due to lower prediction 

power. This supported that sensory integration and long range interactions shall be able to 

better capture the susceptibility to VIMS than localization methodologies. VIMS might be 

better characterized as an impairment of cortical coordination rather than abnormalities in 

locally activities.    

Moreover, MSSQ is a general questionnaire indicate motion sickness (MS) occurrence in 

various motion scenarios (Golding 1998). Therefore, the signatures we reported have showed 

potential properties associated with the general occurrence of sickness rather than specific 

stimuli we used in laboratory. Admittedly, this also leads to complicated situation that a 

participant reported mild MS in several scenarios could result in same MSSQ score with a 

participant reported moderate MS in only one scenario. Further works with more meticulous 

differentiation on subtypes of MS are desirable.  
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7.5.4 Potential limitations and validations 

To exclude the influence of possible confounding factors involved in procedures, we generate 

validation datasets to test the robustness of results. Firstly, as PLVs were calculated across all 

clean epochs remained in each condition (COT/ROT/VEC), the epoch numbers can vary 

among conditions. To eliminate the alternative explanation that within-subject effects might 

cause by unequal epoch numbers, for each participant, we randomly sampled epochs in each 

condition at the size of least remained epochs to generate a smaller validation dataset to 

calculate PLV. Thus, the remained epoch number is the same across all condition for each 

participant (N=85.2 ± 16.0 for group). All within-subject effects remained robust in the 

validation. Similarly, to exclude the influenced of variations in individual epoch numbers on 

between-subject effects, we sampled epochs in ROT condition at least remained ROT epochs 

among participants to generate another validation dataset. Therefore, epochs (N=59) used for 

PLV calculation is the same for all participants. The group effects remained robust.  

Another concern is that although the mean onset delay of vection is around 10s, there are 

three participants (1 from VRE, 2 from VSU) had some onset delay less than 3s. The button 

pressing task for vection onset indication in those subjects might pollute the ROT epochs. We 

formed smaller validation dataset by excluding them (N=23). All effects remained robust in 

the validation. Another support is that, to control the individual variation in vection onset 

delay, we included onset delay in the regression models for predicting MSSQ scores and 

vection intensity. The prediction power of all EEG signatures is robust. Note that in this work, 

the regression models were conducted to better control other external factors. To reveal the 

causal relationship between the EEG signatures and VIMS susceptibility is out of the scope 

of this work. Thus direction implied in the model was not designed to reveal causal 

relationship between the variables, but only association between the variables.  
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7.6 Summary 

This study compared the VEP components and phase synchrony network under vection-

inducing stimulation between VIMS susceptible and resistant people, to identify EEG 

signatures for VIMS susceptibility. We found higher VIMS susceptibility is weakly 

associated with excessive initial local responses in parietal regions (N223 amplitude), and 

strongly linked to impaired theta-band phase synchrony network (especially in the 

subnetwork with parietal midline, right temporal-parietal and right-central region). Results 

support that the susceptibility to VIMS can be better captured by phase synchronization of 

cortical activities than local activities. By applying the procedure in future validations and 

explorations using methods with higher spatial resolution (e.g. MEG, fMRI), we may be able 

to reveal more precise functional networks and further understand the neural mechanism 

underlying VIMS susceptibility. Moreover, collecting EEG signatures identified in our study 

does not need to cause motion sickness in participant. Given validations with larger group 

sample in the future, it is possible to develop those EEG signatures into applicable predictors 

for VIMS that can facilitate sickness precautions and solutions for industry applications. 
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CHAPTER 8  SUMMARY AND COMPARISON ON 

IDENTIFIED VIMSS COVARIATES 

8.1 Introduction 

This chapter focuses on summarizing and comparing the objective indicators we obtained 

from four studies and discuss their potential as VIMSS predictors in the future based on their 

properties and the results obtained in our studies. To evaluate the quality of those objective 

indicators, we assessed their explanation power on MSSQ scores (child, adult and total 

scale), along with the difficulty, the stability (within-subject variations), the discrimination 

ability (between-subject variations) and cost of measurement. This work could serve as a 

useful reference for future explorations on objective indicators for VIMSS.  

8.2 Objective 

The objectives of this chapter are: 1) explore and evaluate the quality of behavioral and EEG 

indicators as potential new VIMSS predictor; 2) compare the results obtained from four 

studies and identify most promising EEG indicators; 3) search for methods to minimize the 

procedure and the difficulty of measurements for practical utilization. 

8.3 Explanation power 

8.3.1 Data and method 

From study 1-4, several objective indicators that measured under the roll vection-inducing 

stimulation were observed to be associated with the MSSQ-short score of participants. The 

reliability of MSSQ-short has been validated with sufficient large sample size in the 

population (Golding 1998; Golding and Kerguelen 1992). Moreover, former work has also 

supported that the MSSQ-short score can serve as an appropriate measure for VIMS 
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susceptibility in the participants sample recruited from university students in HKUST (Zhao 

2017). Therefore, we use the MSSQ-short scores collected from participants in each study as 

a benchmark in evaluating the explanation power of those newly identified objective 

indicators as potential VIMSS predictors. The ܴଶ in each regression model predicting the 

MSSQ score (total scale and two subscales respectively) that can be explained by the 

objective indicator (which identified from each study) was adopted as the evaluation index 

for the explanation power of this objective indicator.   

Four types of objective indicator were evaluated and compared: 1) ܴܶܦ : the delay of 

response time measured in behavioral study one (data pooled from Exp.1a&1b); 2)	݌݉ܣܫேଶ: 

the increment of transient amplitude N2 VEP component measured in EEG study two and 

study four (note that as we discussed in section 7.5.1, the contrast of study four and two are 

differently organized, so the meaning and direction of two effects actually are different; here 

we only focus on the measuring method of the indicators, thus we group them together only 

because they are both transient VEP results of N2 component); 3) ݎ଼݁ݓ݋ܲܦ .଺ு௭: the decrease 

of SSVEP power at CVF frequency (8.6Hz) measured in EEG study three; 4) ܰ݃݁ܦ: the 

nodes degree in dynamic functional connectivity subnetworks measured in EEG study four.  

For each type of indicator (ܴܶܦ, ݌݉ܣܫ ݀݊ܽ	ݎ݁ݓ݋ܲܦ, ݃݁ܦܰ  ) we may have identified 

multiple indicators that are correlated with MSSQ scores (e.g. different target types, different 

electrode or combined effects) in most studies. For the sake of evaluating the indicator types, 

we have selected the one that produces strongest explanation power in the regression model 

for each type of indicator to facilitate the comparison across different indicator types. 

Moreover, two types of model were evaluated: 1) the single independent variable model 

adopts only one single indicator with best explanation power; 2) the multiple independent 

variables model which allowed the adding of multiple indicators in stepwise manner 

(indicators with limited newly contribution would be excluded) and the combination produce 

best explanation power is kept. As more variables added in the model usually generate 

larger	ܴଶ, we adopted adjusted ܴଶ following the equation to prevent the overestimation of the 

strength of association (Cohen and Cohen 2003):  
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ܴ௔ௗ௝
ଶ  =	ሺଵିோ

మሻሺேିଵሻ

ேି௞ିଵ
, 

where the N is total sample size, the ܴଶ is the R-square of the sample, ܴ௔ௗ௝
ଶ  is the adjusted R-

square, k is the number of predictors.  

8.3.2 Results 

As for the ܴܶܦ measured from behavioral study one (see chapter 4 for detail), the best single 

indicator for total scale and adult scale is the total RT effect, while the best single indicator 

for child scale is the peripheral RT effect. For the multiple indicators model, two indicators 

model are only found to be beneficial for the MSSQ total scale, with total RT effect and 

central RT effect generating best explanation power. 

As for the ݌݉ܣܫ of N2 component obtained by EEG, the amplitude increment at the O1 

electrode measured in study two is the best single indicator for child scale, while the 

amplitude increment at the Pz electrode measured in study four is the best single indicator for 

total scale. For the multiple indicators model, more indicators are found to be not beneficial 

(no new contributions when adding more indicators into the model) for all of the MSSQ total 

scale and subscales. 

As for the ݎ݁ݓ݋ܲܦ measured from the EEG study three, the decrease of SSVEP power at 

CVF stimuli frequency (8.6Hz) from Oz electrode is found to be best single indicator for 

both total scale and child scale. No indicator is found to be able to produce significant model 

for adult scale. For the multiple indicators model, more indicators are found to be not 

beneficial for all of the MSSQ total scale and subscales. 

As for the ܰ݃݁ܦ measured from EEG study four, nodes degree in the positive dynamic 

connectivity subnetworks of right-frontal NOIs (links showing reduced phase synchrony 

strength after vection onset, see chapter 7 for details) is the best single indicator for all MSSQ 

scales. For the multiple indicators model, more indicators are found to be rather beneficial.  

Adding nodes degree in the positive dynamic connectivity subnetworks of different NOIs 
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into the model has significantly improved the	ܴ௔ௗ௝
ଶ . The best model for child scale accepted 

four indicators from NOIs at four regions: C4 (right central NOI), Cpz/Pz (parietal midline 

NOIs), P8 (right temporal-parietal NOI) and Fz/F4 (right central-frontal NOIs); the best 

model for adult scale accepted three indicators: nodes degree in positive and negative 

subnetwork of right central-frontal NOIs, as well as the positive subnetwork of right 

temporal-parietal NOI; the best model for total scale accepted two indicators from NOIs at 

two regions: right temporal-parietal NOI and right central-frontal NOIs.  

 

Table 8.1 Best explanation power for each type of objective indicators in single variable 
model 

Indicator type 
࢐ࢊࢇࡾ
૛   (p-value) Sample 

size (N) 
Data source 

MSSQ_C MSSQ_A MSSQ_T 

behavioral ܴܶܦ 
0.177* 

(p=0.013) 

0.108* 

(p=0.046)

0.158* 

(p=0.019) 
29 Study 1 

EEG 

 ݌݉ܣܫ
0.305* 

(p=0.024) 
- 

0.192* 

(p=0.014) 
14 / 26 Study 2 & 4 

 ݎ݁ݓ݋ܲܦ
0.340* 

(p=0.013)
- 

0.304* 

(p=0.019) 
15 Study 3 

 ݃݁ܦܰ
0.283** 

(p=0.003) 

0.314** 

(p=0.002)

0.321** 

(p=0.002)
26 Study 4 

*** p<0.001, ** p<0.01, * P<0.05; only significant indicators are showed; MSSQ_C, 
MSSQ_A and MSSQ_T represent the child scale, adult scale and total scale respectively. 
 

The summary of best indicator from four different types (,ܴܶܦ	,݌݉ܣܫ	ݎ݁ݓ݋ܲܦ and ܰ݃݁ܦ) 

is showed in Table 8.1 &8.2. For single variable models, we can see that the three type of 

EEG indicators all showed higher explanation power than the behavioral indicator in total 

scale and subscales. Moreover, among the EEG indicators, the network based indexes (ܰ݃݁ܦ) 

showed highest explanation power for total scale and adult scale, while the SSVEP indicator 
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 showed highest explanatory power for child scale. In general, SSVEP indicator (ݎ݁ݓ݋ܲܦ)

produces higher explanation power than transient VEP indicator (݌݉ܣܫ), while network 

based indicator shows higher capacity than localization-based indicators (ݎ݁ݓ݋ܲܦ,   .(݌݉ܣܫ

As for the multiple variable models (see Table 8.2), combination of behavioral indicators 

actually shows better explanation power than localization-based indicators (ݎ݁ݓ݋ܲܦ,  .(݌݉ܣܫ

For EEG indicators, only network-based indicator (ܰ݃݁ܦ) gain adequate benefit by adding 

more indicators measured from various condition and regions, while no evident contribution 

is obtained by adding various VEP indicators into the model. The network based indicator in 

general produce best (and quite promising) explanation power even for adjusted	ܴଶ.  

Table 8.2 Best explanation power for each type of objective indicators in multiple variables 
model 

Indicator type 
࢐ࢊࢇࡾ
૛   (p-value) Sample 

size (N) 
Data source 

MSSQ_C MSSQ_A MSSQ_T 

behavioral ܴܶܦ 

0.177* 

(p=0.013, 

k=1) 

0.108* 

(p=0.046, 

k=1) 

0.350** 

(p=0.001, 

k=2) 

29 Study 1 

EEG 

 ݌݉ܣܫ

0.305* 

(p=0.024, 

k=1) 

- 

0.192* 

(p=0.014, 

k=1) 

14 / 26 Study 2 & 4 

 ݎ݁ݓ݋ܲܦ

0.340* 

(p=0.013, 

k=1) 

- 

0.304* 

(p=0.019, 

k=1) 

15 Study 3 

 ݃݁ܦܰ

0.633*** 

(p<0.001, 

k=4) 

0.499*** 

(p<0.001, 

k=3) 

0.474*** 

(p<0.001,

k=2) 

26 Study 4 

*** p<0.001, ** p<0.01, * P<0.05; k represents number of kept in the final model after 
adding all significant available indicators into the model in a stepwise manner (thus low 
contribution variables will be excluded); MSSQ_C, MSSQ_A and MSSQ_T represent the 
child scale, adult scale and total scale respectively. 
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8.3.3 Discussion 

In this section, we evaluate and compare the potential of different types of objective 

indicators (behavioral indicator: ܴܶܦ ; transient VEP indicator: ݌݉ܣܫ ; SSVEP indicator: 

 .network-based indicator: ܰ݀݁݃) in terms of their explanation power for VIMSS ;ݎ݁ݓ݋ܲܦ

We select the best indicator from each type of objective indicator (we explored in study 1-4) 

to represent its indicator type respectively.  

Results suggested that the EEG indicators, in general, demonstrate stronger association than 

the behavioral indicator (DRT). As we discussed in chapter 4, this may due to the fact the 

behavioral measures all depended on some explicit response to be made by participants. Thus, 

in the procedure of generating targeted response, plenty of other unrelated factors (e.g. motor 

control ability, decision making, and recognition function…) can influence the response time 

and introduce more noise in the measurement. Compared to behavioral indicators, EEG 

indicators can reflect the earlier visual response with better time resolution (Keshavarz, 

Campos, et al. 2015), where the procedure of explicit response is also bypassed. Therefore, 

well-measured EEG indicators shall reflect the visual response during vection more directly 

and may be able to better capture the individual difference that characterizes the VIMSS.  As 

first preliminary work to compare the performance of both behavioral and EEG indicator, our 

comparison on the explanation power has supported above hypothesis. This shall encourage 

more explorations on EEG indicators. 

More interestingly, our results suggest that the network-based indicators precede other 

localization-based EEG indicators (IAmp, DPower) especially for the explanation power in 

total scale and the adult scale, while localization-based EEG indicators outperform the 

network-based indicators in child scale.  This phenomenon mutually supports current 

findings: child scale scores represent more inherent characteristics, while adult scale score is 

more adjusted by experience and learning (Golding 2006). As sensory integration and long 

range interactions developed later and more inclined to experiences than local properties 

(Calvert et al. 2004), it may explain why phase synchrony signatures might be a better 
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predictor for adult VIMS susceptibility than locally VEP responses. Since the adult scale 

shall be more useful in predicting the VIMS of users at current situations, while the child 

scale is more useful for clinical uses. Further explorations and validations on this 

phenomenon may facilitate the development of variant VIMSS indicators with inclinations to 

different aspect of the VIMS. 

Moreover, the connectivity network-based indicators are also found to be more promising in 

terms of the separated contribution to the explanatory power. For other localization-based 

EEG indicators, adding more indicators from different location/brain regions did not 

contribute more new information in the model, hence they are not much benefit by multiple 

variables model. Future work aiming to search for better VIMSS indicators should put more 

emphasis on network-based indicators. Many potential useful network indexes in addition to 

nodes degree, including the path length, global efficiency, local efficiency, cluster coefficient 

(Bullmore and Sporns 2009; He and Evans 2010), are available for further exploration. 

Note that, as we already discussed in chapter 7, sensory conflicts is referred to as the general 

origin of all types of motion sickness (MS), while VIMS is considered as a specific type of 

MS introduced by virtual motion in this research. VIMS susceptibility was accordingly 

quantified by MSSQ, which is a general questionnaire for MS (Golding 1998). As mentioned 

in chapter 2&3, we selected MSSQ-short as our bench mark for comparison, for the sake of 

its representativeness and reliability tested and verified in previous studies (Golding 1998; 

Zhao 2017). Thus, the explanatory power evaluated here actually is related to the general 

susceptibility to all types of motion, rather than restricted to visually induced motion sickness 

or the particular situation measured in the lab. Since certain differences exist between VIMS 

and motion sickness caused by physical motion (Zhang et al. 2015), it is also necessary to 

further explore whether the effects identified in this study may be more closely associated 

with other VIMS measures in the future. Admittedly, the subjective self-report questionnaire 

(MSSQ) itself is also suffering from some drawbacks and can be influenced by many factors 

relied on participants (e.g. the veracity of recall, the individual inclination) (Golding 1998). 
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Hence, future explorations with other complimentary procedures to validate the VIMSS are 

desirable. 

8.4 Stability and Discrimination ability 

8.4.1 Data and method 

Another important aspect need to take into account is the stability (or reliability) and the 

discrimination ability of the measurement among participants. As we aim to develop the 

uncovered indicators into objective predictors for VIMSS, it is important that the variance of 

the measured indicator from each participant should be small as compared to the magnitude 

of between-subject variance among participants, so that magnitude of the indicator can be 

able to differentiate people with various degrees of VIMSS.  

In order to evaluate this aspect, we firstly calculated the within-subject standard error 

௪௜௧௛௜௡ି௦௨௕ܧܶܵ) ) of those best indicators obtained for each type of indicator (behavioral 

indicator: ܴܶܦ; transient VEP indicator: ݌݉ܣܫ; SSVEP indicator: ݎ݁ݓ݋ܲܦ) to reflect the 

within-subject variations between repeated measurements obtained from each subject. The 

within-subject repeated measurement refers to each single trial conducted under each type of 

task condition in our studies. Secondly, we calculated the between-subject standard deviation 

௕௘௧௪௘௘௡ି௦௨௕ܦܶܵ) ) and the range (ܴܣ௕௘௧௪௘௘௡ି௦௨௕ ) of those best indicators in sampled 

participant group (dividing the total percentage of VIMSS percentile covered by this 

participant group to normalize the covered range in population) to reflect the between-subject 

variation between participants. Finally, as we need to compare indicators with different type 

of units, we use an evaluation scores (ܵܿ݁ݎ݋ௗଵ, ௗଶ݁ݎ݋ܿܵ ) calculated based on following 

equations to evaluate the discrimination ability of each indicator:   

ௗଵ݁ݎ݋ܿܵ ൌ
ௌ்஽್೐೟ೢ೐೐೙షೞೠ್
ௌ்ாೢ೔೟೓೔೙షೞೠ್

; 

ௗଶ݁ݎ݋ܿܵ ൌ
ோ஺್೐೟ೢ೐೐೙షೞೠ್
ௌ்ாೢ೔೟೓೔೙షೞೠ್

 . 
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For the ܰ݀݁݃ measured in study four, as the calculation of PLV is based on coherence of 

phase across multiple epochs and the data type does not follow the normal distribution, it is 

hard to be compared with other types of indicator. Thus the ܰ݀݁݃ is not compared together 

with other three types of indicator. We will discuss it separately.   

8.4.2 Results 

For the ܴܶܦ measured in study one, we calculated the evaluation scores for the central effect 

and peripheral effect with static target for experiment 1a&1b respectively, since the tasks and 

procedures are slightly different for the two experiments and can lead to different stability 

and discrimination ability. For the ݌݉ܣܫ, we calculated the evaluation scores for the effect of 

N2 amplitude at the O1 electrode measured in study two, and the effect at the Pz electrode in 

study four. In particular, we use the standard error of preprocessed EEG data averaged across 

the N2 window of each participant for the ௪௜௧௛௜௡ି௦௨௕ܧܶܵ	  (note that in study four we 

transformed the EEG data into current source density before averaging the epochs, hence the 

unit for IAmp from two studies is different). For the ݎ݁ݓ݋ܲܦ measured in study three, we 

calculated the evaluation scores for the effect of SSVEP power at CVF stimuli frequency 

(8.6Hz) from Oz electrode. The selection of indicator for assessment is based on section 8.3, 

where those indicators are found to be promising indicators with best prediction power.  

The result of ܵܿ݁ݎ݋ௗଵ and ܵܿ݁ݎ݋ௗଶ calculated for each indicator are showed in the Table 8.3 

and Table 8.4 respectively. In general, behavioral and EEG indicator showed equivalently 

discriminative ability, while both of them have good indicator with high evaluation scores 

and less competitive indicators with lower scores. For behavioral indicators, both the central 

and peripheral effect demonstrated higher discriminative ability in Exp.1b. Moreover, the 

peripheral effect in Exp.1b showed generally worse discriminative ability than other 

behavioral indicators reflected by both  ܵܿ݁ݎ݋ௗଵ and	ܵܿ݁ݎ݋ௗଶ. For the EEG indicators, the 

SSVEP indicator (DPower) showed prominently better discriminative ability than transient 

VEP indicators (IAmp) in all evaluation scores, where the DPower yield highest ܵܿ݁ݎ݋ௗଶ and 

the IAmp showed lowest scores in both evaluation score.      
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Table 8.3 The discrimination ability evaluated by ܵܿ݁ݎ݋ௗଵ for different types of indicator 

Indicator type 
Evaluation indicators Sample 

size (N) 

Data 

source ܵܶܧ௪௜௧௛௜௡ି௦௨௕ *௕௘௧௪௘௘௡ି௦௨௕ܦܶܵ ௗଵ݁ݎ݋ܿܵ

behavioral 

 36.74 (ms) 1.74 (ms)7.7±21.1 ܥ_ܴܶܦ
14 

Study 1 

Exp.1a 9.2±33.7 ܲ_ܴܶܦ(ms) 52.58 (ms) 1.56 

 35.93 (ms) 1.92 (ms)8.3±18.7 ܥ_ܴܶܦ
15 

Study 1 

Exp.1b  9.1±19.3 ܲ_ܴܶܦ(ms) 38.83 (ms) 2.01 

EEG 

0.10ሺμvሻ±0.45 ݌݉ܣܫ 0.52 ሺμvሻ 1.16 14 Study 2 

 1.06±3.32 ݌݉ܣܫ
ሺμv/cmଶሻ 

3.74 
ሺμv/cmଶሻ 

1.12 26 Study 4 

 0.042±0.078 ݎ݁ݓ݋ܲܦ
(w/Hz) 

0.133 
(w/Hz) 

1.71 15 Study 3 

DRT_C=central effect of DRT; DRT_P=peripheral effect of DRT; ܵܿ݁ݎ݋ௗଵ is calculated using the 
mean ܵܶܧ௪௜௧௛௜௡ି௦௨௕ of participants in the sample group. The unit for each indicator is illustrated in 
the brackets. * Note that the MSSQ percentile cover range for each study are: study 1 Exp.1a is 0-
100%, study 1 Exp.1b is 19.5-96.2%, study 2 is 0-99.3%, study 3 is 0-85.2%, study 4 is 0-99.2% and 
the indicators have been normalized based on their coverage. 
 

Table 8.4 The discrimination ability evaluated by ܵܿ݁ݎ݋ௗଶ for different types of indicator 

Indicator type 
Evaluation indicators Sample 

size (N) 

Data 

source ܵܶܧ௪௜௧௛௜௡ି௦௨௕ ௗଶ݁ݎ݋ܿܵ *௕௘௧௪௘௘௡ି௦௨௕ܣܴ

behavioral 

 149 (ms) 7.06 (ms)7.7±21.1 ܥ_ܴܶܦ
14 

Study 1 

Exp.1a 9.2±33.7 ܲ_ܴܶܦ(ms) 191 (ms) 5.67 

 134 (ms) 7.17 (ms)8.3±18.7 ܥ_ܴܶܦ
15 

Study 1 

Exp.1b  9.1±19.3 ܲ_ܴܶܦ(ms) 138 (ms) 7.15 

EEG 

0.10ሺμvሻ±0.45 ݌݉ܣܫ 1.69 ሺμvሻ 3.76 14 Study 2 

 1.06±3.32 ݌݉ܣܫ
ሺμv/cmଶሻ 

17.69  
ሺμv/cmଶሻ 

5.33 26 Study 4 

 0.042±0.078 ݎ݁ݓ݋ܲܦ
(w/Hz) 

0.575 
(w/Hz) 

7.37 15 Study 3 

DRT_C=central effect of DRT; DRT_P=peripheral effect of DRT; ܵܿ݁ݎ݋ௗଶ is calculated using the 
mean ܵܶܧ௪௜௧௛௜௡ି௦௨௕  of participants in the sample group. * Note that the indicators have been 
normalized based on their corresponding MSSQ coverage. 
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8.4.3 Discussion 

In general, the results agreed with our observation and expectation regarding the experiment 

designs. For behavioral indicator, we found that the procedure in Exp.1b yielded higher 

stability (lower	ܵܶܧ௪௜௧௛௜௡ି௦௨௕) than Exp.1a. As we described in chapter 4, the task has been 

simplified in Exp.1b (participants only need to conduct SART with right hand), while in 

Exp.1a, participant need to carry out dual task (use right hand to indicate vection perception 

state; use left hand to conduct SART). Moreover, as all of the participants are right-handed, 

changing the SART task from left hand to right hand also reduce the difficulty of task. Hence, 

the procedures in Exp.1a are more demanding both in terms of cognitive load and motor 

functions, which may lead to larger within-subjects variations and smaller discrimination 

ability than Exp.1b.  

Another interesting finding is that the peripheral effect showed significantly lower stability 

(higher		ܵܶܧ௪௜௧௛௜௡ି௦௨௕) than the central effect only in Exp.1a [ݐሺ13ሻ ൌ 4.512, ݌ ൏ 0.001]. 

This actually is consistent with our discussion: the peripheral targets might be mixed with the 

vection-inducing stimuli presents to PVF in Exp.1a and introduce more noise to the response 

time of SART or reduce the stability by reducing response accuracy (validated trials reduce 

due to low accuracy in PVF, which may also increase the	ܵܶܧ௪௜௧௛௜௡ି௦௨௕). While in Exp.1b, 

both PVF and CVF targets appeared in central black area which eliminated the influence of 

vection-inducing stimuli in PVF. Moreover, no significant different accuracy difference was 

found in Exp.1b, which ensure the validate trail numbers were the same for two types of task. 

Hence, we found equivalent stability and discriminative ability for central and peripheral 

effect in Exp.1b (the	ܵܿ݁ݎ݋ௗଵ of peripheral effect was even higher than the score of central 

effect).   

For the EEG indicators, we found that the transient VEP indicators (IAmp) generally yield 

weaker discriminative ability than the SSVEP indicator (DPower). This is consistent with the 

high SNR property of SSVEP as compared to transient VEP, since SSVEP is more resistant 

to eye and body motion artifacts and able to convey more information within a fixed time 
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period (Vialatte et al. 2010). In fact, the SSVEP based indicator actually showed largest 

discrimination ability as reflected by	ܵܿ݁ݎ݋ௗଶ, which further confirm the potential of SSVEP 

indicator as future VIMSS predictor.  

Last but not least, our results suggested that the behavioral indicators in general showed 

equivalent (or even better) discrimination ability with the EEG indicators in our experiment 

design and procedures. In our work, behavioral indicators were obtained by averaging across 

around 50 trials, while EEG studies indicators were generally obtained by averaging across 

150~250 trials (even over 350 trials in transient VEP at study 2). This may imply that 

behavioral task actually has higher reliability than EEG indicator and required less repeated 

measurements. This data can be a useful reference for future studies. 

Note that we did not evaluate the network based indicators which calculated from phase 

locking value between electrodes, since the distribution, data format and calculation method 

are differently organized, and it is impossible to obtain single trial value for standard error 

calculation with this fourth type of indicator. Nevertheless, as we described in the chapter 7, 

we conducted multiple validations by randomly pick trials and re-calculated those indicators. 

As the effects remain robust in these newly generated smaller measure samples (Mean Trials 

59 or 85), those validations can provide indirect evidence supporting the reliability of the 

network based indicators.  

8.5 Difficulty and cost 

The quality of a useful VIMSS predictor also depends on the difficulty and cost of the 

measurement required for obtaining the indicator. As we introduced in chapter 2, tedious 

procedures and too expensive measurements will hinder the practical utilizations the future 

VIMSS predictors developed from our indicators.  

Undoubtedly, the behavioral indicator identified in study one, has outperformed the EEG 

indicators in this aspect. Since SART can be conducted with few requirements on 

participants and results can be obtained quickly and easily (the test time shall be less than 
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10min if only static central targets are presented), it is a very promising candidate for 

measuring VIMS susceptibility and deserves to be further developed and validated, 

especially for situations when quick and less precise predictors are desirable. 

Compared to behavioral SART, collecting clean EEG signal in general required more 

complicated procedure: to obtain EEG data with acceptable SNR, firstly we need to inject 

conductive gel between the EEG electrodes and the scalp of participants to reduce the 

impedance—thus the cost of time and money increase as the number of EEG electrodes used; 

secondly, to increase SNR, we need to repeat large numbers of epochs and average across 

those epochs. The required average epochs vary for different types of indicator: for reliable 

transient VEP components, researcher usually need to average around 200 epochs, while for 

SSVEP, fewer epochs are needed since it has higher SNR than transient VEP (Luck 2005; 

Vialatte et al. 2010). As we mentioned in section 8.4, to achieve acceptable discrimination 

ability, the transient VEP required over 350 trials for each condition, while SSVEP required 

100~250 trials. Not to mention that the discrimination ability obtained by transient VEP is 

still weaker than that obtained by SSVEP. As for the network based indicators, our validation 

has supported that 50~100 trials are generally sufficient for measuring the effects. Thus the 

measuring difficulty in general can be ranked as follows: SART indicator (DRT) < Network 

based indicator (Ndeg) <= SSVEP indicator (DPower) < transient VEP indicator (IAmp). 

Note that, this rank is based on measuring all 30 EEG channels as default. For transient VEP 

and SSVEP, it is possible to further reduce the procedure and cost by selecting and focusing 

on the channels with best explanation power, while this is not applicable for network based 

indicators, as obtaining those indicators always require channels cover the whole scalp. 

8.6 Summary 

In this chapter, we evaluated and compared all types of objective indicators that identify to be 

correlated with VIMSS to assess their potential as future objective VIMSS predictors. Four 

types of objective indicators (behavioral based indicator:	ܴܶܦ; transient VEP based indicator: 

 network based indicator: ܰ݀݁݃) were evaluated in ;ݎ݁ݓ݋ܲܦ :SSVEP based indicator ;݌݉ܣܫ
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terms of three aspects: 1) the explanatory power, 2) the stability/discrimination ability and 3) 

the difficult and cost.  

In general, EEG based indicators (ݎ݁ݓ݋ܲܦ,݌݉ܣܫ, ܰ݀݁݃) showed better explanatory power 

than behavioral based indicators (ܴܶܦ), while behavioral indicators demand less cost (in 

time, procedures and other resources) than EEG indicators. Among the EEG indicators, 

SSVEP based indicator (ݎ݁ݓ݋ܲܦ) is best in explanatory power for VIMSS in childhood 

(inherited traits), while network based indicators (ܰ݀݁݃) is best in explanatory power for 

current adult VIMSS (acquired coordination ability) and general VIMSS (combine child and 

adult scores). Moreover, measuring network based indicators required least cost as compared 

with other EEG indicators, while measuring transient VEP general demand largest cost, and 

SSVEP yield moderate costs. For the stability and discrimination ability, the behavioral 

indicators produce equivalent (or even better) discrimination ability with the EEG indicators. 

Among behavioral indicators, the simplified task in Exp.1b is better than the complicated 

dual task in Exp.1a. For EEG indicators, SSVEP indicators also outperform the transient 

VEP.  

In summary, the SSVEP based indicator and network based indicator are the most promising 

EEG candidates with strong explanatory power and moderate measuring cost. Further 

exploration on simplified the measuring procedure (e.g. select conditions with best stability 

and explanatory power, pick electrode or reduced combinations with best explanatory power) 

are desirable and valuable for developing those for practical uses. Furthermore, additional 

exploration and validations (e.g. evaluate the test-retest reliability) with a larger sample size 

are desirable to further assess their eligibility as reliable predictors. 

Moreover, the behavioral indicators are also promising for situation where simpler and less 

precise predictors are desirable. Developing simple objective measures to predict individuals’ 

susceptibility to VIMS without making people sick is quite useful for many industry 

applications (IWA3, 2005). The simplified DRT indicator measured in the Exp.1b of study 

one can be obtained quickly and easily with very few requirements on participants. Moreover, 
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we found out that combining the central effect size along with the total effect of DRT in 

multivariable model can yield quite competitive explanatory power (ܴ௔ௗ௝
ଶ =0.35) for VIMSS 

(measured by MSSQ-short total scale). Therefore, DRT (with procedures in Exp.1b) can be 

another quite promising candidate for VIMSS predictor and deserves to be further validation 

and development.  
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CHAPTER 9  CONCLUSIONS 

9.1 Conclusions 

9.1.1 Response associate with vection 

This research carried out four experiments studying various types of behavioral and EEG 

based visual responses under the roll vection-inducing stimulation. We identified signatures 

that correlate with vection in both qualitative (assess the existence of vection) and 

quantitative manner (assess the magnitude of vection intensity).  

For the qualitative covariates, several behavioral and EEG signatures are found to be 

sensitive to the occurrence of vection: 1) the behavioral performance (reflected by response 

time and accuracy of Sustained Attention to Response Test) are impaired in central visual 

field, while they are improved in peripheral visual field with vection (study one); 2) the early 

transient visually evoked potential (VEP) components (reflected by amplitude) (N1/P1) are 

found to be suppressed, while the motion related VEP component (N2) are found to be 

strengthened with vection (study two & four); 3) the power of steady state VEP is found to be 

suppressed in occipital region, while it is strengthened in parietal region during vection 

(study three); 4) the phase synchronization links (reflected by theta-band phase locking value 

between electrodes) connected to right central region and parietal region are found to be 

strengthened before vection onset, while the links connected to right-frontal regions are 

reduced after vection onset (study four).  

For the qualitative covariates, two EEG signatures are revealed to vary according to the 

vection intensity of participants: the increment of SSVEP power (during vection) in study 

three and the increment of N2 amplitude at Pz electrode (evoked before vection onset) in 

study four are found to be positively correlated with vection intensity of participants. 
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In summary, those effects implied three consistent principles of visual information 

processing under vection: 1) shift processing emphasis from central visual field to peripheral 

visual field during vection perception period; 2) shift processing emphasis from other visual 

functions (especially primary function like contrast processing) to the motion perception 

functions during vection perception period; and 3) strengthen functional coordination with 

other sensory or integration regions before vection onset, while reducing the coordination 

(especially with the right-frontal region) after vection onset. As we discussed in previous 

chapters, those mechanisms can facilitate the processing of visual self-motion cues 

collaboratively and contribute to the sensory conflict reduction, which is in line with sensory 

conflict theory (Reason 1978) and Brandt’s theory (1998).   

9.1.2 Effects associated with VIMSS 

Moreover, in supporting to our main hypothesis (vection effects shall vary according to 

VIMSS), all of the vection associated effects are revealed to negatively associated with 

VIMSS, where the effect size is weaker, absent or even in opposite direction for VIMS 

susceptible people as compared to their VIMS resistant contemporaries. This implies that 

those vection related effects (described in 9.1.1) could be associated with mechanisms that 

facilitate the suppression of VIMS (e.g. reduction of sensory conflict).  

Several effect indicators that negatively correlated with MSSQ scores of participants are 

found to be promising candidates for future VIMSS predictors: 1) the peripheral and central 

effect on response time (DRT) under vection period (study one); 2) the increment of N2 

amplitude (IAmp) and advance of N2 latency at occipital electrodes under vection period 

(study two); 3) the suppression of N2 amplitude at Pz electrode before vection (negative 

IAmp, study four); 4) the decrease of SSVEP power at Oz electrode during vection (study 

three); 5) the increased dynamic phase locking to right-central, right-temporal-parietal and 

parietal-midline region before vection onset (study four); 6) the reduced dynamic phase 

locking to right-frontal region after vection onset (study four). 
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Based on the measuring methods, we grouped those identified indicators into four types 

(behavioral based indicator: ܴܶܦ	 ; transient VEP based indicator: ݌݉ܣܫ ; SSVEP based 

indicator: ݎ݁ݓ݋ܲܦ; network based indicator: ܰ݀݁݃). In chapter 8, we further evaluated and 

compared the explanatory power, the stability/discrimination ability, the difficult and cost of 

this four types of indicator. Result suggested that the EEG indicators yield higher explanatory 

power than behavioral indicators. Among EEG indicators, SSVEP based indicator and 

network based indicator are most promising EEG indicators which deserved further 

explorations in the future. 

9.1.3 Guideline for VIMS sensible applications 

For the sake of training and practical applications, we also explored how the task motivated 

top-down attention allocation modulates the vection perception and visual response 

associated with it. Results suggested that two of the visual processing principle during 

vection (1.shift processing emphasis from central visual field to peripheral visual field; 

2.shift processing emphasis from other function to the self-motion perception) can be 

enhanced with task requirements. The attention re-allocation does not only stabilize and 

strengthen the perception of vection, but also facilitate the vection associated effects reflected 

by SSVEP. Those vection effects could be associated with mechanisms that facilitate the 

suppression of VIMS through the stabilization of vection, since unstable vection actually 

introduce more severe VIMS (Bonato et al. 2008, 2005). Therefore, the task applied in this 

research actually provides a potential approach to reduce the occurrence of VIMS.  

Moreover, based on the general theory and hypothesis, other tasks which motivated attention 

re-allocation following the two principles mentioned above could also benefit the VIMS 

sensible application, which enables plenty of possible solutions and designs. This solution is 

quite appealing as it does not hurt the vection experience, but actually facilitate the 

perception of vection. Perhaps one day we can actively reduce our susceptibility to VIMS 

simply by shifting our attention. Future work to realize the principles into design 

methodology or automatic quality control software for VR game designers is desirable. Data 
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reported in this research will also be useful in updating ISO/TR 9241, Part 393 – Ergonomics 

of human-system interaction – structured literature review of visually induced motion 

sickness during watching electronic images (ISO n.d.).  

9.2 Summary on contributions 

In summary, our findings support the sensory conflict theory (SCT) from the perspective of 

individual differences. We explore the visual response at different perception stage under roll 

vection-inducing stimulation (Figure 2.1), including the period during the plateau vection 

periods (study 1-3), as well as the period before and after vection onset (study 4). Those 

visual response effects uncovered were in line with the general sensory conflict theory and 

Brandt’s complimentary theory (1998): under vection-inducing stimulation, our visual 

system facilitates the self-motion perception to reduce the sensory conflict. Importantly, we 

further test the hypothesis regarding SCT by exploring the effects among participants with 

various VIMSS. By uncovering the negative correlation between those effects and individual 

VIMSS of participants, we further supported that those mechanisms are closely associated 

with the reduction of sensory conflict and resistance to VIMS.    

Furthermore, those identified behavioral and EEG signatures not only contribution to the 

better understanding of VIMS, but also facilitate the development of new objective vection 

measures and VIMS predictors. With high explanatory power for VIMSS, the SSVEP and 

network based indicators uncovered in study three and four can be served as potential 

objective predictor for VIMSS, while the SART based indicators identified in study one 

might serve as simple and quick predictors when less precision are demanded. Moreover, 

since several EEG signatures (SSVEP power and N2 amplitude) from Pz electrode yield 

quantitative assessing ability for vection intensity, the Pz electrode can be a promising 

candidate for vection measures and deserved more explorations when developing EEG 

markers for vection.    
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Conference presentations 
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APPENDIX B VISUAL STIMULATION SETUPS 

 

 

As illustrated in the above photo, the 46-inch Monitor is place on a table covered by black 

curtains. The visual field outside monitor is completely sheltered by black curtains with 

ceiling light turned off during experiment to eliminate all other visual cues. 

The chin-rest is placed at the edge of table. For all experiments, participants need to sit in 

front of the chin-rest to fix the viewing distance and sitting eye height. 
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APPENDIX C EEG SYSTEM SETUPS 

 

As illustrated in the above left photo, participants wear the 32 EEG channel plus 4 EOG 

channel EEG cap (Quick-cap, Compumedics Neuroscan) of small, medium or large size 

based on their head size (see http://compumedicsneuroscan.com/wp-

content/uploads/Brochure-Quik-Cap-EEG.pdf for the brochure of the EEG caps) 

Above right photo illustrates the 40-channel NuAmps amplifier used in our EEG studies.  

The NuAmps is a DC-coupled, 22 bit, monopolar amplifier (see 

https://compumedicsneuroscan.com/product/nuamps-40-channel-eeg-erp-amplifier/ for detail 

specifications of the amplifier).   
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APPENDIX D CONSENT FORM 
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APPENDIX E MSSQ-SHORT & Pre/post-SSQ 

 

MSSQ-short: 
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Pre-SSQ: 
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Post-SSQ: 
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APPENDIX F MSSQ SCORE DISTRIBUTION OF 

PARTICIPANTS IN EACH STUDY 

Participants MSSQ score distribution in Study one (Exp.1a) 
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Participants MSSQ score distribution in Study one (Exp.1b) 
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Participants MSSQ score distribution in Study two 
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Participants MSSQ score distribution in Study three 
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Participants MSSQ score distribution in Study four 
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APPENDIX G VECTION INTENSITY SCALE 

Subjective reported vection intensity 

Perception of motion 
Your 

report 

You feel like you are stationary and it is the dot(s) which appear to moving 

only 
1 

You feel like you are moving a bit, but the dot(s) are moving more 2 

You feel like you are moving at the same speed as the dot(s) 3 

You feel like you are moving a lot and the dot(s) are moving a bit 4 

You feel like you are moving and the dot(s) appear stationary 5 

Participants are trained to report their perception state based on this scale, with intermediate 

non-integers allowed if they feel applicable (e.g. 2.7, 3.5…).   
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APPENDIX H INTERNATIONAL 10-10 SYSTEM FOR EEG 

 

Above is the illustration on the international 10-10 system for EEG. Note that channels in 

dark black colour are the channels used in this study (The pictures are downloaded from 

http://searchinsleep.blogspot.com/2012/11/eeg-polarity-2.html 4:10pm, UTC+8, May 17th 

2018). 
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APPENDIX I EXAMPLE FOR TRAINING INTRUCTIONS AND 

EXPERIMENT INSTRUCTIONS 
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APPENDIX J LIST OF HYPHOTHESIS FOR EACH STUDY 

Study No. Hypotheses List (No. : Content) 

Study 1 

H1: The influence of visual response regulation measured by SART 
performance in the presence of vection depends on whether the visual 
targets are in the PVF or CVF 

- H1a: SART performance in the PVF is improved during vection 

- H1b: SART performance in the CVF is impaired during vection 

- H1c: The improvement of SART performance in the PVF is more 
evident with targets moving at similar speeds to the self-motion 
cues 

- H1d: The impairment of SART performance in the CVF is 
equally to all type of targets regardless of the moving speeds of 
them 

H2: The magnitudes of individual effect measured by SART 
performance during vection would vary depending on VIMS 
susceptibility 

H3: When participants are only allowed to react to PVF targets while 
ignoring CVF targets, their vection experience is stronger and more 
stable, as compared with the vection experience when they are only 
allowed to do opposite reactions (response to CVF targets while ignoring 
PVF targets )  

H4: The enhancement of vection is stronger when the PVF targets are 
moving at the same speed as the visual self-motion cues, as compared 
with the enhancement when targets are moving in conflict with the visual 
self-motion cues   

Study 2 

H5: The influence of visual response regulation under vection reflected 
VEP components depends on the intrinsic properties of VEP components 

- H5a: The earlier VEP components, which are observed around 
100ms and more responsible to contrast processing (N1 and P1 
from PRVEP), are suppressed during vection  
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- H5b: The N2 component, which is observed around 200ms and 
more closely associated with motion processing, is strengthened 
during vection  

H6: The magnitudes of visual regulation effect reflected by peak 
amplitude and peak latency of VEP components is negatively correlated 
with VIMS susceptibility 

Study 3 

H7: There are peaks observed at the flickering frequency of stimulation 
(8.6Hz for CVF; 12Hz for PVF) and their 2nd harmonics (17.2Hz for 
CVF; 24Hz for PVF) in the power spectrum of SSVEP  

H8: The power topography for two marked frequencies (8.6 and 12Hz) 
should be significantly different (H8a), where the EOIs produce 
strongest frequency power should be different (H8b) 

H9: Vection is associated with a power shift from CVF stimuli EOI to 
PVF stimuli EOI 

H10: The magnitudes of the effects are negatively correlated with the 
MSSQ scores of individual participants  

H11: The top-down attention regulation should have interaction effect 
on both vection perception (H11a) and the vection associated effects 
(H11b) 

Study 4 

H12: Phase synchronization between electrodes over vection related 
areas and other extra-visual areas should be stronger under vection 
inducing-stimulation, as compared to the synchronization under control 
visual stimuli (H12a). Moreover, resistant participants should show 
stronger effects than susceptible participants (H12b). 

H13: As we hypothesized that the sensory conflict reduction is more 
effective in resistant participant, we expect the reduction of phase 
synchronizations after vection onset shall be stronger in resistant 
participant (H13a). The magnitude of this effect is negatively correlated 
with the susceptibility of participants (H13b)      

 




